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Preface

The earliest observation of cytomegalovirus (CMV) interactions with the host cell 
was owl eye cytopathology in various tissues. It was recognized in the early 1970s 
that human CMV caused in utero infections resulting in congenital brain damage 
and other sensory neurological complications. Events of the 1980s and early 1990s, 
such as the wide application of solid organ and bone marrow transplantation and 
the emergence of AIDS, put the spotlight on human CMV. We understood that the 
virus was an opportunistic agent associated with immunosuppression. The golden 
age of cytomegalovirus research was ushered in during the late 1970s and early 
1980s by a set of powerful new technologies that included restriction enzymes, 
DNA cloning, DNA sequencing, and open reading frame prediction. The genetic 
manipulation and propagation of novel CMV strains was accelerated with the appli-
cation of bacterial artificial chromosome technology.

Today, we still struggle to understand the full spectrum of disease associated with 
human CMV. To the molecular biologist, CMV is a master of regulation in the 
eukaryotic cell where it either replicates or remains latent. To the immunologist, 
CMV is a master of immune evasion with tools to escape both the innate and 
acquired immune responses. The use of animal models with non-human CMVs has 
become significantly more sophisticated and tied to a more certain understanding of 
the interrelationships of non-human and human CMV genes. High-throughput assay 
technologies are providing exceptionally rich data sets, which provide even greater 
hope of fully understanding this complex virus. These tools plus others have led to 
a better understanding of virus replication and the diseases caused by the virus.

This volume has gathered some of the experts in the field to review aspects of our 
understanding of CMV and to offer perspectives of the current problems associated 
with CMV. It is our hope that the chapters will lead to a better understanding of the 
virus that will assist in the development of new and unique antivirals, a protective 
vaccine, and a full understanding of the involvement of CMV in human disease.
We thank the authors for their terrific contributions! We greatly enjoyed reading 
their chapters, and we learned a lot in the process. We also are grateful to Anne 
Clauss at Springer for her support and expertise.

Thomas E. Shenk, Princeton
Mark F. Stinski, Iowa
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         Human Cytomegalovirus Genome 

   E.   Murphy  ,   T.   Shenk    (*ü )

    Abstract   Human cytomegalovirus (HCMV) contains a large and complex E-type 
genome. There are both clinical isolates of the virus that have been passaged 
minimally in fibroblasts and so-called laboratory strains that have been extensively 
passaged and adapted to growth in fibroblasts. The genomes of laboratory strains 
have undergone rearrangements. To date, the genomes of five clinical isolates have 
been sequenced. We have re-evaluated the coding content of clinical isolates by 
identifying the set of open reading frames (ORFs) that are conserved in all five 
sequenced clinical isolates. We have further determined which of these ORFs are 
present in the chimpanzee cytomegalovirus (CCMV) genome. A total of 173 ORFs 
are present in all HCMV genomes and the CCMV genome, and we conclude that 
these ORFs are very likely to be functional. An additional 59 ORFs are present in 
the genomes of all five HCMV isolates, but not in CCMV. We have discounted 26 
of this latter set of ORFs, because they reside in regions of the genome unlikely to 
encode functional ORFs. The remaining 33 ORFs are potentially functional ORFs 
that are specific to HCMV.    

 T.   Shenk 
       Department of Molecular Biology  ,  Princeton University ,   Princeton ,  NJ   08544-1014 ,  USA  
  tshenk@princeton.edu  
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   Introduction 

 Historically, viruses were assigned to the herpesvirus family based on the architec-
ture of their virions. Herpesvirus virions contain a linear double-stranded DNA 
genome packaged in an icosahedral (T = 16) capsid. The capsid is surrounded by a 
structured protein layer known as the tegument, and this, in turn, is enclosed in 
a glycoprotein-containing lipid bilayer. The capsid of herpesviruses ranges from 
approximately 115 to 130 nm in diameter, and the complete virion measures about 
150-200 nm in diameter. 

 Biological criteria, such as host range and growth kinetics, were used to assign 
the herpesviruses to three different subfamilies, the α-, β- and γ-herpesviruses. 
These groupings have proven to accurately reflect the diversity in organization and 
gene content of herpesvirus genomes as well. Herpesviruses that infect mammals 
populate each of the subfamilies. Mammalian herpesviruses have genomes that 
vary in size by a factor of about two. The α-herpesviruses have the smallest 
genomes, γ-herpesviruses are intermediate in size and the β-herpesviruses are 

  Table 1  Sequenced members of the β-herpesvirus subfamily 

   Genome  GenBank accession
Virus Genus type/size a  number

Viruses of humans
Human herpes virus 5 Cytomegalovirus E/~235 AD169: X17403

(human cytomegalovirus)    AC146999
   Towne: AC146851

   Towne: AY315197
   Toledo: AC146905
   FIX: AC146907
   TR: AC146904
   PH: AC146904
   Merlin: AY446894
Human herpes virus 6A Roseolovirus A/~165   X83413
Human herpes virus 6B Roseolovirus A/~165  AB021506

    AF157706
Human herpes virus 7 Roseolovirus A/~145  AF037218
     U43400

Viruses of nonhuman primates
Chimpanzee cytomegalovirus Cytomegalovirus E/~241  AF480884
Rhesus cytomegalovirus Cytomegalovirus F/~221  AY186194
    DQ120516
Tree shrew herpesvirus Unassigned F/~196  AF281817

Viruses of rodents
Mouse cytomegalovirus Muromegalovirus A/~235   U68299
Rat cytomegalovirus Muromegalovirus A/~230  AF232689

   a  The type of genome sequence arrangement (Pellet and Roizman 2006) and approximate size 
(kbp) of the genome are indicated 
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 largest. Packaging a “head full” of viral DNA within a capsid has constrained 
the maximum and minimum size of herpesvirus genomes. 

 The β-herpesvirus exhibit relatively lengthy replication cycles, remain sub-
stantially cell associated, and generally do not cross host species barriers. This 
subfamily currently includes three genera (Table  1 ): cytomegaloviruses, murome-
galoviruses and roseoloviruses (Pellett and Roizman 2006). Cytomegaloviruses 
include human (HCMV), chimpanzee (CCMV) and rhesus cytomegalovirus 
(RhCMV); muromegaloviruses include mouse (MCMV) and rat cytomegalovirus 
(RCMV); and the more distantly related roseoloviruses include human herpes 
viruses 6A, 6B and 7 (HHV-6A, HHV-6B and HHV-7). The sizes of the β-herpes-
virus genomes that have been sequenced range from approximately 241 kbp for 
chimpanzee cytomegalovirus (CCMV) to approximately 145 kbp for the HHV-7 
roseol ovirus; the human cytomegalovirus (HCMV) genome is approximately 
235,000 bp (Table 1).  

  Genome Organization and  cis -Acting Elements 

 As is true for other herpesviruses, β-herpesvirus genomes are linear when isolated 
from virions, and linear HCMV DNA has been shown to contain a single unpaired 
base at each end (Tamashiro and Spector 1986). HCMV DNA is replicated by a 
rolling circle mechanism to generate multiple tandemly linked copies of the viral 
genome. When it is packaged, the catenated DNA is cleaved to generate unit-length 
molecules, and the unpaired base at each end facilitates circularization of the 
genome at the start of the next round of infection. 

 The genomes of HCMV and CCMV have a so-called class E organization 
(Pellett and Roizman 2006), with two domains that can be inverted relative to each 
other, yielding equal amounts of four genomic isomers that can be isolated from 
virus particles. The two domains are known as the long and short genome segments 
(L and S), and each domain is comprised of a central unique region (U 

L
  and U 

S
 ) 

flanked by repeated segments that reside at either the ends of the complete genome 
(TR 

L
  and TR 

S
 ) or internally at the intersection of long and short segments (IR 

L
  and 

IR 
S
 ). Consequently, the HCMV and CCMV genomes have the general organization: 

TR 
L
 -U 

L
 -IR 

L
 -IR 

S
 -U 

S
 -TR 

S
 . 

 The TR 
L
  region is comprised of  a  

 n 
  and  b  sequences, the IR 

L
 -IR 

S
  region contains  

b ′ a ′ 
 n 
  c ′ sequences and the TR 

S
  regions contains  c  and  a  

 n 
  sequences, where prime 

 designations signify sequences in reverse orientation relative to sequences without 
primes. Thus, the repeats are organized as follows:  a  

 n 
  b -U 

L
 - b ′ a ′ 

 n 
  c ′-U 

S
 - ca  

 n 
 . The  terminal  

a  
 n 
  sequences can recombine with the internal  a′  

 n 
  sequences, thereby enabling the 

isomerization of the HCMV and CCMV genomes. In contrast, RhCMV has a class 
F genome with no known terminal repeated sequences, whereas MCMV and 
RCMV have class A genomes with terminal but not internal repeats. Consequently, 
class A and F genomes do not isomerize. 
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 The utility of the isomerization of the HCMV and CCMV genomes is not yet 
understood. Herpes simplex virus type 1 (HSV-1) mutants that are frozen in indi-
vidual isomeric orientations replicate perfectly well (Poffenberger et al. 1983; 
Jenkins and Roizman 1986). Consequently, there is no evidence for a functional 
consequence of the isomerization, although it remains possible that the multiple 
isomers are useful in cell types that have not yet been investigated or within 
infected hosts. It is conceivable that the inverted repeats provide a convenient 
mechanism for the genome to be segmented by recombination and then maintained 
in two segments under certain conditions. 

 Cytomegalovirus genomes contain  cis -acting elements that direct DNA replica-
tion, packaging and transcription. In HCMV the replication origin, ori Lyt , has been 
mapped to an approximately 1500-bp domain (Anders et al. 1992; Masse et al. 
1992; Borst and Messerle 2005) located near the middle of the U 

L
  domain. The core 

of ori Lyt  includes various repeated elements, transcription factor binding sites and 
sites at which RNA-DNA structures form (see the chapter by G.S. Pari, this vol-
ume). It is possible that a second specific origin functions to initiate replication of 
the viral genome within latently infected cells, where the HCMV genome is thought 
to persist as an episome (Bolovan-Fritts et al. 1999). As yet, however, a latency ori-
gin has not been identified. It is possible that the cellular DNA replication machin-
ery initiates randomly on latent genomes or that the viral genome is not replicated 
during latency (see the chapter by M. Reeves and J. Sinclair, this volume). The  a  
regions of HCMV are comprised of multiple head-to-tail repeats of  a  sequences 
(Tamashiro and Spector 1986), which include two  cis -acting packaging elements,  
pac1  and  pac2  (Kemble and Mocarski 1989). The number of  a  repeats can vary 
among strains and among different passages of the same strain due to amplifica-
tions and deletions. These relatively short sequences with AT-rich cores flanked by 
GC-rich sequences are recognized by the viral DNA cleavage and encapsidation 
machinery (Bogner et al. 1998; W. Gibson, this volume). Cleavage of the sequences 
adjacent to the  pac 1 and  pac 2 sequences leaves a single 3′ base overhang which, as 
noted above, is  utilized for circularization of the linear viral genome upon entry. A 
variety of transcriptional control regions have been characterized on the HCMV 
genome, most notably the large and complex major immediate-early promoter/
enhancer. It is located within the U 

L
  domain, and it plays a pivotal role in the regula-

tion of viral gene expression at the start of infection (see the chapter by M.F. Stinski 
and D.T. Petrik, this volume).  

  Clinical Isolates and Laboratory Strains 

 Five different HCMVs that are generally referred to as clinical isolates have been 
sequenced. Four of these viruses were passaged to a limited, but not precisely 
defined, extent in fibroblasts before they were cloned as bacterial artificial chro-
mosomes (BACs) and then sequenced (FIX, TR, PH and Toledo; Murphy et al. 
2003b). Toledo has suffered an inversion event that likely enhanced its growth in 
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fibroblasts, as discussed below. The fifth clinical isolate, Merlin, was subjected 
to three serial passages in fibroblasts before sequencing of uncloned DNA (Dolan 
et al. 2004). FIX (Hahn et al. 2002) is a derivative of VR1814 (Grazia Revello et 
al. 2001), which was  isolated from a pregnant woman with a primary HCMV 
infection; TR is a ganciclovir-resistant ocular isolate from an AIDS patient with 
retinitis (Smith et al. 1998); PH was isolated from a bone marrow transplant 
patient (Rice et al. 1984; Fish et al. 1995); Toledo (Quinnan et al. 1984) and 
Merlin (Tomasec et al. 2000) were isolated from the urine of a congenitally 
infected child. Thus, the sequenced isolates are derived from a variety of clinical 
settings. Not surprisingly, these viruses each exhibit the same open reading frame 
(ORF) organization (Fig.  1 , clinical strain). For historical reasons discussed 
below, the ORFs in the U 

L
  domain at the conventional left end of the map are 

named RL1-14, and they are followed by UL1-151, IRS1, US1-34 and TRS1. 
 Two viral genes span from repeated to unique domains. IRS1 is coded across the 

junction of the repeated IR 
S
  sequence and the unique U 

S
  domain, whereas the TRS1 

ORF spans the junction of TR 
S
  and U 

S
 . As a result, the two encoded proteins have 

nearly identical (differing by one amino acid) amino-terminal halves coded by the 
repeated sequences and unique carboxy-terminal halves. The advantage to the virus 
of this curious gene organization is not apparent. 

 Several strains of HCMV were developed as vaccine candidates. To attenuate these 
viruses, clinical isolates were serially passaged in cultured fibroblasts. After serial pas-
sage, the vaccine candidates proved to be different in both their biological and genomic 
properties. As they were selected for rapid replication in fibroblasts, they simultane-
ously lost the ability to efficiently enter and replicate in numerous cell types susceptible 
to the parental virus, such as epithelial cells, endothelial cells, smooth muscle cells and 
macrophages. Their inability to enter these cells results from mutations in ORFs that 
encode constituents of a glycoprotein complex (gH-gL-pUL128-pUL130-pUL131; 
Wang and Shenk 2005b) present in the virion envelope. These passaged viruses also 
contain changes in additional genes that constrict their host range (see the chapter by 

Clinical strain conventional map
RL1-14 IRS1 TRS1

10 30 50 70 90 110 130 150 170 190 210 230  kb

UL1-151 US1-34

TRL1-14 IRL14-1 TRS1
UL1-132 US1-34

IRS1

AD169 lab strain conventional map

UL1-151 US1-34

UL1-132 US1-34

  Fig. 1  HCMV ORF organization.  Top , conventional ORF map of clinical isolates. ORFs are 
organized using the genome isomer that was originally employed as the conventional map for 
AD169.  Arrows  portray the relative orientation of the RL1-14, UL1-151, IRS1, US1-34 and TRS1 
gene segments.  Bottom , conventional map of AD169. The RL region is repeated and designated 
TRL and IRL in clinical isolates 
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C. Sinzger et al., this volume). Although these passaged viruses have not succeeded as 
vaccine candidates, they have been widely studied since they grow more rapidly, release 
more cell-free virus, and generate higher yields in fibroblasts than do clinical strains. 
Consequently, they are often termed laboratory strains. The improved replication of 
laboratory strains in fibroblasts results in part from disruption of the glycoprotein com-
plex mentioned above. When the UL131 mutation was repaired in AD169, the repaired 
virus grew to a reduced yield in fibroblasts (Wang and Shenk 2005a); a similar growth 
defect was observed when pUL131 was provided to AD169 in  trans  (Adler et al. 2006). 
It is not clear why an intact gH-gL-pUL128-pUL130-pUL131 complex inhibits the 
replication of AD169 in fibroblasts. 

 In addition to numerous more subtle alterations, the genomes of these passaged 
viruses have undergone major rearrangements, suffering large deletions and concomitant 
duplications (Cha et al. 1996). Two laboratory strains have been sequenced: AD169 
(Chee et al. 1990; Murphy et al. 2003b) and Towne (Dunn et al. 2003; Murphy et al. 
2003b). Both viruses have independently lost a multigene segment and acquired a 
repeated multigene sequence of nearly identical size. The sequence duplication most 
likely serves to maintain a unit genome length for viral packaging. Even though the two 
viruses were generated from different clinical isolates in different parts of the world, their 
substitutions are very similar. AD169 lacks ORFs UL133-UL151 and carries a duplica-
tion of ORFs RL1-14 (and termed TRL1-14 and IRL1-14 to discriminate terminal and 
internal copies of the repeat) (Fig. 1, AD169). The AD169 rearrangement resulted from 
a recombination event between RL14 and an ORF in a different frame but within UL148 
at one end and within the  a  and  b  sequences at the other end. Towne underwent a recom-
bination where sequences within UL1 and the  a  and  b  repeats were duplicated at the 
expense of ORFs UL144-UL151. Both recombination events disrupted the ORFs that 
allow for the synthesis of a functioning gH-gL-pUL128-pUL130-pUL131 complex 
mentioned above, and this appears to be the result of a selective pressure to lose this 
complex for efficient replication in fibroblasts. 

 It is noteworthy that Toledo has also, at least partially, adapted to more efficient 
replication in fibroblasts. In this case, rather than undergoing a deletion/duplication 
event, an approximately 15-kbp domain has been inverted (Cha et al. 1996). The 
UL128 ORF was disrupted at one end of the inversion.  

  Protein-Coding ORFs 

 How many functional ORFs reside in the HCMV genome? Answering this question 
is a daunting task. The first estimate came with the original sequence of AD169 
(Chee et al. 1990). This annotation predicted that AD169 has the potential to 
encode 208 ORFs, of which several are repeated (TRL1-14 and IRL1-14). An ORF 
was considered a coding ORF if it encoded a polypeptide of 100 amino acids or 
more and did not overlap a larger ORF across more than 60% of its length. A DNA 
segment containing 19 additional ORFs was discovered in the Toledo clinical strain 
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and shown to be generally present in clinical isolates (Cha et al. 1996). This raised 
the initial estimate to 227 ORFs, and other studies identified several additional 
ORFs (Gibson et al. 1996; Mullberg et al. 1999; Kotenko et al. 2000). Subsequent 
studies utilizing a gene-finding algorithm (Murphy et al. 2003a) and using the 
sequenced CCMV genome as a comparator (Davison et al. 2003) suggested refine-
ments to the earlier annotations. 

 More recently, the sequences of clinical HCMV strains were determined. 
Evaluation of these sequences led to estimates of the number of protein-coding 
ORFs ranging from a maximum of 252 potentially functional ORFs that are con-
served in four different clinical isolates (Murphy et al. 2003b) to a minimum of 165 
ORFs that were conserved between one HCMV clinical isolate and CCMV 
(Davison et al. 2003). These two studies provide a reasonable range for the number 
of HCMV coding ORFs. The higher estimate was inclusive of all ORFs that might 
encode a protein. The lower estimate focused on the subset of ORFs for which a 
strong case can be made for function. 

 We have revisited these maximal and minimal estimates of potential coding 
ORFs. We did not try to discover additional ORFs; instead, we reassessed the full 
set of previously annotated ORFs. Our criteria were simple. If a previously anno-
tated ORF was present in the genomes of five clinical isolates (FIX, TR, PH, Toledo 
and Merlin), it was considered potentially functional. The subset of annotated 
ORFs that were also present in the CCMV genome, were considered very likely to 
be functional, because they have been conserved through 4-4.5 million years of 
divergent evolution. These criteria closely mimicked those used in the two earlier 
studies (Davison et al. 2003; Murphy et al. 2003b), and the analysis benefited from 
combining the two earlier data sets. 

 To initiate our meta-analysis, MacVector 7.2 (Accelrys, San Diego, CA, USA) 
was used to identify all start-to-stop ORFs with a coding potential of 80 amino 
acids or more within each of the genomes. Next, the identified ORFS (> 400 per 
genome) were translated and each polypeptide was used as a query in a BlastP 
analysis against a database including all previously annotated HCMV ORFs. All 
ORFs with a local alignment score of 10 -5  or less were considered matches, and 
used to generate maps for each of the five genomes with MacVector. Finally, the 
ORF maps were aligned to determine conservation among the clinical isolates. 
Due to the substitution of the BAC sequence in four of the five HCMV genome 
sequences (FIX, TR, PH and Toledo) for viral genes, the IRS1 to US12 region was 
compiled by conservation between the Merlin sequence (Dolan et al. 2004) and a 
BAC clone of AD169. 

 A master map was generated containing all ORFs that met the above criteria and 
that were conserved in all five clinical isolates (Fig.  2 ). It contains a total of 232 
potentially functional ORFs. Color-coding is used to distinguish ORFs that are 
known to be essential (red), augmenting, i.e., are required for an optimal yield (yel-
low), or nonessential for replication in fibroblasts (green) (Dunn et al. 2003; Yu et al. 
2003). The 15 gray ORFs have not been tested for a role in replication. The 173 red, 
yellow, green and gray ORFs are present in all five HCMV genomes and the 
CCMV genome. The 59 ORFs shown in white are present in the five clinical 
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  Fig. 2  Genomic arrangement of clinical HCMV strains. HCMV ORFs that are conserved in the five 
sequenced HCMV strains (FIX, Ph, TR, Toledo and Merlin) are arranged in the conventional HCMV 
map organization. ORFs are represented as  arrows  demonstrating the relative orientation of ORFs; 
and, where applicable,  black carat symbols  connect exons. In several cases, e.g., UL37, UL122 and 
UL123, numerous spliced variants are known, but only one abundant variant is shown on the map. 
The color codes designate ORFs that are essential ( red arrows ), augmenting ( yellow arrows ) or nones-
sential ( green arrows ) for replication within cultured fibroblasts.  Gray arrows   represent ORFs that are 
have not yet been tested for function.  Red ,  yellow ,  green  and  gray  ORFs are conserved in CCMV;  
white  ORFs are not conserved in CCMV. ORFs with an  asterisk  do not contain an AUG ≥ 80 codons 
from a stop codon. The three  blue boxes  represent the repeat sequences found at the ends of the unique 
long and unique short regions. The  orange pins  designate the location of virus-coded miRNAs. Their 
placement above or below the sequence line designates the strand on which they are encoded. Each  
tick mark  on the black sequence line represents 1 kb of DNA 
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isolates, but are not found in the CCMV genome. Finally, 20 microRNAs (miR-
NAs), predicted to be encoded by HCMV (Dunn et al. 2005; Grey et al. 2005; 
Pfeffer et al. 2005), are identified as orange pins. So far, expression of 14 of the 
miRNAs has been demonstrated (see the chapter by P.J.F. Rider et al., this 
volume). 

 Further details of the full set of 232 ORFs are presented in Table  2 , which 
includes previously annotated ORFs that did not pass our filters for inclusion on the 
map. As is evident in Table 2, UL147a and UL148a are each missing in only the 
PH clinical isolate and present in CCMV. Thus, they are likely bona-fide ORFs. 

 The map in Fig. 2 has numerous uncertainties. Several relate to the filters used 
previously to qualify an ORF as a potential protein-coding sequence, and, there-
fore, for inclusion in the database from which we selected ORFs. First, the majority 
of previously annotated ORFs were required to code polypeptides meeting a mini-
mum size standard, often 80 amino acids or more, as is evident in Table 2. This is 
an arbitrary cut off, utilized for practical reasons, but, of course, there is no reason 
to assume that HCMV does not encode smaller polypeptides. As a case in point, 
analysis of the proteins associated with HCMV virions (Varnum et al. 2004) raises 
the possibility that the virus encodes some very small polypeptides. In this study, 
mass spectroscopy was employed to identify proteins in preparations of purified 
virus particles. The analysis identified 12 tryptic-digestion products corresponding 
to polypeptides encoded by ORFs that were not previously recognized. Several of 
the ORFs encode polypeptides of fewer than 80 amino acids, and one has a coding 
potential of 22 amino acids. This polypeptide might be the result of spurious tran-
scription/translation late after infection, or the polypeptide or a portion of it could 
be appended to a larger protein as a consequence of splicing. Although it is not 
possible to conclude that the virus encodes a 22-amino acid polypeptide from this 
data set, the observation nevertheless serves to reinforce the very likely possibility 
that the virus encodes small polypeptides that have been overlooked. 

 A second uncertainty comes from overlap restrictions placed on the pool of pre-
viously annotated ORFs. An ORF on one strand can potentially bias the sequence 
of the opposing strand (Silke 1997; Cebrat et al. 1998), and the high G+C content 
of HCMV (57%) potentially favors the presence of spurious ORFs since stop 
codons are A+U-rich. In past annotations, the overlap of the shorter of two overlap-
ping ORFs has been arbitrarily limited to 60% or more or 25% or more, or the 
overlap has been limited to 396 bp, the longest overlap documented for two HCMV 
ORFs known to code proteins (UL76 and UL77). It is certainly possible that, in 
some instances, functional ORFs have evolved with longer overlaps. 

 Another significant uncertainty to the map in Fig. 2 is our incomplete under-
standing of HCMV splicing. It is not possible to predict splice donors and acceptors 
with certainty. A variety of spiced mRNAs have been successfully identified, (e.g., 
Stenberg et al. 1984; Rawlinson and Barrell 1993; Scott et al. 2002; Adair et al. 
2003), but so far, there has been no exhaustive experimental search for spliced 
HCMV mRNAs. Splicing can, of course, combine ORFs originally assumed to be 
separate, or utilize small coding regions as a constituent of a larger mRNA. 

 The majority of the 173 ORFs that are present in all HCMV clinical isolates and 
in CCMV are extremely likely to encode proteins. Indeed, 130 of these ORFs have 
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  Table 2  Conserved ORFs in clinical HCMV Strains 

HCMV ORF A
m

in
o 

ac
id

sa

Ph
en

o-
ty

pe
b

E
xp

re
s-

si
on

c

To
le

do
d

FI
X

PH T
R

M
er

lin

C
C

M
V

R
hC

M
V

RL1 311 NE nr + + + + + + +
C-ORF1 102 nt nr + + + + + − −
C-ORF2 103 nt nr + + + + + − −

RL2 115 nt nr + + + + + − −
C-ORF3  87 nt nr + + + + + − −

RL3 114 nt nr + + + + + − −
RL4 170 NE + + 2 2 2 2 − −
RL5 114 NE nr + + + + + − −
RL6 111 NE nr + 2 + 2 + − −
RL7  82 NE nr + + + + + − −
RL8 129 nt nr + + + + + − −

C-ORF4  91 nt nr + + + + + − −
RL9 143 NE nr + + + + + − −
RL10 171 NE + + + + + + + −

C-ORF5 107 nt nr + + + + + − −
RL11 234 NE + + + + + + + +
RL12 416 NE nr + UL154 + + + + −

RL13/14 253 NE + + UL153 UL153 + + + −
UL1 224 NE nr + + + + + − −
UL2  60 nt + + + + + + + −
UL3 105 NE nr + + + + + − −
UL4 152 NE + + + + + + − +
UL5 166 NE + + + + + + + −
UL6 284 NE nr + + + + + + +
UL7 222 NE nr + + + + + + +
UL8 122 NE nr + + + + + + −
UL9 228 NE + 2 + + + + + 2
UL10 326 NE nr + + + + + + −
UL11 275 NE + + + + + + + 3

newORF1  84 nt nr + + + + + - −
UL12  73 nt + + − − − − − −
UL13 473 NE nr + + + + + + +
UL14 343 NE + + + + + + + +
UL15 322 NE nr + + + − + − −

UL15A 101 NE nr + + + + + + −
UL16 230 NE + + + + + + + −
UL17 104 NE + + + + + + − −

C-ORF6  86 nt nr + + + + + − −
UL18 368 NE + + + + + + + −
UL19  98 NE nr + + + + + + +
UL20 340 NE + + + + + + + +
UL21 175 nt + + + + + + − −

UL21A (UL21) 124 A + + + + + + + +
UL21.5 (22A) 104 NE nr + + + + + − −

UL22 128 nt nr + + + + + − −
UL23 342 NE + + + + + + + +

C-ORF7 130 nt nr + + + + + + −

(continued)
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Table 2 (continued)

HCMV ORF A
m

in
o 

ac
id

sa

Ph
en

o-
ty

pe
b

E
xp

re
s-

si
on

c

To
le

do
d

FI
X

PH T
R

M
er

lin

C
C

M
V

R
hC

M
V

UL24 358 NE + + + + + + + +
UL25 656 NE + + + + + + + +
UL26 188 A + + + + + + + +
UL27 608 A + + + + + + + +

C-ORF8  91 nt nr + + + + + − −
C-ORF9 139 nt nr + + + + + + +
UL28/29 701 A + + + + + + + +
newORF2 105 nt nr + + + + + − −

UL30 121 A + + + + + + + +
UL31 694 NE + + + + + + + +
UL32 1048 E + + + + + + + +

C-ORF10 113 nt nr + + + + + + +
UL33 390 NE + + + + + + + +
UL34 504 E + + + + + + + +

C-ORF11 114 nt nr + + + + + − −
UL35 640 NE + + + + + + + +
UL36 476 NE + + + + + + + +
UL37 487 E + + + + + + + +
UL38 331 A + + + + + + + +
UL39 124 nt nr − + + + − − −
UL40 221 NE + + + + + + + −

C-ORF12 109 nt nr + + + + + − −
UL41 141 nt nr + + + + + + −

C-ORF13  86 nt nr + + + + + − −
C-ORF14 205 nt nr + + + + + + −

UL41a  79 nt + − + − + + + −
UL42 157 NE nr + + + + + + +
UL43 187 NE + + + + + + + +
UL44 433 E + + + + + + + +
UL45 906 NE + + + + + + + +
UL46 290 E + + + + + + + +
UL47 982 A + + + + + + + +
UL48 2241 A + + + + + + + −
UL48a  76 nt + + + + + + + +
UL49 570 E + + + + + + + +
UL50 397 E + + + + + + + +
UL51 157 E + + + + + + + +
UL52 668 E + + + + + + + +
UL53 376 E + + + + + + + +
UL54 1242 E + + + + + + + +
UL55 906 E + + + + + + + +
UL56 850 E + + + + + + + +
UL57 1235 E + + + + + + + +
UL58 124 nt nr + + + + + − −
UL59 123 NE nr + + + + + − −
UL60 160 NE + + + + + + − −
UL61 431 NE + + + − + − + −

(continued)
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Table 2 (continued)
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NewORF3 104 nt nr + + + + + − −
UL62 217 NE nr + + + + + − −
UL63 129 nt nr + + + − − − −

NewORF5 87 nt nr + + + + + − −
UL64 100 nt nr + + + + − − −
UL65 102 nt + + + − − + − −
UL66 114 nt nr + + + + − − −
UL67 113 NE nr + + + + + − −
UL68 110 NE nr + + + + + − −
UL69 744 A + + + + + + + +
UL70 1062 E + + + + + + + +
UL71 411 A + + + + + + + +
UL72 388 A + + + + + + + +
UL73 138 E + + + + + + + +
UL74 466 A + + + + + + + +
UL75 743 E + + + + + + + +
UL76 325 A + + + + + + + +
UL77 642 E + + + + + + + +
UL78 431 NE nr + + + + + + +
UL79 295 E + + + + + + + +
UL80 708 E + + + + + + + +

UL80.5 373 NE + + + + + + + −
UL81 116 nt nr + + + + + − −
UL82 559 A + + + + + + + +

UL82as 134 nt + + + + + + + −
C-ORF15 86 nt nr + + + + + + −

UL83 561 NE + + + + + + + 2
UL84 586 E + + + + + + + +
UL85 306 E + + + + + + + +
UL86 1370 E + + + + + + + +
UL87 941 E + + + + + + + +
UL88 429 NE + + + + + + + +
UL89 675 E + + + + + + + +
UL90 66 nt + + + + − + − −

newORF6 124 nt nr + + + + + + +
UL91 111 E + + + + + + + +
UL92 201 E + + + + + + + +
UL93 594 E + + + + + + + +
UL94 345 A + + + + + + + +
UL95 531 E + + + + + + + +
UL96 115 A + + + + + + + +
UL97 707 A + + + + + + + +
UL98 584 E + + + + + + + +
UL99 190 E + + + + + + + +

newORF7 194 nt nr + + + + + + −
UL100 372 E + + + + + + + +
UL101 115 E nr + + + + + − −

(continued)
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UL102 798 E + + + + + + + +
UL103 249 A nr + + + + + + +
UL104 697 E + + + + + + + +
UL105 956 E + + + + + + + +
UL106 125 NE nr − + − − + − −
UL107 150 NE nr + + + + + − −
UL108 123 NE + + + + + + − −

C-ORF16 89 nt nr + + + + + − −
C-ORF17 105 nt nr + + + + + − −

UL109 98 NE nr + + − + + − −
UL110 127 NE nr + + + + + − −
UL111 107 NE nr + + + + + − −
UL111a 176 NE + + + + + + − −

C-ORF18 83 nt nr + + + + + + −
C-ORF19 136 nt nr + + + + + − −

UL112/113 268 A + + + + + + + +
UL114 250 A + + + + + + + +
UL115 278 E + + + + + + + +
UL116 344 NE nr + + + + + + +

C-ORF20 126 nt nr + + + + + − −
UL117 424 A + + + + + + + +

C-ORF21 134 nt nr + + + + + − −
C-ORF22 88 nt nr + + + + + + −

UL118/119 231 NE + + + + + + + +
UL120 201 NE nr + + + + + + +
UL121 180 NE nr + + + + + + +

NewORF9 228 nt nr + + + + + + −
NewORF10 93 nt nr + + + + + + −

UL122 579 E + + + + + + + +
UL123 491 A + + + + + + + +
UL124 152 NE + + + + + + + −
UL125 102 nt nr + + + + + − −
UL126 134 nt nr + + + + + + −
UL127 131 nt nr + + + + + + −

C-ORF23 92 nt nr + + + + + + −
UL128 175 NE + + + + + + + −
UL129 116 nt nr + + + + + − −
UL130 215 NE + + + + + + + +
UL131 129 NE + + + + + + + −
UL132 270 NE + + + + + + + +
IRL14 183 NE nr + + + + + + −
UL148 317 NE nr + + + + + + +
UL147a 75 NE nr + + − + + + −
UL147 160 NE + + + + + + + +
UL146 118 NE + + UL152 UL152 + + + −
UL145 101 NE nr + + + + + + +
UL144 177 NE + + + + + + + +

(continued)
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Table 2 (continued)
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UL143 93 NE nr + − + + − − −
UL142 307 NE + + + + + + + −

C-ORF24 214 nt nr + + + + + + −
UL141 426 NE + + 2 2 2 2 + +
UL140 115 NE nr + + + + + + −

newORF11 89 nt nr + + + + + − −
UL139 136 NE nr + + + + + + −
UL138 170 NE + + + + + + + −
UL137 97 NE nr + + + + + − −
UL136 241 NE nr + + + + + + −
UL135 329 NE nr + + + + + + −
UL134 176 NE nr + + + + + − −
UL133 258 NE nr + + + + + + −

C-ORF25 149 nt nr + + + + + − −
C-ORF26 151 nt nr + + + + + − −
UL148a 80 NE nr + + − + + + −
UL148b 80 NE nr + + + + + + −
UL148c 77 NE nr − + − − + + −
UL148d 63 NE nr − + − + + + −
UL149 123 NE nr + + + + + − −
UL150 643 NE nr + + + + 2 + −
UL151 337 NE nr 2 2 2 + + − −
IRS1 846 NE + + BAC BAC + + + −
US1 212 NE nr + BAC BAC + + + +
US2 199 NE + BAC BAC BAC BAC + + +
US3 186 NE + BAC BAC BAC BAC + + +
US4 119 NE nr BAC BAC BAC BAC + − −
US5 126 NE nr BAC BAC BAC BAC + − −
US6 183 NE + BAC BAC BAC + + + −
US7 225 NE + BAC + + + + + −
US8 227 NE + BAC + + + + + −
US9 247 NE + BAC + + + + + −
US10 185 NE + BAC + + + + + −
US11 215 NE + BAC + + + + + +
US12 281 NE nr + + + + + + −
US13 261 NE + + + + + + + −
US14 310 NE + + + + + + + 3

C-ORF27 97 nt nr + + + + + − −
US15 484 NE nr + + + + + + −

C-ORF28 93 nt nr + + + + + + −
US16 309 NE nr + + + + + + −
US17 293 NE + + + + + + + +

C-ORF29 97 nt nr + + + + + + −
US18 274 NE + + + + + + + +
US19 240 NE + + + + + + + +
US20 342 NE + + + + + + + +
US21 239 NE nr + + + + + + +

(continued)
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US22 593 NE + + + + + + + +
US23 592 A + + + + + + + +
US24 500 A + + + + + + + +
US25 179 NE nr + + + + + − −
US26 603 A + + + + + + + +
US27 362 NE + + + + + + + −
US28 323 NE + + + + + + + 5
US29 462 NE nr + + + + + + +
US30 349 NE + + + + + + + +
US31 197 NE nr + + + + + + +
US32 183 NE nr + + + + + + +
US33 137 NE nr + + + + + + −
US34 163 NE nr + + + + + + −
US34a  65 nt nr − + − + + − −
US35 109 nt nr − − + − − − −
US36 110 nt nr − − + − − − −
TRS1 788 A + + + + + + + +

  a  Open reading frame length in amino acids (aa) is listed using FIX as the reference strain except 
where sequence was deleted due to the insertion of the bacterial artificial chromosome. In those 
regions, the Merlin sequence was used to determine ORF size. Light grey boxes denoting the 
number of amino acids indicate that more than one HCMV strain lacks a methionine within 80 
amino acids from the stop codon
 b  Fibroblast phenotypes of mutant viruses as determined by Yu et al. (2003) are listed. The pheno-
types described are nonessential (NE), essential (E), augmenting (A) or not tested (nt)
 c  Reported expression of the ORF was determined if the ORF has been reported to have a growth 
phenotype when mutated or if confirmed by Western blot or mass spectroscopy. (+) designates that 
the ORF has been confirmed to be expressed or to have a functional impact on viral replication 
and (nr) designates no report of expression or functional impact
 d  For each of the seven indicated cytomegaloviruses, BlastP analysis of the translation of all ORFs 
>80 amino acids against a database of previously identified HCMV ORFS was utilized to deter-
mine conservation of the ORF. All translations that had a blast expect value of <10 –5  was consid-
ered a match. Matches are designated by (+) in a white box and nonmatches by (-) in a dark grey 
box. Light grey boxes with a (+) designate ORFs that lack a methionine within 80 amino acids of 
the stop codon. A number in the box designates that two neighboring ORFs contain translated 
peptides that match a single predicted ORF thereby suggesting a frame shift mutation. In strains 
where a different but highly related ORF is present in place of the listed ORF, the ORF name is 
listed as is the case with UL154 in place of RL12 in FIX BAC and UL153 in place of RL13/14 
and UL152 in place of UL146 in FIX BAC and PH BAC. BAC designates where the bacterial 
artificial chromosome sequence was inserted in the HCMV genome 

either been directly shown to encode proteins or to influence viral replication when 
they are mutated (Table 2). Perhaps the more intriguing set of ORFs are the 59 
ORFs present in all HCMVs, but not in CCMV (Fig. 2, white arrows). Some of 
these are likely to be spurious. For example, many of the ORFs extending from 
RL2* through RL9* may not encode proteins. Analysis with a gene-finding algo-
rithm indicated that seven out of nine ORFs tested in this region have low coding 
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potential (Murphy et al. 2003a), and an abundant transcript coded in this region has 
very recently been shown to function as an RNA (Reeves et al. 2007). Similarly, the 
ORFs extending from UL107 to UL111 are not likely to encode proteins. Again, 
the gene-finding algorithm found ORFs in this genome segment to have very low 
coding potential, and the so-called 5-kb transcript, an intron that functions as an 
RNA molecule (Kulesza and Shenk 2006), extends through this region. Finally, the 
ORFs from UL58* through UL68* span a region that includes the HCMV  ori Lyt. 
Six of the ORFs in this region were tested by the gene-finding algorithm and 
classed as unlikely to encode a protein. Collectively, these two RNA-coding regions 
plus the ori Lyt  domain are unlikely to contain protein-coding ORFs, removing all 
or most of 26 ORFs in these regions from further consideration. This leaves 33 
ORFs that are present in all five HCMV clinical isolates, but not in CCMV. They 
are spread across the entire genome, although more are present in terminal domains; 
they are generally relatively small, but not smaller than known protein-coding 
ORFs; and some might encode segments that are incorporated into larger proteins 
by splicing. The entire set are candidates for genes that are unique to the human 
virus. CCMV likely contains several ORFs that are not present in human viruses 
(Davison et al. 2003), so it is not surprising that human virus-specific ORFs would 
also exist. In fact, one member of this set, UL111a, is known to encode a functional 
IL10 homolog (Kotenko et al. 2000). Consequently, it is likely that additional ORFs 
present in the human viruses but not CCMV will prove to encode proteins specific 
to the human virus, but it will be necessary to test each for expression and/or func-
tion to be certain.  

  Genomic Organization: Evolution and Function 

 As is true for all herpes viruses, the HCMV genome contains a set of evolutionally 
conserved, herpes virus-common ORFs that encode core functions required for 
replication of the viral DNA and its assembly into virus particles (Mocarski et al. 
2006). The 40 core HCMV genes are primarily located in the central region of the 
viral genome within the U 

L
  domain. The terminal regions, including the U 

S
  

domain, contain genes that are cytomegalovirus-specific and generally nonessential 
for replication in cultured cells. This organization leads to the view that modern 
herpes viruses have evolved from a common ancestral virus by the acquisition of 
specialized, luxury gene functions primarily within their terminal domains. This 
generalization leads to the suggestion that the apparent noncoding region ranging 
from RL2* through RL9* (Fig. 2) contains cytomegalovirus-specific functions. 
Consistent with this prediction, the function of β2.7 RNA, which is coded in this 
region, is without precedent in other herpes viruses. The RNA binds to mitochon-
drial enzyme complex I and blocks the induction of apoptosis in response to stress 
(see the chapter by M. Reeves and J. Sinclair, this volume). Many additional genes 
within the terminal regions, including much of the U 

S
  domain, have been shown 

to function in immune evasion (see the chapter by C. Powers et al., this volume). 



Human Cytomegalovirus Genome 17

 In HCMV, 12 gene families have been identified (Chee et al. 1990; Rigoutsos 
et al. 2003; Lesniewski et al. 2006), which have likely arisen by duplication events. 
One example is the UL12 family, which consists of ten contiguous genes, US12-
US21 (Lesniewski et al. 2006). After the primordial duplication event, members of 
gene families have functionally diverged as the virus has continued to evolve. 

 In some cases, genes with similar functions reside in close proximity to each 
other on the viral genome. As noted above, immune evasion genes are near the 
 termini, the key immediate-early transcriptional regulatory proteins are derived 
from the same transcription unit (UL122, 123) (Stinski and Petrik 2007), genes 
known to block apoptosis are grouped (UL36-38) (see the chapter by A.L. 
McCormick, this volume), and three genes important for entry into endothelial and 
epithelial cells are grouped (UL128-131) (see the chapter by C. Sinzger et al., this 
volume). Perhaps these genes have evolved to function in an interactive manner, 
and their groupings allow them to generally travel in functional sets as the viral 
genome undergoes recombination.  

  Perspectives 

 The principal challenge we face in HCMV genomics is to identify the full set of viral 
gene products. The majority of larger protein-coding ORFs have certainly been iden-
tified, but there are very likely additional smaller protein-coding ORFs and functional 
transcripts that do not serve as mRNAs that remain to be identified. 

 Finally, it is noteworthy that our knowledge of the HCMV genome relies on the 
sequences of a relatively small number of clinical isolates. It remains possible that 
variants will be discovered that contain one or more modified genes or additional 
genes that will prove to be associated with specific clinical manifestations of viral 
infection.   
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         Human Cytomegalovirus microRNAs 

   P.   J.   Fannin Rider  ,   W.   Dunn  ,   E.   Yang  ,   F.   Liu    (*ü )   

   Abstract   MicroRNAs (miRNAs) are approximately 22 nucleotide RNAs that mediate
the posttranscriptional regulation of gene expression. miRNAs regulate diverse 
cellular processes such as development, differentiation, cell cycling, apoptosis, and 
immune responses. More than 400 miRNAs have been identified in humans and it 
is predicted that over 30% of human gene transcripts are regulated via miRNAs. 
Since 2004, many viral miRNAs have been described in several families of viruses. 
More than half of currently known viral miRNAs are encoded by viruses of the 
human Herepsviridae and 14 miRNAs have been found to be encoded by Human 
cytomegalovirus (HCMV). Thus far, HCMV is the only betaherpesvirus in which 
miRNAs have been described and these miRNAs possess many characteristics, 
including their genomic arrangement and temporal/spatial expression, which distin-
guish them from the other known herpesvirus miRNAs described. As a herpesvirus, 
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HCMV establishes infection for the life of the host characterized by latent infection 
with periodic reactivation for production and spread of infectious progeny. This 
multifaceted life cycle of the herpesvirus requires an abundance of gene products 
and regulatory elements that makes cytomegalovirus genomes one of the most 
complex among human viruses. The defining characteristics of the cytomegalo virus 
and the minimal impact on genome size afforded by miRNAs inform the logic of 
virus-encoded miRNAs.   

  Abbreviations      miRNA:   MicroRNA ;  HCMV:   Human cytomegalovirus ;  EBV: 
  Epstein Bar Virus ;  HSV:   Herpes simplex virus ;  miRISC:   MicroRNA-induced 
silencing complex ;  MHV 68:   Murine gammaherpesvirus 68 ;  RRV:   Rhesus macaque 
rhadinovirus ;  rLCV:   Rhesus lymphocryptovirus ;  MDV:   Marek’s disease virus     

   Introduction 

 In 1993, the discovery of an approximately 22-nucleotide RNA ( lin-4 ) responsible 
for the posttranscriptional regulation of LIN-14 protein levels in  caenorhabditis 
elegans  represented the beginnings of a paradigm shift in molecular biology (Lee 
et al. 1993; Wightman et al. 1993). While  lin-4  was discovered in 1993, it was not 
until 1999 that it was shown to inhibit protein synthesis after the initiation of trans-
lation (Olsen and Ambros 1999).  Lin-4  is the founding member of a family of small 
RNAs, termed microRNAs (miRNA), that now number over 400 in humans 
(Bentwich et al. 2005). Not 15 years after  lin-4 ’s discovery, it has been predicted 
that over 30% of human gene products are subject to miRNA-mediated regulation 
(Lewis et al. 2005). 

 miRNAs are endogenously encoded approximately 22-nt RNAs that are respon-
sible for the temporal and spatial regulation of gene products involved in diverse 
cellular processes including development, apoptosis, differentiation, cell cycle reg-
ulation, and immune response (Ambros 2004; Taganov et al. 2006; O’Connell et al. 
2007; Rodriguez et al. 2007; Taganov et al. 2007). Functionally, miRNAs mediate 
gene silencing by guiding the miRNA-induced gene silencing complex (miRISC) 
to target mRNAs (Tang 2005). Targeting of mRNA by miRISC leads to transla-
tional inhibition or cleavage of the targeted mRNA. The specificity of most animal 
miRNA–target mRNA complexes is determined by complementarity of a seed 
region, namely nucleotides 2–7 of the miRNA (Brennecke et al. 2005). When rec-
ognition of mRNA by miRNA is mediated primarily by the seed region, transla-
tional inhibition is typically the end result, while extensive sequence complementarity 
between the miRNA and target mRNA results in cleavage of the target mRNA 
(Ambros 2004). Complementary sequences in the target mRNA usually reside in 
the 3′ UTR (Lewis et al. 2005). Due to the size of the seed region, miRNAs are 
predicted to target as many as ten mRNAs. Additionally, multiple miRNAs may 
target the same mRNA with the 3′-UTRs containing target sites for multiple miRNAs, 
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and in situ adenosine to inosine substitutions in mature miRNAs can also alter 
targeting (Wightman et al. 1993; Doench and Sharp 2004; Kawahara et al. 2007). 
Finally, the miRNA sequence outside the seed region has been found to play a role 
in subcellular localization of miRNAs (Hwang et al. 2007). 

 Eleven years after the discovery of miRNAs, the first virally encoded miRNAs 
were reported (Pfeffer et al. 2004). As most algorithms for the identification of 
miRNAs rely on conservation of sequence, viral miRNA prediction was particu-
larly difficult due to the absence of significant homology to known miRNAs. By 
sequencing of a small RNA library from a Burkitt’s lymphoma cell line latently 
infected with Epstein Bar Virus (EBV), Tuschl and colleagues identified five 
 miRNAs that originated from the EBV (Pfeffer et al. 2004). Subsequently, many 
groups, including our own, have contributed to the identification of miRNAs 
encoded by other human herpesviruses. Additionally, many nonhuman herpesvirus 
miRNAs have been identified, providing animal models in which to study the func-
tion of virally encoded miRNAs. Thus far, 106 of the 108 mature viral miRNAs 
species in the miRNA registry are encoded by herpesviruses (Griffiths-Jones 2004, 
2006; Griffiths-Jones et al. 2006). Currently, it is known that HCMV expresses 14 
mature miRNAs from 11 precursor miRNAs (Fig.  1 ). 

 A herpesvirus is a large dsDNA virus that replicates in the nucleus of the host cell, 
and after an initial lytic replication cycle establishes latent infection for the life of the 
host. Reactivation from latency and initiation of secondary lytic replication occurs 
periodically. Betaherpesviruses, which include HCMV and herpesvirus-6 and -7, can 
replicate in a wide variety of cell types, but exhibit strict species specificity. The 
complex life cyle of herpes viruses illustrates the need for distinctive gene regulation 
mechanisms that viral miRNAs provide. Utilization of miRNA offers the virus, which 
possesses limited coding capacity, a means to alter gene expression with relatively 
minimal impact on genome size; maintenance of latent infection requires limited, 
nonimmunogenic gene expression; tissue tropism implies an array of gene products 
suited to the exploitation of specific host-cell types. As such, it is not surprising that 
the first virally encoded miRNAs were discovered in a herpesvirus, EBV.  

  miRNA Biogenesis 

 The progress made in understanding miRNA biogenesis (Fig.  2 ) stands in stark 
contrast to the limited understanding of miRNA-mediated regulatory networks. 
While many fundamental questions about regulation of miRNA biogenesis still 
need to be addressed, significant progress has been made concerning the process of 
miRNA maturation. 

 Many of the subtleties and details concerning miRNA biogenesis are beyond 
the scope of this review. Rather, it is our aim to provide an overview of the 
 biogenesis process as an aid to understanding HCMV miRNA. There is little 
evidence to suggest that viral miRNA biogenesis differs from that of cellular 
miRNAs. Recently, however, aspects of miRNA biogenesis such as substrate 
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  Fig. 1  HCMV miRNAs. The eleven HCMV pre-miRNAs found in the miRNA registry and their 
predicted foldback structures are presented. Mature miRNA sequences are  highlighted . Information 
regarding evidence for the indicated miRNA its expression, position and potential targets are 
given 

specificity and Dicer activity have been found to differ during stages of develop-
ment (Eis et al. 2005; Kim 2005; Lund and Dahlberg 2006). Finally, unique  features 
of the murine gammaherpesvirus-68 (MHV68) miRNAs such as  transcription by 
pol III and short hairpin structure suggest distinct mechanisms of biogenesis 
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(Pfeffer et al. 2005). As such, the reader is encouraged to pursue the topics 
included in this section with the host–microbe interaction in mind. 

 The miRNA transcriptional unit is termed a primary miRNA (pri-miRNA). The 
pri-miRNA may possess multiple hairpins or single hairpins (Kim 2005). While 
most miRNAs are located within an intron of a protein-coding transcript, miRNAs 
can be found in the exons as well as the protein coding potential of the transcriptional 

  Fig. 2  Biogenesis of miRNAs. Transcription of viral pri-miRNA occurs most often by RNA 
polymerase II. Pri-miRNAs are then capped and polyadenylated. Nuclear RNase type III endonu-
clease Drosha then processes the pri-miRNA to pre-miRNA. Pre-miRNAs contain 2-nt 3′ over-
hangs characteristic of processing by RNase type III nucleases. Pre-miRNA is then exported via 
exportin-5 from the nucleus. Cytoplasmic type III endonuclease Dicer then cleaves the stem loop 
of the pre-miRNA to yield a 22-nt dsRNA. The strand with lowest thermodynamic stability at its 
5′ end is chosen as the guide strand and incorporated into the RISC complex. The strand not cho-
sen for incorporation is typically degraded. Guide strand miRNA enables recognition of target 
mRNA by RISC. Target mRNAs are then either cleaved or translation is inhibited 
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unit (Rodriguez et al. 2004). Finally, some pri-miRNAs are found in intergenic 
regions whereby they contain their own promoters and are independently tran-
scribed (Zeng 2006). 

 Transcription of most pri-miRNAs is RNA polymerase II-dependent (Lee et al. 
2004). Notable exceptions include the MHV68 miRNAs, whose expression is 
believed to be driven by a pol III promoter (Pfeffer et al. 2005). Pol II-dependent 
pri-miRNAs possess 5′ cap structures and are polyadenylated (Cullen 2004). Due 
to the enormity and diversity of pol II-associated transcription factors, pol II-dependent 
transcription allows for the exquisite temporal and spatial control characteristic of 
miRNAs. 

 Following transcription, an approximately 65-nt hairpin with a 2-nt 3′ overhang 
is excised from the pri-miRNA by the nuclear Microprocessor (Gregory et al. 
2004). Microprocessor consists of the RNase III type endonuclease Drosha in com-
plex with the cofactor DGCR8 (Han et al. 2004). These two components of 
Microprocessor are both necessary and sufficient to affect cleavage in vitro. Using 
mutagenesis and in vitro processing assays, it was determined that Microprocessor 
recognition of pri-miRNA is through the ssRNA flanking strands and the structural 
motif of the hairpin (Han et al. 2006). Recent studies suggest that pri-miRNA 
processing to mature miRNAs is a regulated step in miRNA biogenesis. Mature 
miRNAs have been found in fully differentiated cells, while the pri-miRNAs accu-
mulate in undifferentiated cells (Thomson et al. 2006). Additionally, in human 
tumors pri-miRNAs are expressed at high levels while the formation of mature 
miRNA is downregulated (Thomson et al. 2006). This suggests that there may be 
additional cofactors modulating either substrate specificity and/or activity of 
Microprocessor. 

 Following conversion of pri-miRNA to pre-miRNA, Exportin-5, in a Ran-GTP-
dependant manner, exports the pre-miRNA from the nucleus to the cytoplasm 
(Lund et al. 2004). A cytoplasmic RNase III type endonuclease, Dicer, then 
removes the stem loop from the pre-miRNA converting it to a 22-bp dsRNA with 
2-nt 3′ overhangs on each strand (Carmell and Hannon 2004). Evidence suggests 
that pre-miRNA processing to mature miRNAs is also subject to regulation. It is 
unclear whether this is due to regulation of pre-miRNA export from the nucleus, or 
due to the presence of cofactors, which may influence substrate specificity, and/or 
activity of Dicer cleavage (Lund and Dahlberg 2006; Obernosterer et al. 2006). 

 Typically, one strand of the 22-bp dsRNA, designated the guide strand, is fated 
to pair with a target mRNA to facilitate translation inhibition or cleavage of the tar-
get mRNA. The guide strand is chosen based on lower thermodynamic stability at 
its 5′ end in the duplex RNA (Khvorova et al. 2003; Schwarz et al. 2003). 
Incorporation of the guide strand in the miRISC enables identification of target 
mRNA for either translation inhibition or cleavage. 

 Mammalian miRISC is at minimum comprised of Dicer, Argonaute proteins, 
TRBP, and PACT (Rana 2007). In general, translation inhibition occurs if there is 
imperfect complementarity of the guide strand with the target mRNA. Cleavage 
occurs if the complementarity between the guide strand and the target mRNA is 
perfect. Nucleotides 2–7 of the miRNA constitute the seed region of the miRNA 
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and appear to be critical for miRNA-target mRNA recognition (Jackson and 
Standart 2007). 

 The major functional consequence of miRNA biogenesis is alteration of protein 
concentration through either translation inhibition or cleavage of mRNA. It is 
important to note that operationally miRNA-mediated inhibition of gene expression 
is not necessarily an all-or-nothing mechanism. Rather, the present consensus is that 
miRNAs allows a fine tuning of gene expression (Bartel 2004). miRNAs may be 
seen as a means by which the cell or virus can achieve a spectrum of gene expres-
sion levels appropriate to differentiation or developmental states, proliferative 
 signals, and most recently in response to infection. As such, it is not difficult to 
imagine a role for viral miRNAs, particularly in those viruses that find persistence 
and/or latency part of their life cycle.  

  Location and Conservation of HCMV miRNAs 

  Mapping of HCMV miRNAs 

 Using a small RNA cloning and sequencing approach, a total number of 14 mature 
HCMV miRNAs were identified, which arise from 11 pre-miRNAs (Fig. 1) (Dunn 
et al., 2005: Grey et al., 2005; Pfeffer et al., 2005). In order to correlate our previous 
work (Dunn et al. 2003), where we functionally profiled the HCMV genome by 
constructing a deletion mutant library, with the discovery of HCMV miRNAs, we 
have mapped the HCMV miRNAs to the genome of the HCMV Towne (HCMV 
Towne-BAC) strain that was cloned as a bacterial artificial chromosome (Fig.  3 ). 
Our annotation of open reading frames (ORFs) within the HCMV Towne-BAC 
reveals that five HCMV pre-miRNAs are intergenic, four are found within ORFs and 
two partially overlap annotated ORFs. The vector for bacterial propagation of the 
Towne-BAC replaces ORFs US1–US12. Additionally, a well-characterized sponta-
neous deletion of UL150 has occurred on passaging of Towne in tissue culture. To 
map miRNAs in these regions, we have deferred to other publications for their anno-
tation (Grey et al. 2005; Pfeffer et al. 2005). From the map and data generated by the 
deletion mutant library, we have determined that six of the miRNAs (mir-US4, mir-
US5-1, mir-US5-2, mir US25-2, mir-US33 and mir-UL148D) are not essential for 
growth in tissue culture. These six miRNAs along with their associated ORFs have 
been deleted from the viral genome with no apparent resulting defect in viral replica-
tion in tissue culture. The possibility remains, however, that these miRNA targeted 
the ORFs in which they are found, and that concomitant deletion of both the miRNA 
and its target ORF precluded any phenotype we may have observed if only the 
miRNA had been disrupted. The two deletions that did result in a phenotype (UL70 
and UL114) are in ORFs whose gene products are known to be important for viral 
infection (Pari and Anders 1993; Courcelle et al. 2001). This precludes determining 
the contribution that the deletion of miRNAs in these ORFs makes to viral growth 
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in tissue culture. Characterizing the contribution that the remaining HCMV miRNAs 
(mir-UL22A-1, mir-UL36 and mir-US25-1) make to virus growth in tissue culture 
awaits the generation of novel recombinant virus. 

 HCMV is the only betaherpesvirus in which miRNAs have been described, and 
several aspects of HCMV miRNAs are unique. Firstly, unlike the miRNAs identi-
fied in alpha- and gammaherpesviruses, HCMV miRNAs are not found clustered in 
small regions of the genome, but can be found up to 195 kb apart (Fig. 3). Secondly, 
due to the diversity of cells permissive to HCMV infection, it is possible to study 
the expression of viral miRNAs in a number of cell types. Thirdly, because of the 
lack of a simple in vitro model for HCMV latency, all of the HCMV miRNAs 
identified in the experiments above have been in cells lytically infected with 
HCMV. Thus far, all miRNAs identified in prototypic human alpha-(herpes simplex 
virus 1 [HSV-1] and gamma-Kaposi’s sarcoma associated herpesvirus [KSHV] and 
EBV) herpes viruses have been found in regions of the genome that are transcrip-
tionally active during latent infection. The similarities and differences between 
HCMV miRNAs and other herpesvirus miRNAs, in terms of their genomic arrange-
ment, expression and conservation will be discussed below.  

  HCMV miRNA Conservation 

 Multiple ORFs are conserved throughout the herpesvirus family, which are referred 
to as core herpesvirus ORFs. As none of the miRNAs identified thus far are con-
served among the human herpesviruses, it can be inferred, just as it is for the non-
core herpesvirus ORFs, that these miRNAs impart functions unique to the identity 
and lifestyle of each virus. 

 Our lab was the first to show the conservation of miRNAs between primate her-
pesviruses of the same genera, HCMV and chimpanzee cytomegalovirus (CCMV) 
(Dunn et al. 2005). For purposes of this review, we have extended our analysis to 
include all HCMV miRNAs identified to date and we report here that at least five 
of the HCMV miRNAs are 100% conserved in CCMV (Fig.  4 ). Related herpesvi-
ruses are expected to have diverged with their host species. Chimpanzee and human 
are thought to have diverged approximately 5 million years ago and as such, CCMV 
is the closest relative of HCMV (Davison et al. 2003). 

 Similar analysis of the conservation of miRNAs between EBV and the closely 
related rhesus lymphocryptovirus (rLCV) revealed that at least seven of the EBV 
miRNAs are conserved in rLCV (Cai et al. 2006). The strength of this report lies in 
the fact that bioinformatics were not used to identify rLCV miRNAs. Rather, rLCV 
miRNAs were cloned from infected cells prior to sequence analysis. Interestingly, 
the rLCV miRNAs that have sequence identity with EBV BART miRNAs possess 
identical synteny with EBV BART miRNAs (Cai et al. 2006). 

 Two human herpesviruses, HSV-1 and HSV-2, exhibit close homology. Eight of the 
miRNAs predicted for HSV-1 were conserved in HSV-2 (Pfeffer et al. 2005; Cui et al. 
2006). Of the eight, two of the precursor miRNAs were conserved in HSV-2 (Pfeffer 
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et al. 2005; Cui et al. 2006). However, neither of these conserved miRNAs has been 
demonstrated to be expressed by either virus. Finally, Marek’s disease viruses one and 
two (MDV-1, -2), closely related avian alpha herpesviruses, have been shown to 
express miRNAs (Burnside et al. 2006; Yao et al. 2007). Interestingly, while these 
miRNAs are conserved in their genomic location, none of the miRNAs possess 
sequence homology (Yao et al. 2007). It will be interesting to reevaluate the relatedness 
of viral miRNAs in terms of their function, as more targets of these miRNAs are 
identified.  

  Genomic Arrangement of HCMV miRNAs 

 As mentioned above, one of the distinguishing features of HCMV miRNAs is that 
they are widely distributed across the genome (Fig. 3). In contrast, miRNAs identified 
in all other herpes viruses to date are clustered in short regions of the genome, usually 
less than 5 kbp. An additional important difference is that all herpesvirus-encoded 
miRNAs are encoded in regions of the genome that are transcriptionally active during 
latency. Due to the lack of a simple tissue culture model for HCMV latency, transcrip-
tionally active regions of the viral genome during latency remain controversial. 

  Fig. 4  Conservation of HCMV miRNAs in chimpanzee cytomegalovirus (CCMV). Alignment 
and secondary structure of two HCMV pre-miRNAs predicted to be conserved in CCMV. HCMV 
miRNA sequences found in the miRNA registry were aligned with the publicly available CCMV 
genome sequence (Davison et al. 2003). Sequences for HCMV pre-miRNAs and predicted CCMV 
pre-miRNAs are shown in (i), secondary structures are compared in (ii), finally alignment of 
sequences flanking the respective premiRNAs are compared in (iii). Mismatched bases are  
highlighted  
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 Genomic arrangement has important implications for miRNA expression. 
Clustering of miRNAs implies the ability to coordinate miRNA expression. It has 
recently been shown that the 14 EBV  BART  miRNAs are indeed coordinately 
expressed, and that expression of the  BART  miRNAs, which lie in the intron(s) of 
the  BART  mRNA, was correlated with the expression of the  BART  mRNA (Cai 
et al. 2006). The three  BHRF1  miRNAs are temporally and coordinately expressed 
(discussed Sect. 4.1 below) predominately by the usage of alternate promoters 
active in stage III EBV latency (Cai et al. 2006). All twelve KSHV miRNAs identi-
fied to date originate from a single cluster approximately 4 kb in length (Gottwein 
et al. 2006). Of the 12, ten of these miRNAs are intronic, one is in the kaposin ORF, 
and one is found in the 3′-UTR of the kaposin gene (Cai et al. 2005; Pfeffer et al. 
2005). Transcript mapping has identified four different transcripts from which all 
or only some of the KSHV miRNAs are derived (Cai and Cullen 2006). Interestingly, 
rLCV and rhesus macaque rhadinovirus (RRV), primate herpesviruses that are dis-
tantly related to EBV and KSHV, respectively, possess miRNA clusters that are in 
similar genomic positions (Schafer et al. 2007) . 

 HCMV pre-miRNAs are mostly intergenic (5) or are coded for on the anti-sense 
strand of ORFs (4), while the remaining two HCMV pre-miRNAs partially overlap 
known ORFs (Figs. 1, 3). The distribution of HCMV miRNAs has likely implica-
tions for their transcriptional regulation. The clustering of other herpesvirus miR-
NAs implies their coordinated expression under the control of a master regulatory 
sequence, while the broad distribution of HCMV miRNAs across the genome 
implies different mechanisms of transcriptional control. Most likely, each spatially 
isolated miRNA may have its own regulatory sequence dedicated solely to its 
transcriptional control and would be operating independently of other miRNAs. 
Alternatively, expression of HCMV miRNAs may also be coordinated with each 
other, with an enhancer-like element coordinating expression of multiple miRNAs 
found far apart on the genome. It will be important to identify the promoter 
 elements and signaling events associated with expression of HCMV miRNAs.   

  HCMV miRNA Expression 

 Owing to the complex life cycle exhibited by HCMV, multiple issues regarding the 
expression of viral miRNAs should be addressed, including expression kinetics, 
miRNA expression in different cell types and latent vs lytic expression. 

  Kinetic Classes of HCMV miRNAs 

 Herpesvirus lytic gene expression is characterized by cascade regulation 
(Roizman 2001; Roizman and Pellett 2007). As such, there are three kinetic 
classes of HCMV genes characterized by their dependence on viral protein syn-
thesis and/or viral genome replication. Viral genes that are expressed prior to de 
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novo viral protein synthesis are defined as immediate early genes. Early gene 
expression requires de novo protein synthesis but not viral genome replication. 
All other genes are designated as late genes and their expression occurs after viral 
genome replication. 

 Work in our lab and the Nelson lab has addressed the kinetics of HCMV 
miRNA expression. In general, HCMV miRNA levels within the infected cell are 
observed to increase over the course of the viral replication cycle. Specifically, 
HCMV miRNA expression is dependent on protein synthesis but independent of 
viral genome replication and as such, HCMV miRNAs are characterized as early 
genes (Dunn 2005; Grey 2005). Exceptions include mir-UL22A* (referred to as 
mir-UL22A-3p in Fig. 1) and mir-UL70. Our experiments show that mir-UL22A* 
is expressed in cells treated with a protein synthesis inhibitor (Dunn et al. 2005; 
Grey et al. 2005). This suggests that mir-UL22A* is expressed with immediate 
early kinetics. Mir-UL70, like mir-UL22A*, is expressed in the absence of protein 
synthesis (Grey et al. 2005). Curiously however, it was not expressed in the 
absence of viral genome replication and so does not fall into any of the previously 
described kinetic classes. miR-UL148D kinetics have not been examined. Mir-
US33, reported by Tuschl and colleagues, could not be confirmed by experiments 
(Grey et al. 2005). A caveat about ascribing kinetics to HCMV miRNAs is that 
pre-mir-UL36 was shown to accumulate in cells treated with a protein synthesis 
inhibitor (Grey et al. 2005). Data on other pre-miRNAs in the presence of a protein 
synthesis inhibitor was not presented. The accumulation of pre-miRNA, and thus 
the absence of mature miRNA, may be due to the paucity of components in the 
miRNA biogenesis pathway due to inhibition of protein synthesis. Alternatively, 
the accumulation of pre-miRNA in cells treated with protein synthesis inhibitors 
may be due to the absence of host/viral cofactors important for the processing of 
pre-miRNAs. 

 Another issue of interest is that most of the HCMV strains used in the studies 
of HCMV encoded miRNAs were laboratory strains that had been passaged mul-
tiple times. Thus, to examine the possibility that miRNA expression from labora-
tory strains of HCMV may have been altered by their history of extensive 
passaging, we performed a limited comparison of miRNA expression between the 
laboratory Towne strain and a HCMV clinical isolate that had undergone very 
limited passaging in tissue culture (Dunn et al. 2005). Qualitatively speaking, the 
miRNA expression from the laboratory strain is comparable to that observed in the 
clinical strain.  

  Tissue-Specific HCMV miRNA Expression 

 In animals, miRNA expression is characterized by tissue specific expression pat-
terns. HCMV lytically replicates in a wide variety of cell types both in vivo and in 
vitro. Viral gene expression has been shown to vary depending on host cell type 
(Yang et al. 2006; Goodrum et al. 2002, 2007) and work in our lab has identified a 
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number of HCMV gene products that contribute differentially to the replication 
success of the virus in different cell types (Dunn et al. 2003). Thus, HCMV miRNA 
expression might also be expected to vary in different cell types. 

 We have examined HCMV miRNA expression in multiple, clinically relevant 
cell types (Dunn et al. 2005). These cell types were of epithelial, microglial, and 
fibroblast origin. We found that at least in these three cell types, all of the 
HCMV miRNAs tested were expressed (Dunn et al. 2005). Generally, all HCMV 
miRNA examined were found to be expressed among all the cell types tested. 
Qualitatively, expression levels of individual HCMV miRNAs did vary between 
cell types. Specifically, they appeared to be expressed most highly in an astro-
glial cell line. In infected retinal pigment epithelial cell lines, viral miRNA 
expression appeared to be the lowest among the cell lines examined. Whether 
this was due to differential susceptibility of these cell types to viral infection, or 
in fact a result of cell type-specific differential HCMV miRNA expression is 
under investigation. 

 To aid in extending the discussion of tissue-specific expression of herpes virus 
miRNAs, interesting data have been recently reported concerning the tissue-
 specific control of viral miRNA expression in EBV. As noted above, EBV has been 
found to express at least 17 miRNAs. These miRNAs are encoded in two distinct 
clusters, denoted  BART  and  BHRF1 . While miRNAs derived from the  BART  cluster 
were detected in all cell lines studied, they were expressed at much higher levels in 
epithelial cells (Cai et al. 2006). In contrast, the  BHRF1  miRNAs were expressed 
predominantly in B cells exhibiting stage III EBV latency (Cai et al. 2006). Finally, 
it was shown that gastric carcinomas harboring EBV expressed the BART miRNA 
cluster but not the BHRF1 miRNAs (Kim do et al. 2007). Presently, however, it is 
not clear what role if any the EBV miRNAs play in different cell types and at dif-
ferent stages of viral infection. The impact of specific EBV-encoded miRNAs in 
infection awaits interference studies, miRNA target identification and analysis of 
recombinant virus deficient in one or more viral miRNAs. 

 Prior to the discovery of the MHV68 miRNAs, Stewart and colleagues exam-
ined the growth phenotype of a naturally occurring MHV68 variant, MHV-76 
(Macrae et al. 2001). MHV76 was isolated from the yellow necked wood mouse 
(Blaskovic et al. 1980). MHV76 is identical to MHV68 except for a deletion of 
approximately 10 kbp of genomic DNA from the left end of the unique region 
(Macrae et al. 2001). This region includes four genes (M1–M4) and all nine 
MHV68 miRNAs. Identical growth of MHV68 and MHV76 were observed 
in vitro. However, in vivo growth phenotypes were distinguishable, most notably 
by a decrease in MHV76 pathogenicity in the spleen and more rapid clearance 
from the lung (Macrae et al. 2001; Clambey et al. 2002). It is difficult to ascribe 
the MHV76 in vivo growth to the loss of miRNA and analysis is confounded by 
the absence of four genes also found in the deleted region. Viruses with deletions 
in either M2, M3 or M4 were shown to have similar in vivo growth phenotypes 
(Parry et al. 2000; van Berkel et al. 2000; Jacoby et al. 2002; Geere et al. 2006). 
Nevertheless, it is interesting that a naturally occurring variant of MHV68, which 
is lacking the nine MHV68 miRNAs, exists.  
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  Latent Versus Lytic Infection 

 The finding that, with the exception of HCMV, all human herpesvirus miRNAs 
originate from regions of the viral genome that are transcriptionally active during 
latency suggests a role for herpesvirus miRNAs in latency. Indeed, recent data sug-
gest that miRNAs are potentially responsible for maintenance of a latent HSV-1 
infection (Gupta et al. 2006). The HSV-1 mir-LAT has been shown to inhibit apop-
tosis in infected neuronal cells. However, as mir-LAT has not been shown to be 
expressed during latency, its role in latent infection has yet to be proven. 

 As mentioned above, there is no simple tissue-culture model in which to study 
HCMV latency. As such, there are no widely accepted HCMV gene products 
known to contribute to the establishment and/or maintenance of a latent infection. 
However, a promising recent cell culture model in which to study HCMV latency 
has been reported recently(Goodrum et al. 2007). We hope that this will allow 
future study of a potential role for HCMV miRNAs in latent infection. 

 Gammaherpesviruses, EBV and KSHV, establish latent infection in B cells. 
Both can be induced to undergo lytic infection after treatment of infected cells with 
either TPA or n-butyrate. The expression of EBV and KSHV miRNAs in latent vs 
lytically infected cells has been studied in such systems. 

 For KSHV, there was little change in the expression of miRNAs after the switch 
to lytic infection (Pfeffer et al. 2004, 2005; Cai et al. 2005). The exception from these 
studies appears to be mir-K12–10, which showed an increase after induction of lytic 
infection. Mir-K12–10 is located in the 3′-UTR of K12 (Cai et al. 2005; Pfeffer et al. 
2005). K12 mRNA expression is increased during lytic infection and thus increased 
levels of mir-K12–10 are consistent with upregulated expression of K12 mRNA. As 
mir-K12–10 is the only KSHV miRNA not located in the intron (see Sect. 3.3 above), 
it is interesting to speculate about whether mir-K12–10’s location in the 3′ UTR of 
K12 and its coincident expression are important to lytic replication.   

  Potential Function of HCMV miRNAs 

 Currently, miRNA target prediction lags far behind miRNA identification. As such, 
just two of the 80 or so viral miRNAs in the miRNA registry have validated targets. 
Simian Virus 40 (SV40), a polyomavirus, encodes one identified pre-miRNA that 
yields mature miRNA(s) from each arm of the hairpin (Sullivan et al. 2005). These 
miRNAs are perfectly complementary to early viral mRNAs and mediate cleavage 
of transcripts leading to a decrease in viral T antigens (Sullivan et al. 2005). Ganem 
and co-workers used a mutant virus deficient in the ability to form a pre-miRNA to 
demonstrate viral miRNA function. Thus, the differential contribution of each arm 
was not established and we refer to it as a single miRNA with a single function. 
Interestingly, mutant virus lacking functional miRNAs showed no replicative 
impairment in vitro and grew to wild type levels (Sullivan et al. 2005). Cells 
infected with these mutant virus were, however, more susceptible to lysis by 
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 cytotoxic T lymphocytes (Sullivan et al. 2005), and thus we would expect that the 
miRNA mutant virus would be replicatively attenuated in vivo. 

 Two targets of the HSV-1 mir-LAT were recently identified. Mir-LAT targets the 
3′-UTRs of TGF beta 1 and SMAD3 (Gupta et al. 2006), resulting in the disruption of 
pro-apoptotic pathways (Gupta et al. 2006). Expression of a miRNA from the LAT 
prompted many to attribute a role for mir-LAT in the maintenance of a latent infection. 
However, to date mir-LAT has not been studied in the context of a latent infection and 
its role in the maintenance of HSV-1 latency awaits further verification. 

 HCMV mir-UL112 has been found to target two viral open reading frames (Grey 
2006). Nelson and co-workers reported that mir-UL112 targeted viral immediate 
early (IE) proteins-1 and -2. IE1 and IE2 are essential for viral infection and possess 
numerous reported functions, including transactivation and cell cycle inhibition 
(Mocarski et al. 2007). IE1 is not essential, but a deletion mutant shows a severe 
growth defect (Mocarski et al. 2007). Mir-UL112 is expressed with immediate early 
kinetics. The regulation of these two viral proteins is likely to have an important role 
in viral infection. Further studies are needed to address the functional importance of 
mir-UL112’s negative regulation of IE1 and IE2.  

  Future Directions 

 The identification of viral miRNA targets is currently the bottleneck in further 
understanding the role and function of virally encoded miRNAs. It may be 
expected that an understanding of HCMV miRNA function will reveal novel 
mechanisms contributing to the unique replicative success of this herpesvirus. 
Further, identification of HCMV miRNA targets may well illuminate fundamental 
and universal components of the host response to microbial infection. Microbes 
have provided the foundation for many important discoveries in molecular biology. 
It is our hope that, in addition to expanding therapeutic and prevention strategies, 
probing the functions of miRNA in the context of viral infection will illuminate 
fundamental aspects of miRNA-mediated control of gene expression.   
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         Mutagenesis of the Cytomegalovirus Genome 
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   Abstract   Bacterial artificial chromosomes (BACs) are DNA molecules assembled 
in vitro from defined constituents and are stably maintained as one large DNA 
fragment in  Escherichia coli . Artificial chromosomes are useful for genome 
sequencing programs, for transduction of DNA segments into eukaryotic cells, and 
for functional characterization of genomic regions and entire viral genomes such 
as cytomegalovirus (CMV) genomes. CMV genomes in BACs are ready for the 
advanced tools of  E. coli  genetics. Homologous and site-specific recombination, 
or transposon-based approaches allow for the engineering of virtually any kind of 
genetic change.     
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 Introduction 

 Animal viruses use a small set of genes to profoundly affect functions of 
complex hosts. The goal of virus genetics is to understand virus-host interac-
tions at the molecular level. Collection or construction of virus mutants is 
obligatory for this goal. Until recently, the manipulation of herpesvirus genomes 
was bound to construction of mutants by homologous recombination in infected 
cells. Bacterial artificial chromosomes (BACs) are large, circular single-copy 
 episomes of  Escherichia coli  which are suited for   maintenance of very large 
foreign DNA fragments including genomes of large DNA viruses, as first dem-
onstrated   by Luckow and colleagues for baculovirus (Luckow et al. 1993). In 
1997, we pioneered the BAC-based genetic analysis of herpesviruses with the 
first example of the cloning and mutagenesis of infectious mouse CMV 
(MCMV) genome in  E. coli  (Messerle et al. 1997). BAC technology has become 
a general approach in herpesvirus genetics and beyond for analysis of large 
and/or unstable viral genomes (Almazan et al. 2000; Ruzsics et al. 2006). This 
review discusses the different strategies for generation of recombinant herpes-
viruses and shows the potential of BAC-based herpesvirus genetics. Examples 
are taken mainly from human CMV (HCMV) and MCMV; reference is also 
given to work on other herpesviruses. 

  CMV Genetics in Cells 

  Forward (Classical) Genetics 

 The objects of viral genetics are the mutant alleles, where changes in genetic  material 
result in phenotypic alterations that can be analyzed. The frequency of spontaneous 
mutations in the DNA genomes of herpesviruses ranges between 10 -8  and 10 -11  per 
incorporated nucleotide. Therefore, mutagens have been used to increase the rate of 
mutations during virus replication by a procedure called in vivo mutagenesis 
(Schaffer 1975; Schaffer et al. 1984). The characterization of conditional alleles, 
such as temperature sensitive ( ts ) mutations, has been favored, because both isola-
tion of mutants and their analysis required operational viability.  Ts  mutants are a 
result of a missense point mutation that alters the primary amino acid sequence of 
the encoded protein, leading to a loss of function only at a higher (restrictive) 
temperature. The demanding step is the genetic mapping of the causative muta-
tions. The methods for genetic mapping of  ts  mutations, such as cross-complemen-
tation and marker rescue assays, are time-consuming and work-intense. Yet, until 
recently,  ts  mutants were the only generally applicable tools for studying null 
 phenotypes of essential herpesvirus genes. 

 Chemical mutagenesis has also been applied to HCMV and MCMV genetics. 
Early work on HCMV led to the classification of complementation groups 
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(Yamanishi and Rapp 1977; Ihara et al. 1978). Only few HCMV  ts  mutants could 
be mapped and associated with open reading frames (ORFs) (Dion et al. 1990; 
Ihara et al. 1994). The analysis of MCMV  ts  mutants has mainly centered on 
direct in vivo studies using mutants without mapping (Akel et al. 1993; Akel and 
Sweet 1993; Bevan et al. 1996; Gill et al. 2000). To our knowledge, none of the  
ts  mutations of MCMV has so far been associated with a specific genetic locus. 
Recently, targeted  ts  mutants for the HCMV IE 2 gene were constructed using 
BAC technology (Heider et al. 2002).  

  Reverse Genetics 

 The ability to clone viral DNA fragments, to propagate and manipulate those 
recombinant plasmids in  E. coli , opened several opportunities for the analysis 
of isolated viral genes. Subcloned viral genes, after mutation and functional 
analysis in vitro, could be reintroduced into the viral genome to investigate the 
phenotype in the genomic context (reverse genetics). First, the herpes simplex 
virus (HSV) genome was used to construct site-directed genome mutants 
(Mocarski et al. 1980; Smiley 1980; Post and Roizman 1981). After the availa-
bility of sequences, site-directed mutagenesis also became an option for CMVs 
(Spaete and Mocarski 1987; Manning and Mocarski 1988). In principle, a 
marker gene is introduced into the viral genome by homologous recombination 
in infected cells thereby disrupting or deleting a viral gene (Fig.  1 a). The 
recombination is under the control of the cellular recombination machinery. 
It is a rare event and the  wt  virus dominates the resulting progeny pool. 
Therefore, labeling or even positive selection of the mutants is essential for their 
isolation by markers such as the β-galactosidase (Spaete and Mocarski 1987; 
Manning and Mocarski 1988), the neomycin resistance gene (Wolff et al. 1993), 
and the xanthine guanine phosphoribosyltransferase (gpt) gene (Mulligan and 
Berg 1981; Greaves et al. 1995). 

 The advent of cosmid vectors with a capacity to maintain larger DNA fragments 
(20-50 kbp) in  E. coli  led to cloning of the HSV genome as a set of overlapping 
cosmid clones (van Zijl et al. 1988). Infectious  wt  virus is reconstituted after 
 co-transfection of the overlapping cosmid set into permissive cells via multiple 
homologous recombination (Fig. 1b). For mutagenesis, the genetic change is 
 introduced into one of the cosmid fragments. The mutant virus is reconstituted by 
co-transfection of the mutated cosmid clone with the other cosmids. HSV cloning 
was followed by cosmid-based reconstruction of HCMV and MCMV (Kemble 
et al. 1996; Ehsani et al. 2000). The utility of cosmids for generation of mutant 
CMVs was demonstrated by generation of 17 different UL54 mutants of HCMV 
(Cihlar et al. 1998). The huge advantage of the cosmid approach over the direct 
recombination methods is the absence of the  wt  genome. The size of the cloned 
viral fragment to be mutated allows standard in vitro mutagenesis techniques 
applicable for plasmids. However, the genetic instability of the system during 
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virus reconstitution became an issue (Horsburgh et al. 1999). Since virus recon-
stitution relies on  several recombination events in eukaryotic cells, changes in the 
recombinant genomes may occur (Kemble et al. 1996). The cosmid-based muta-
genesis is based on recombination in cells and requires the regeneration of a rep-
lication- competent virus genome. Therefore, mutant genomes in which an 
essential gene is affected are difficult, if not impossible, to construct. Unfortunately, 
revertants  cannot be constructed without unreasonable efforts, since the genera-
tion of a revertant in its strict sense would require cosmid cloning of the newly 
generated recombinant genome. Therefore, the usage of this elegant method was 
restricted to mutagenesis of genes with a known phenotype.    

  Fig. 1  Different methods of herpesvirus mutagenesis.  a  Site-directed mutagenesis in eukaryotic 
cells. A linear DNA fragment containing a marker along with the mutation ( M ) flanked by 
homologies to the viral target sequence is transfected into virus infected cells. By homologous 
recombination ( dashed lines ) the marker gene and the mutation insert into some of the virus 
genomes deleting the wild type sequence (wt) Recombinant viruses and wild type viruses need 
further separation.  b  Cosmid mutagenesis in eukaryotic cells. Overlapping viral fragments span-
ning the entire genome are cloned as cosmids. A mutation ( M ) is introduced into one fragment. 
After transfection of the linearized cosmid clones into permissive cells, the virus genome can be 
reassembled by several homologous recombination steps generating the mutant virus.  c  Principle 
of the mutagenesis with bacterial artificial chromosomes (BACs) in  E. coli . Recombinant viral 
BACs can be generated using various site-directed and random mutagenesis approaches. 
Recombinant viral BAC DNA with a mutation ( M ) is then transfected into permissive eukaryotic 
cells and the mutant virus progeny is thereby reconstituted 
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CMV Genetics in Bacteria

Bacterial Artificial Chromosomes

 The desire to clone large eukaryotic genomes in order to acquire contiguous physical 
chromosome maps brought emphasis to cloning vectors of larger insert capacity. 
Although yeast artificial chromosomes (YACs) can encompass DNA fragments 
larger than 1000 kbp, YACs are marred by spontaneous rearrangements, insert 
instability and yeast DNA contamination (Ramsay 1994; Schalkwyk et al. 1995). 
Stable maintenance of foreign DNA larger than 300 kbp in size was reported using 
either a fertility factor (F-factor) replicon based bacterial artificial chromosome 
(BAC) (Shizuya et al. 1992) or a bacteriophage P1 replicon-based cloning system 
called PAC (Ioannou et al. 1994). In contrast to YACs or cosmids, the BAC clones 
show surprising sequence stability in appropriate strains of  E. coli . As a rule, most 
of the useful BAC hosts are derivatives of DH10B, pointing to the importance of 
the genetic background of the  E. coli  host strain (Shizuya et al. 1992; Tao and 
Zhang 1998). Human genome fragments as BACs were maintained over 100 
generations in bacteria without detectable changes (Shizuya et al. 1992). The strict 
control of the F-factor-based replicon keeps one copy of the BAC per cell and 
reduces recombination events via repetitive DNA elements present in the eukaryotic 
DNAs. BACs now play a central role in genome research. 

           Cloning and Maintenance of CMV Genomes as BACs 

 We pioneered BAC cloning and mutagenesis of MCMV (Messerle et al. 1997). 
This concept was quickly taken up by several groups. By now, many genomes of 
many herpesviruses, including different strains of CMVs from various species, 
have been cloned (for review see Brune et al. 2000). The construction of a herpes-
virus BAC starts with conventional mutagenesis procedures. First, the BAC vector 
sequences flanked with appropriate viral sequences are introduced into the genome 
by homologous recombination in cells. The linear double-stranded DNA genome 
of herpesviruses circularizes after infection and these replication intermediates of 
the BAC-containing herpesvirus genome are transferred by transformation into
  E. coli . This transformation step is needed only once. In  E. coli , virus functions do 
not need to be expressed for either genome amplification or mutagenesis procedures. 
Potential size constraints of the CMV genomes with regard to packaging limits due 
to the oversize of the inserted BAC cassette can be solved by deletion of nonessen-
tial genomic sequences. (Messerle et al. 1997; Borst et al. 1999; Wagner et al. 
1999). The deleted sequences can be reinserted after the cloning procedure (Wagner 
et al. 1999). To regenerate infectious virus, the herpesvirus BACs are transfected 
into permissive host cells (Fig. 1c). Herpesvirus genomes in BACs are ready for the 
advanced tools of  E. coli  genetics, which include homologous and site-specific 
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  Fig. 2  Allelic exchange using shuttle plasmids. A temperature-sensitive suicide shuttle plasmid 
that contains the desired mutation ( M ) and viral homologies up- and downstream to the viral target 
sequence ( dashed lines ) is transformed into  E. coli  carrying the viral BAC. RecA-mediated 
homologous recombination via one homology arm ( A ) leads to cointegrate formation, which is 
selected by the antibiotic-resistance genes of the viral BAC and the shuttle plasmid. Free shuttle 
plasmids are lost at a nonpermissive temperature. In the second recombination step, the cointegrate 
is resolved. Recombination via the same homology arm ( A ) leads to a wild type (wt) viral BAC 
( on the left ), recombination via the other homology arm ( B ) leads to generation of mutant (M) viral 
BAC ( on the right ) Unresolved cointegrates and shuttle plasmids are eliminated by sucrose counter 
selection against SacB ( shaded sphere ), which is present in the shuttle plasmid backbone 

recombination, or transposon-based methods. Here, the techniques have often been 
pioneered by research labs outside the field of virology and are discussed as they 
have been adapted to CMV genetics.  

  Allelic Exchange by Shuttle Plasmid Mutagenesis 

 Allelic exchange by shuttle plasmids shares aspects of conventional reverse herpes-
virus genetics. The desired mutation is cloned into a temperature-sensitive suicide 
plasmid and flanked by viral sequences homologous to the genomic target site. The 
shuttle plasmid is then transformed into the BAC carrying  E. coli , which expresses 
RecA. The exchange between the mutated and  wt  sequence requires two homologous 
recombination events (Fig.  2 ). In the first step, the shuttle plasmid and the BAC 
recombine via one homology arm resulting in a co-integrate. At the nonpermissive 
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temperature the nonintegrated shuttle plasmid is lost. Then the selected co-integrate 
is resolved by a second recombination event (Fig. 2). There are two possibilities: if 
the second recombination occurs via the homology arm of first step,  wt  BAC is 
reconstituted. If the second recombination occurs via the other homology arm, a 
mutant is gained. Only a minority of the co-integrates undergo RecA-mediated 
 resolution (O’Connor et al. 1989; Messerle et al. 1997). The inclusion of sacB 
(Steinmetz et al. 1983; Blomfield et al. 1991) in the shuttle plasmid allows counter-
selection against unresolved co-integrates. Several herpesvirus mutants have been 
generated using this method (Angulo et al. 1998, 2000a, 2000b; Wagner et al. 1999, 
2000; Hobom et al. 2000; Brune et al. 2001a; Sanchez et al. 2002). The homologous 
recombination mediated by RecA prefers long (1-3 kbp) homologies, which need to 
be cloned along with the mutation into the shuttle plasmid. Therefore, the construc-
tion of the shuttle plasmid may need several cloning steps. Shuttle plasmid-based 
allelic exchange allows the neat introduction of any kind of mutation (point 
 mutation, deletion, insertion, sequence replacement) into a viral BAC without 
 leaving any operational trace in the genome and represents a method of choice when 
a complex work is concentrated on one specific genomic region.  

  Allelic Exchange Using Linear Fragment Mutagenesis 

 Stewart and colleagues described a one-step mutagenesis method called ET recom-
bination, which uses the recombination functions recET from prophage Rac or the 
functions redαβ from bacteriophage λ for introduction of mutations into a circular 
DNA by in vitro-generated linear fragments (Zhang et al. 1998; Muyrers et al. 
2000). We and others adapted this method to mutagenesis of viral BACs (Adler 
et al. 2000; Borst et al. 2001; Kavanagh et al. 2001; Schumacher et al. 2001; 
Dorange et al. 2002; Rudolph and Osterrieder 2002; Strive et al. 2002; Tischer 
et al. 2002; Wagner et al. 2002). A linear DNA fragment containing a selectable 
marker and homologous sequences flanking the target site are transferred into 
recombination proficient  E. coli  carrying the target BAC. It is important to prevent 
the degradation of the transformed linear DNA. Therefore, either exonuclease-
 negative bacteria are used or the exonuclease inhibitor red γ from bacteriophage λ 
is co-expressed with the recombinases. The selectable marker along with the muta-
tion is introduced into the BAC by a double crossover event (Fig.  3 ). Compared to 
the RecA-mediated two-step recombination with shuttle plasmids, ET recombina-
tion has advantages. The RecET or redαβ expression allows exact recombination 
between homologies as short as 25-50 nts. Therefore, the homology arms including 
the mutated sequence can be provided by synthetic oligonucleotide primers, which 
are used to amplify the selection cassette. This form of BAC engineering is termed 
ET cloning, ET recombination, recombinogenic engineering, or recombineering. 
Many systems have been published that use different or altered recombinases 
and/or different expression systems controlling their expression. Recombineering 
facilitates many kinds of genomic experiments that have otherwise been difficult 
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to carry out. The mutagenesis is independent of specific sequence elements; thus 
the site of mutagenesis can be freely chosen. A risk is the instability of the viral 
BAC during this mutagenesis procedure since presence of even short repeated 
sequences in the target genome can lead to unwanted recombination events. 
Replacing  wt  sequences with a positive selection marker requires only one recom-
bination step and it is easy to create knockout mutants. In addition, it operates 
practically without background because the positive selection allows the survival 
of only the desired recombinants and directly sorts out the genome rearrangements 
induced by the repeat regions. Recently, a comprehensive set of individual deletion 
mutants of all HCMV genes have been generated by recombineering for functional 
profiling of the entire genome (Yu et al. 2003). However, this procedure leaves 
operational trace in the mutated genomes, namely the bacterial selection marker, 
which is associated with the risk of unpredictable polar effect on usually complex 
viral transcription units. To lower the size and the risk of the mutational traces, the 
selectable marker can be flanked with FRT (FLP recognition target) sites 
(Cherepanov and Wackernagel 1995). These sites allow excision of the marker 
in a second step by Flp recombinase in  E. coli  (Fig. 3c), leaving only approxi-
mately 70-100 nt extra sequence around the introduced mutation (Wagner and 
Koszinowski 2004). 

 From the very beginning of BAC recombineering, attempts were made to con-
struct mutants without operational trace. All strategies that are useful for the size 
of herpesvirus BACs apply two consecutive steps of homologous recombination. 
First, a combined marker, which allows both positive and  counter-selection in  
E. coli , is introduced at the targeted site, resulting in an  intermediate that is 
isolated by  positive selection. Next, by a second round of recombination, the 
markers are replaced with the desired sequence and the right recombinant can be 

  Fig. 3  Allelic exchange using linear PCR  fragments.  
a  A selectable marker gene ( open box ) that can be 
flanked by FRT sites ( black triangle in a square ) is 
amplified by PCR using a contiguous primer pair 
( arrows ) The primers contain homologies of 35-50 nt to 
the viral target sequence at their 5′-ends ( hatched lines ), 
a mutation ( M ) and priming regions to the selectable 
marker gene ( black lines )  b  The generated linear PCR 
fragment is transformed into  E. coli  carrying the viral 
BAC and containing recombinases and an exonuclease 
inhibitor (redαβγ). The desired mutation along with the 
selectable marker and the FRT sites is introduced into the 
viral BAC by double crossover.  c  Additional expression 
of the site-specific recombinase FLP leads to the exci-
sion of the selectable marker reducing the operational 
sequences to only one FRT site 
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enriched by a pressure against the counter-selection marker. This step, however, 
is error-prone. First of all, there is no counter-selection system known that works 
with 100%  efficiency. This constitutive leakiness of any counter-selection pro-
vides a background that can be critical because the efficiency of the ET/red 
recombination is low. Second, any counter-selection marker can mutate and the 
mutated alleles will also appear as a background in large-scale cultures of bacte-
ria proficient for recombination. Third, the selection is applied for the loss of the 
marker; therefore any unwanted rearrangement induced by repeated sequences 
in the target genome  leading to the loss of the marker will produce selectable 
recombinants. The first two problems are associated with the counter-selection 
system used. There are two  procedures that seem to be efficient enough for 
recombineering herpesvirus BACs, namely galK and the I-SceI meganuclease-
based counter- selection (Warming et al. 2005; Tischer et al. 2006). The risk of 
genome rearrangements is controlled at best by the fine-tuning of recombinase 
expression. However, the instability of the BACs is also influenced by the repeat 
regions within the specific target genomes (Adler  et al. 2000; Warming et al. 
2005). Unfortunately, herpesvirus BACs abound in repeats of any kind. Not 
surprisingly, the approaches of traceless recombineering have been tailored to 
these genomes only long after the first reports on linear  fragment mutagenesis of 
MCMV BAC (Tischer et al. 2006).  

  Transposon Mutagenesis for Reverse and Forward Genetics 

 Transposons (Tns) are mobile genetic elements that insert themselves into a DNA 
molecule (Craig 1997). After transfer of a Tn-donor plasmid into  E. coli , the Tn can 
jump into the viral BAC (Fig.  4 ). The temperature-dependent suicide Tn donor 
plasmid is eliminated at the restrictive temperature. Some Tns preferentially insert 
into the negatively coiled plasmids (e.g., Tn1721) and allow direct isolation of 
mutated BACs (Brune et al. 1999). Others, like Tn5 or Tn10, are less selective and 
mutated BACs need to be enriched by a retransformation round (Smith and Enquist 
1999). The Tn insertion is determined by sequencing from primer sites within the 
Tn (Brune et al. 1999) (Fig. 4b). Large libraries of mutant BAC genomes can 
be established and screened for mutants of specific genes or gene families (Fig. 4c). 
Even a comprehensive library of transposon mutants classified all known genes of 
HCMV and guinea pig CMV with regard to their influence on the virus growth in 
vitro (Yu et al. 2003; McGregor et al. 2004). 

 A support for genetics applications based on large libraries of randomly gener-
ated Tn insertion mutants is the usage of invasive bacteria as vehicles of virus 
reconstitution. Certain  Salmonella  strains and  E. coli  strains expressing the bacte-
rial gene invasin and listeriolysin can invade mammalian cells and release  plasmids. 
Experimental transfer of a engineered plasmid-encoded transcription units by inva-
sive bacteria to mammalian cells has been shown both in vitro and in vivo (Darji 
et al. 1997; Grillot-Courvalin et al. 1998). Accordingly, the MCMV-BAC was 
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  Fig. 4  Random transposon mutagenesis of herpesvirus BACs and screening for the transposon 
insertion site.  a  Transposon mutagenesis. A temperature-sensitive transposon donor plasmid (TnD) 
is transformed into  E. coli  carrying the herpesvirus BAC. If a plasmid-selective transposon is used, 
transposition leads to insertion of the transposon ( Tn ) into the BAC under antibiotic selection for 
chloramphenicol ( Cm ) and ampicillin ( Amp ) at the permissive temperature (30°C). By following 
selection with kanamycin ( Kn ) for the transposon and Cm for the BAC at a nonpermissive tempera-
ture (43°C), the donor plasmid gets lost and for transposon-inserted BACs can be selected.  
b  Determination of the transposon insertion site. From individual  E. coli  clones carrying a viral BAC 
with Tn insertion, DNA can be extracted and used for sequencing. Forward and reverse M13 primer 
binding sites at both ends of the transposon allow sequencing from the Tn into the viral sequence, 
thereby determining the exact nucleotide position of transposon insertion.   c  PCR screening of the 
transposon mutant library contained in several 96-well plates. Eight rows (A-H) of 12 individual  E. 
coli  clones (1-12) from each 96-well plate ( I ) are pooled together into eight single vials ( II ). These 
eight vials are then pooled into one master vial ( III ) containing 96 different  E. coli  clones with 
mutant BAC DNA. DNA extracted from individual master vials is used for the PCR screening reac-
tion. Here one specific primer binding up- or downstream to the viral gene of interest and the M13 
forward ( M13-for ) and reverse ( M13-Rev ) primers binding to the ends of the transposon are used. A 
clone with a Tn insertion within the gene of interest gives a positive PCR product generated by the 
specific primer with one of the M13 primers. The master vial with the positive PCR product is 
selected and the corresponding eight vials are tested using the same primers. After identification of 
the corresponding positive vial, all 12 individual  E. coli  clones from this vial are tested and the clone 
with the transposon insertion within the gene of interest is identified ( black circle ) 

released under invasive conditions in host cells, leading to virus reconstitution 
(Brune et al. 2001b). This procedure allows reconstitution of hundreds of random 
mutant viruses, thereby setting up direct screens for specific phenotypes and selects 
for nonessential genes because genomes in which Tns disable essential genes do 
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not give rise to progeny (Brune et al. 2001b; Menard et al. 2003; Zimmermann 
et al. 2005). In its random approach, it is most comparable to the classical herpesvirus 
genetics by chemical mutagenesis. The advantage over the older method is the 
immediate access to the mutated position. However, Tn mutants identify nonessen-
tial gene functions, whereas  ts  mutants characterize essential genes. Interestingly,  
E. coli  carrying the infectious herpesvirus BAC can also reconstitute the infectious 
virus in the natural host. However, only high bacterial load and the parenteral route 
gave rise to a barely detectable MCMV progeny in vivo (Cicin-Sain et al. 2003).  

  Mutants, Revertants and the Mutation-Phenotype Connection 

 The experimental mutations but also spontaneous mutations elsewhere in the 
genome - or both - may characterize a phenotype. To date, the size of herpesvirus 
genomes precludes sequencing as a method to completely exclude the contribution 
of unwanted mutations. Restriction pattern and Southern blot analysis can exclude 
only gross genomic alterations. Therefore, different experimental approaches have 
been developed to confirm the observed mutation/phenotype correlation (Fig.  5 ). 

 The local genetic change is considered as the causative principle when at 
least two independent mutants are evaluated and resulted in the same pheno-
type. The same conclusion is drawn when a revertant is associated with the  wt  
phenotype. Both controls support the direct correlation between the targeted 
site and the observed phenotype. In the  ts  mutagenesis, independent mutants of 
the same locus confirm the mutation-phenotype connection. CMV-BAC mutants 
permit both construction of independent mutants of the same locus and genera-
tion of a revertant to the  wt  sequence. Beside the shuttle plasmid method, the 
recent developments in linear fragment mutagenesis provide convenient access 
to both kinds of controls. 

 The genotype-phenotype connection, however, cannot answer the question of 
whether the phenotype is caused by the mutation of the intended gene of interest, 
or is a consequence of polar effects on other genetic features. Traditionally, a link-
age between a specific mutation and a gene product is proven when the principle of 
the  wt  phenotype can be restored by providing the wt gene product in trans.  Trans-
 complementation of CMV gene products is a plausible approach but is associated 
with major technical difficulties because of the slow virus growth and the limited 
access of suitable cell lines for genetic engineering. Toxicity of the viral proteins 
will also inhibit generation  trans- complementing cell lines. 

 Recently, a  trans- complementation of an HCMV gene product by adenovirus 
mediated transient transduction has been reported which provides a promising 
alternative approach to deliver CMV genes to infected cells (Murphy et al. 2000). 

  Cis -complementation via reinserting the deleted gene product at an ectopic position 
into the viral genome is another option (Borst et al. 2001). An FRT site is inserted at a 
position into the genome where it does not affect the  wt  properties. This  wt -like viral 
BAC is used for mutagenesis and the induced phenotypes can be  analyzed and 



  Fig. 5  Different approaches for confirmation of the mutation-phenotype connection.  a   Cis -
complementation in cells allows reversion of the mutation to the wt sequence. By transfection of 
cells with the mutant BAC genome ( I ) or infection with the mutant virus ( II ) and co-transfection of 
a DNA fragment carrying the wild type (wt) sequence and appropriate viral homologies, the mutation 
( M ) can be reverted to the wt sequence. Since revertant and mutant viruses need further separation, 
this approach only works efficiently if one can select for the revertant, e.g., if it has a growth advan-
tage over the mutant virus.  b   Cis -complementation of viral BACs in  E. coli  is best performed by 
shuttle plasmid mutagenesis. The shuttle plasmid carrying the wt sequence and appropriate homolo-
gies is introduced into  E. coli  carrying the mutant BAC plasmid. By RecA-mediated homologous 
recombination, the wt sequence is inserted at the mutation site without leaving any operational 
sequences. After transfection of the revertant BAC genome into permissive cells, a homogenous 
revertant population is gained without any further need for selection against mutant viruses.   c  Protein 
 trans- complementation in cells. Cells that express the viral wt gene product permanently ( I ) or 
transiently by an additional expression vector ( II ) are superinfected with the mutant virus. This 
allows transient complementation of the mutant phenotype if the expression times and levels of 
the wt gene product are appropriate.  d  Ectopic  cis -complementation using viral BACs. 
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 compared to  wt . To generate the phenotypic reversion, first a rescue plasmid is gener-
ated by cloning the  wt  gene into an FRT transfer plasmid that carries an FRT site and 
can only be maintained in special  E. coli  strain by a conditional  origin of replication. 
This rescue plasmid is then reinserted into the mutant genome using the FRT/Flp 
 system. In contrast to the commonly used approaches, in which the FRT sites are 
located on the same DNA molecule and mediate deletions or  inversions, here the FRT 
sites induce intermolecular recombination, resulting in the  unification of the mutant 
BAC and the rescue plasmid. The recombinants are selected by the antibiotic resistance 
of the rescue plasmid and the recombinants are reconstituted for analysis of the pheno-
type. Ectopic reinsertion, like  trans- complementation, will not restore polar effects at 
the site of mutation. However, this approach has advantages compared to protein  trans-
  complementation by cells: (a) cell toxicity of the viral gene product is not an issue; 
(b) the gene expression is controlled by the virus life cycle; (c) Complementation 
works in any cell-type since the complementing gene is expressed from the virus 
and permits the analysis of in vivo phenotypes; and (d) it does not require cumber-
some establishment of  trans- complementing cell lines. Ectopic  cis -complementation 
 system has been established in the context of both MCMV and HCMV and was 
proven for essential and nonessential genes in vitro and in vivo (Borst et al. 2001; 
Bubeck et al. 2004; Bubic et al. 2004).  

  Genetic Analysis of Essential Genes 

  Comprehensive Mutational Analysis of Essential CMV Genes 

 Detailed genetic analysis of genes involved in DNA replication and packaging, 
morphogenesis and egress of infectious particles, requires expression of mutant 
genes in the viral context, where the relevant functions are expressed in operational 
conditions. High-resolution genetic analysis has been demonstrated by  elegant 
pool screens for genetic foot-printing of viral genes, subgenomic fragments, and 
even of complete viral genomes up to 10 kbp in size (Laurent et al. 2000; 
Rothenberg et al. 2001). These screens discriminate between virus mutants that 
replicate and mutants in which essential functions are affected and therefore 
 cannot be retrieved. The transfection of viral DNA corresponding to the size of a 
CMV genome is not yet efficient enough for pool reconstitution. Therefore, CMV 

 Fig. 5  (continued) The wt gene can be introduced into the mutant viral BAC at a neutral second 
site. By FLP-mediated site-specific recombination of an FRT transfer plasmid carrying the wt 
gene including regulatory sequences and the mutant BAC genome with an FRT site ( black triangle 
in a square ), the wt gene product can be expressed from the mutant genome itself. After transfec-
tion of permissive cells with this revertant BAC genome, a homogenous population of revertant 
virus is reconstituted. Only protein  trans- complementation ( c ) and ectopic  cis - complementation 
( d ) allow the formal confirmation that the mutated gene product (and not possible other  cis -effects 
of the mutated sequence) is responsible for the observed phenotype 
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  Fig. 6  Scheme of the strategy for random muta-
genesis of an essential viral gene in the viral 
genome context. Part I: In the first step, the viral 
gene of interest ( gray box ) is subcloned into a 
rescue plasmid ( rescue ) containing one FRT site 
( open box with gray triangle ) This plasmid is 
subjected to an in vitro Tn7-based random muta-
genesis procedure, leading to a mutant library 
with 15-bp insertions ( black box ) through the 
target plasmid. This mutant library is trans-
formed into special  E. coli  strain (PIR) that is 
permissive for the rescue plasmid and single 
clones are screened by PCR or followed by 
sequencing to identify insertions within the 
ORF under study. Part II: To reinsert the gene 
mutants into the viral genome lacking the gene 
of interest, the respective deletion mutant-BAC 
and a FLP recombinase- expressing plasmid 
(FLP) are maintained in normal  E. coli  strain 
(DH10B) and transformed with the rescue plas-
mids. FLP recombinase mediates site-specific 
recombination between the FRT sites and uni-
fies the BAC and the rescue plasmid. Combined 
selection identifies the recombinant BACs with 
the inserted rescue plasmid because the rescue 
plasmid itself cannot be maintained in normal  E. 
coli . The FLP-expressing helper plasmid is 
removed by elevated temperature. Part III: 
Subsequently, BAC DNAs are isolated and 
transfected one by one into eukaryotic cells for 
virus reconstitution and cells are screened for 
viral plaques 

mutants need to be  analyzed individually. The random transposon mutagenesis of 
the BACs targets the entire genome and null mutants of the respective genes 
 discriminate essential from nonessential genes. Yet, these insertion libraries cannot 
be used for the functional characterization of a coding sequence. Comprehensive 
mutant pools of subcloned genes can be obtained through different random muta-
genesis procedures. However, a large set of these mutants has to be introduced one 
by one into the CMV genome lacking the gene of interest to analyze their effect in 
the context of virus replication. Therefore, we developed a strategy combining a 
comprehensive Tn7-based linker-scanning mutagenesis of isolated genes (Biery 
et al. 2000) with fast reinsertion of mutants at an ectopic position into the viral 
genome by FLP/FRT-mediated site-specific recombination (Fig.  6 ) as described 
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above for ectopic  cis -complementation (see Sect. 4.6). The  wt  gene is subcloned 
in an FRT containing rescue plasmid. This construct is subjected to random Tn 
mutagenesis, as described for small plasmids. Mutants are sequenced and a com-
prehensive set of mutants is selected. Recombination between the FRT transfer 
plasmids carrying the mutants and the BAC lacking the gene of interest, mediated 
by the FLP recombinase, provides genomes that are  cis -complemented by the 
mutant set. The complemented genomes are tested one by one for virus rescue. In 
combination with standard biochemical or cell biological assays, this procedure 
allowed genetic analysis of essential gene functions of MCMV at high resolution 
(Bubeck et al. 2004; Lotzerich et al. 2006). The method easily maps functionally 
important sites in essential viral proteins.  

  Identification and Analysis of Dominant Negative Mutants 

 The function of nonessential genes is studied by gene deletion and by loss-of- function 
mutants. By  cis -complementation assays functionally important sites of essential genes 
can be mapped. Unfortunately, a major target of genetics, the null phenotype of an 
essential gene is generally hard to come by. This requires the cumbersome establish-
ment and optimization of a  trans- complementation system for each gene under study. 
Here, we try to develop a systematic approach. Dominant negative (DN) mutants are 
special null mutants that induce the null phenotype even in the presence of the  wt  allele. 
DN mutants of cellular genes have been proven to be a valuable for genetic analysis of 
complex pathways (Herskowitz 1987). Knowledge of protein structure, protein func-
tions or sequence motifs aid the design of DN mutants (Crowder and Kirkegaard 2005). 
Unfortunately, the information on the majority of herpesvirus proteins is too limited for 
knowledge based construction of DN mutants. 

 Therefore, we set up a random approach to isolate DN mutants of CMV genes. 
The Tn7-based linker-scanning mutagenesis introduces 5-aa insertions into coding 
sequences and provides a comprehensive set of subtle insertion mutants of the 
ORF. Nonfunctional mutants are selected from a library by a  cis -complementation 
screen as described above. These mutants can then be introduced into the  wt  
MCMV genome. This allows testing their inhibitory potential (Fig.  7 a). If the 
mutant interferes with the function of the essential  wt  allele, virus reconstitu-
tion is inhibited. As we showed for both M50 (Rupp et al. 2007) and the M53 
(Z. Ruzsics and U.H. Koszinowski, unpublished data), such mutants represent 
only a small proportion of the null mutants but can be isolated by a standardized 
procedure. 

 Transfection of the viral nucleic acid is error-prone and not only a DN function, 
but also unrelated effects may prevent virus reconstitution. Conditional expression of 
the inhibitory mutants in the context of the  wt  genome should allow virus reconstitu-
tion in the off state and should induce the null phenotype when turned on (Fig. 7b). 
We constructed a regulated expression system for MCMV (Rupp et al. 2005) in 
which the constitutive viral expression of the TetR blocks the transcription of the 
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  Fig. 7  Screening for and characterization of dominant-negative mutants of essential viral genes.  
a  Screening for inhibitory mutants. An essential viral gene, the target gene ( gray box, T ), is sub-
cloned and subjected to a random and comprehensive mutagenesis in vitro leading to a mutant 
library M1, M2, . . . Mn ( small black boxes  indicate mutations). Mutated ORFs are placed under 
the control of a strong constitutive promoter into an insertion plasmid containing an FRT site ( open 
box with gray triangle ). The insertion plasmids can only be maintained in a special  E. coli  strain. 
Normal  E. coli  ( open boxes ) carrying an FRT site-labeled viral bacterial artificial chromosome 
( BAC ) and a temperature-sensitive plasmid-expressing FLP recombinase ( FLP ) are transformed 
with the insertion plasmids carrying different mutants one by one. The FLP recombinase mediates 
site-specific recombination between the FRT sites in the BAC and the insertion plasmids. This 
recombinants can then be isolated under combined antibiotic selection for both the BACs and the 
insertion plasmid. The FLP-expressing helper plasmid is removed by elevated temperature. Then 
BAC DNA is prepared and permissive cells are transfected with each construct. The mutants that 
are able to inhibit the virus reconstitution can be selected on the basis of the inability of plaque 
formation upon transfection.  b  Validation of dominant negative mutants by conditional gene expres-
sion. The inhibitory mutants are subcloned under the control of a promoter regulated by the TetR 
( black box ) into an insertion plasmid with an FRT site. These constructs are delivered into the viral 
BAC as described above. Then permissive cells are transfected with the recombinants in order to 
reconstitute viruses carrying the regulation cassettes for the inhibitory mutants. The inhibitory mutants 
are not expressed during reconstitution because in the absence of doxycycline ( - Dox ), the consti-
tutively expressed TetR blocks their transcription. The inhibitory function of the mutants can be 
analyzed upon doxycycline administration ( + Dox ), which leads to the expression of the inhibitory 
mutant by releasing the expression cassette from the TetR regulation 



Mutagenesis of the Cytomegalovirus Genome 57

regulated gene and induction by doxycycline exposes the viral replication program 
to the DN mutant. This system allowed us detailed quantitative and qualitative 
 analysis of the effect of DN mutants of both M50 and M53. In addition, the result of 
the random screen on MCMV M50 aided the construction of a DN mutant of the 
homolog in HCMV (UL50) (Rupp et al. 2007). We believe that this systematic 
approach will facilitate the functional analysis of essential CMV genes.   

  Concluding Remarks 

 Cloning large DNA sequences as BACs has become the method of choice for mapping, 
sequencing and manipulation of large eukaryotic genomes. Genetic engineering in BACs 
is based on homologous recombination and now allows any type of DNA modification. 
In addition, for herpesviruses, including CMV, these procedures permit the manipulation 
of the infectious genome as a single plasmid. Mutagenesis is safely carried out in  E. coli  
and physical controls can be performed prior to virus reconstitution. These are necessary 
because CMV genomes contain repetitive sequences that are prone to recombination. In 
the past, the investigation of CMV gene functions was limited by the laborious and time-
consuming generation of virus mutants. Using BAC recombineering, this problem is 
solved. In the future, more weight has to be placed on careful planning of appropriate 
controls. The lack of technical limitations allows the production of a plethora of mutants. 
Traceless mutagenesis permits multiple sequential mutagenesis steps and complex engi-
neering procedures. However, only the local targeted mutations can be thoroughly 
checked. There is an uncertainty on the numbers of unwanted mutations in other regions 
that may occur. These mutations do not need to have a growth phenotype in the cell line 
under study but may mar experiments in other cells or in vivo experiments. According to 
the law of error propagation, the necessary controls increase with each sequential muta-
genesis step. Since at the level of plasmids each step can be controlled by sequencing, as 
many steps as possible should be done on subcloned target regions. With regard to BAC 
engineering, it may be advisable to decide on a smaller number of BAC engineering steps 
rather than on perfect sequence correction.   
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         Cytomegalovirus Cell Tropism 
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   Abstract   The human cytomegalovirus (HCMV) can infect a remarkably broad cell 
range within its host, including parenchymal cells and connective tissue cells of 
virtually any organ and various hematopoietic cell types. Epithelial cells, endothelial 
cells, fibroblasts and smooth muscle cells are the predominant targets for virus rep-
lication. The pathogenesis of acute HCMV infections is greatly influenced by this 
broad target cell range. Infection of epithelial cells presumably contributes to inter-
host transmission. Infection of endothelial cells and hematopoietic cells facilitates 
systemic spread within the host. Infection of ubiquitous cell types such as fibroblasts 
and smooth muscle cells provides the platform for efficient proliferation of the virus. 
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The tropism for endothelial cells, macrophages and dendritic cells varies greatly 
among different HCMV strains, mostly dependent on alterations within the UL128-
131 gene locus. In line with the classification of the respective proteins as structural 
components of the viral envelope, interstrain differences concerning the infectivity 
in endothelial cells and macrophages are regulated on the level of viral entry.    

   Target Cells of HCMV Infection 

 The question of which cell types in which tissues are targets of HCMV infection 
derives its relevance from the trivial fact that a virus can only live inside its host 
cell. The biology of a virus and, even more, its pathogenic effects within the 
infected organism are therefore inevitably linked to the spectrum of susceptible 
cell types. 

  Target Cells of HCMV In Vivo 

 Generally speaking, HCMV is tightly restricted to humans on the host level, but 
within the human host it can spread to virtually any tissue due to an exceptionally 
broad range of target cell types. In fact, it is easier to list the cell types that do not 
support HCMV replication: despite early reports about some degree of IE gene 
expression in lymphocytes in cell culture (Rice et al. 1984), we have not found 
IE antigens in cells of lymphoid origin during extensive immunohistochemical 
analyses of various organ tissues from acutely infected patients (Sinzger et al. 
1995). A similar block of viral replication occurs in polymorphonuclear leuko-
cytes. While these cells can take up virus particles and express IE antigens to 
some extent, transcripts and proteins of the early and late phase of viral replica-
tion are not found (Grefte et al. 1994; Sinzger et al. 1996). These two exceptions 
are faced by a long list of susceptible cell types, including various cells of 
 ectodermal, mesodermal and endodermal origin. Most prominent examples are 
epithelial cells of glands and mucosal tissues, connective tissue cells in various 
organs, smooth muscle cells predominantly in the gastrointestinal tract and 
 vascular endothelial cells (Sinzger et al. 1993; Ng Bautista and Sedmak 1995; 
Sinzger et al. 1995). Due to the strict host specificity, HCMV infection cannot be 
studied experimentally in animals, and in vivo data are hence only available from 
the analysis of diagnostic patient samples or autopsy materials. Dynamic aspects 
of viral replication and spread have therefore only been addressable within the 
blood compartment (Emery et al. 1999). Nevertheless, multiple circumstantial 
evidence strongly  suggests successful viral replication in the above-mentioned 
cell types: Numerous capsids in the nucleus of infected cells as detected by 
 electron microscopy unequivocally represent late-stage infection (Donnellan 
et al. 1966; Martin and Kurtz 1966; Kasnic et al. 1982; Balazs 1984; Francis 
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et al. 1989; Schwartz et al. 1990; Grefte et al. 1993). Likewise, detection of late 
 structural viral proteins in infected cells argues in the same direction, and the 
 combination of the latter approach with the additional detection of cell marker 
proteins allowed for a reliable identification of the respective cell types (Sinzger 
et al. 1993, 1996, 1999a; Digel and Sinzger 2006). Together with the often focal 
distribution of clusters of infected cells this provided strong evidence that mucosal 
epithelial cells, connective tissue cells, smooth muscle cells and endothelial cells 
can produce and transmit viral progeny to their environment (Fig.  1 a). HCMV 
replication can be detected in almost every organ during acute infection under 
certain conditions, e.g., severe cases of intrauterine infection (Bissinger et al. 
2002). Liver, gastrointestinal tract, lung, retina and brain are predominant sites 
of clinical manifestations of HCMV infections in immunocompromised hosts 
(Plachter et al. 1996). Within these organs, highly specialized parenchymal cells 
are frequent targets of HCMV infection, including hepatocytes in the liver 
(Sinzger et al. 1999a), alveolar epithelial cells in the lung (Ng Bautista and 
Sedmak 1995; Sinzger et al. 1995), and neuronal cells in retina and brain (Wiley 
and Nelson 1988; Schmidbauer et al. 1989; Rummelt et al. 1994). In principle, 
HCMV can thus cause extensive lesions because of its cytolytic nature, which 
is, however, in most cases limited by a marked cellular immune response 
(Sinzger and Jahn 1996).  

  Target Cells of HCMV in Cell Culture 

 An increasing number of cell culture models almost perfectly reflect the in vivo 
situation concerning susceptibility of the various cell types. Again, lymphocytes 
and granulocytes are among the few cell types that were not found to support 
 replication of HCMV in vitro, although they may still act as a passive vehicle for 
HCMV transmission. On the contrary, the list of susceptible primary cell cultures 
is long, including skin or lung fibroblasts, vascular smooth muscle cells 
(Tumilowicz et al. 1985), retina pigment epithelial cells (Tugizov et al. 1996), 
placental trophoblast cells (Halwachs-Baumann et al. 1998), hepatocytes (Sinzger 
et al. 1999a), neuronal and glial brain cells (Poland et al. 1990), kidney epithelial 
cells (Heieren et al. 1988), monocyte-derived macrophages (Ibanez et al. 1991; 
Lathey and Spector 1991), monocyte-derived dendritic cells (Riegler et al. 2000), 
and vascular endothelial cells (Ho et al. 1984; Waldman et al. 1989). All of these 
primary cell types support the complete viral replication cycle, acquire a uniform 
cytomegalic appearance during the late replication phase and are finally lysed 
(Fig. 1b). In addition, limited replication can be achieved in a number of immortal-
ized cell lines such as glioblastoma cells, teratocarcinoma cell lines or monocytic 
cell lines. However, some kind of differentiation is often necessary to render such 
cell lines supportive of a complete replication cycle (Shelbourn et al. 1989; Ibanez 
et al. 1991; Lathey and Spector 1991; Spiller et al. 1997; Sinclair and Sissons 
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  Fig. 1 a  Immunohistochemical evidence of productive infection in endothelial cells and smooth 
muscle cells in vivo, as indicated by focus formation within the respective cell layers.  Brown 
nuclear signals , detection of HCMV immediate early antigens by indirect immunoperoxidase 
labeling;  red cytoplasmic signals , detection of F.VIII-related antigen (endothelial cells) and actin 
(smooth muscle cells) by indirect immunoalkaline phosphatase labeling;  blue nuclear signals , 
counterstaining with hematoxilin.  b  Phase contrast micrographs of HCMV-infected cell cultures. 
Irrespective of the great morphological differences between cultured cells prior to infection, 
HCMV productive replication results in uniform morphological appearance with cytomegaly and 
nuclear inclusions 
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2006). While in vivo analyses were apt to descriptively identify the cell types 
infected by HCMV in its natural host, cell culture models made it possible to 
address quantitative aspects regarding susceptibility and productivity, thus reveal-
ing striking differences between cells of different origin: skin or lung fibroblast 
have always been the standard cell type for isolation and propagation of HCMV 
from patient samples and are still the most efficient producer cell line irrespective 
of the virus strain (Mocarski et al. 2006). For certain HCMV strains, vascular 
endothelial cells are also sufficiently susceptible and productive to allow  long-
term propagation of certain virus strains by passaging cell-free supernatants of 
infected cultures (Digel and Sinzger 2006). Other cell cultures, e.g., monocyte-
derived macrophages, are low-level productive (Sinzger et al. 2006) and hardly 
release sufficient amounts of infectious progeny to maintain the virus during 
repeated passaging of cell-free supernatant on the respective cell type.  

  Cell Tropism 

 Along with the description of quantitative differences regarding susceptibility and 
productivity, different definitions of cell tropism may be applied to describe differ-
ent aspects of HCMV-host cell interactions. In a broader sense, cell tropism refers 
to the simple fact that cells can be entered by the virus and will subsequently 
express viral genes. More functional definitions of cell tropism may take into 
account whether the infection is effective. From a biologist’s point of view, cell 
tropism might define those target cells in which the virus can successfully repro-
duce. From a pathologists view, cell tropism might define those target cells that are 
damaged by the virus regarding cell survival and/or specific cellular functions. 

 Thus, even though HCMV infection of polymorphonuclear cells is abortive 
(Grefte et al. 1994), these cells can obviously contribute to hematogenous spread 
via the blood stream by carrying internalized virions (Gerna et al. 2000). 
Similarly, even though generation of viral progeny appears to be rather ineffec-
tive in monocytes/macrophages (Sinzger et al. 2006), this might suffice to start 
infection in an organ after transmigration through the vascular endothelium. 
Likewise, low-level production in placental trophoblast (Halwachs-Baumann et al. 
1998), even though insufficient for long-term propagation of HCMV in  trophoblast 
cultures, can contribute critically to intrauterine infection of the fetus (see also 
the chapter by L. Pereira and E. Maidji, this volume). Skin fibroblasts, lung 
fibroblasts and human umbilical vein endothelial cells are suitable for long-term 
propagation of clinical HCMV isolates, i.e., these cells have a reproductive 
index greater than 1. During the initial passages when isolates grow strictly cell-
associated (Yamane et al. 1983), this would result in an increase of the fraction 
of infected cells within the culture. After adaptation to a cell-free infection 
mode, a reproductive index of greater than 1 would mean that progeny produc-
tion exceeds virus input in the respective cell culture. The cell type used for 
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propagation of an isolate has an effect on the cell tropism of the resulting HCMV 
strain. Apparently, long-term propagation in fibroblasts selects for HCMV 
strains with low endothelial cell tropism, whereas long-term propagation in 
endothelial cells maintains the broader cell tropism characteristic for recent 
clinical HCMV isolates (Waldman et al. 1991; Sinzger et al. 1999b). Whether 
propagation in other cell types such as smooth muscle cells or macrophages 
would also results in a restricted cell tropism has not been tested. Likewise, it is 
unknown whether an adaptation of HCMV to certain cell types also takes place 
during natural infection in vivo, i.e., whether tropism variants of HCMV exist 
within one patient. At present, the assumption of different cell tropism variants 
in different organ tissues is still speculative, but first hints in that direction come 
from reports on a strictly localized reactivation of HCMV, e.g., in the lactating 
breast (Hamprecht et al. 2003). Apart from viral determinants, a tissue-specific 
immune control might also contribute to differences in the apparent organ 
 tropism of HCMV replication, similar to the apparent tropism of MCMV for the 
salivary gland (Jonjic et al. 1989). Experimental data from murine cytomegalo-
virus indicate that under the complex in vivo conditions the apparent cell 
 tropism can be further modified by the microenvironment within a certain tissue. 
For example, proapoptotic stimuli from surrounding immune cells can limit 
infection in an otherwise susceptible cell type (Patrone et al. 2003), and this 
proapoptotic effect might even occur in a cell type-specific manner. For a refined 
understanding of HCMV’s in vivo cell tropism, future work should therefore 
take into account how the complex organ-typical interactions might influence 
the susceptibility of target cells for HCMV infection, e.g., by analyzing complex 
organ tissue cultures (Reinhardt et al. 2003). 

 In conclusion, the strict host tropism of HCMV is contrasted by a remarkably 
broad cell tropism within its host, with epithelial cells, endothelial cells, fibroblasts 
and smooth muscle cells being the predominant targets for virus replication. The 
discrepancy between in vivo findings and cell culture data has diminished with the 
introduction of more recent HCMV strains and their application in various primary 
cell cultures. Since the basic cell culture tools reflecting the in vivo cell tropism of 
HCMV are now available, the analysis of compound cell culture systems represent-
ing the complex composition of organ tissues can be targeted in the future.   

  Pathogenetic Role of Selected Cell Types 

 The broad target cell range provides the basis for a highly complex interaction 
between HCMV and the human host, which can be adapted to many different sit-
uations during their lifelong relationship. It should always be kept in mind that 
HCMV can successfully enter its host, spread within the body, establish latency, 
reactivate frequently throughout life and be transmitted to other individuals 
mostly without ever causing clinically apparent disease (for aspects of latency, 
see the chapters by M. Reeves and J. Sinclair, this volume and M.J. Reddehase 
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et al., this volume). Many of these aspects of HCMV’s silent life are still a matter 
of speculation. More robust information is available on the contribution of certain 
cell types to viral dissemination and organ infection under conditions when insuf-
ficient immune control allows virus replication to exceed the threshold of clinical 
manifestation (see also the chapter by W. Britt, this volume). Conclusions from 
analyses of severely ill patients on the behavior of HCMV in the normal host 
(Fig.  2 ) are therefore made, with the provision that an intact immune control may 
modify the apparent cell and organ tropism. 

  Fig. 2  Hypothetical contribution of various cell types to hematogenous dissemination and organ 
manifestation as deduced from immunohistochemical findings and cell culture data.  Black dots  
represent virus 
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  Epithelial Cells 

 Epithelial cells are a major target of HCMV infection (Sinzger et al. 1995) and can 
therefore be assumed to play an important role during host-to-host transmission as 
they line all external body surfaces. Most likely, HCMV enters a new host by 
infection of mucosal epithelium. For example, HCMV newborns and infants can 
be infected by breast milk of a seropositive mother, a highly efficient transmission 
route which accounts for the majority of HCMV transmissions during early child-
hood (Stagno and Cloud 1994). More than 95% of seropositive breastfeeding 
women reactivate HCMV locally, shed cell-free infectivity into the milk, and 
30%-40% of them will transmit HCMV to their children (Hamprecht et al. 2001). 
The infants’ mucosal surfaces throughout the gastrointestinal tract are exposed 
during feeding, and epithelial cells in all parts of the gastrointestinal tract are sus-
ceptible and obviously support productive infection. They are the most likely can-
didates for primary replication of incoming HCMV. However, as these first steps 
of  infection are hardly ever recognized, there are no data available for a direct 
proof of these considerations. Alternatively, similar to HIV, dendritic cells could 
also  contribute to entry via mucosal surfaces. 

 More direct data are available supporting a role of epithelial cells in shedding 
HCMV into body fluids. During acute productive infection, late-stage-infected 
epithelial cells have been detected in salivary glands, kidney and various parts of 
the gastrointestinal tract (Variend and Pearse 1986; Sinzger et al. 1995; Bissinger 
et al. 2002). Undoubtedly, these cells are a source of infectivity detected within 
saliva, urine and stool and may thus contribute to HCMV transmission via these 
excretions.  

  Dendritic Cells 

 Because of their complex biology, dendritic cells (DCs) may play various roles in 
the pathogenesis of HCMV infections, resulting in proviral as well as antiviral 
effects. Immature DCs are resident in virtually all mucosal and epidermal surfaces 
of the body, controlling for the invasion of foreign organisms. They are well 
equipped for highly efficient endocytic uptake of material from their environment, 
e.g., pathogens or remnants from apoptotic cells. Uptake of infectious HCMV into 
DCs can result in viral replication and release of viral progeny (Riegler et al. 
2000). On the other hand, endocytic uptake of HCMV may lead to processing of 
viral proteins and presentation of viral epitopes by MHC class I and II molecules. 
This is counteracted to some extent by HCMV-induced downregulation of several 
immune-stimulatory surface molecules including MHC class I and II (Grigoleit 
et al. 2002; Moutaftsi et al. 2002; Hertel et al. 2003). As a consequence, HCMV-
infection decreases the immune-stimulatory capacity of DCs (Grigoleit et al. 2002; 
Moutaftsi et al. 2002; Hertel et al. 2003). For immature DCs, antigen uptake is a 
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maturation stimulus, and with maturation DCs downmodulate their endocytic 
activity and upregulate peptide processing and presentation. Upon maturation, they 
become mobile and are led by their homing receptors toward lymphatic tissues. 
Interestingly, immature Langerhans type DCs, which reside in epidermal and 
mucosal tissues, only become highly susceptible after maturation (Hertel et al. 
2003; Reeves et al. 2005), whereas immature interstitial type DCs can be readily 
infected by HCMV (Riegler et al. 2000; Moutaftsi et al. 2002). It is tempting to 
speculate that HCMV is endocytosed by immature DCs in mucosal tissues, thus 
providing a maturation stimulus, which then leads to migration toward the draining 
lymph node and renders the cells permissive to HCMV replication. In the lymph 
node, productively infected mature DCs may spread the virus to other cells, whereas 
their immune-stimulatory capacity may be restricted. To further temper an antiviral 
immune response, infected mature DCs may directly and indirectly inhibit T cell 
functions (Raftery et al. 2001). However, despite such immunosuppressive effects, 
immunocompetent hosts regularly develop a strong T cell response protecting from 
clinical manifestations of the infection. Cross-presentation of viral antigens by 
DCs following uptake of apoptotic material from infected cells has been described 
as an explanation for the well-known robust immune response to HCMV in the 
normal host (Tabi et al. 2001).  

  Fibroblasts 

 Fibroblasts are not only the standard cell culture system for propagation of 
HCMV to high titers (Mocarski et al. 2006), but they are also among the major 
targets of HCMV in vivo (Sinzger et al. 1995). Efficient replication in such a 
ubiquitous cell type opens the possibility for HCMV to replicate in virtually every 
organ. Consequently, infected connective tissue cells are assumed to contribute to 
efficient spread of HCMV in organs as different as adrenal glands, bone marrow, 
heart, kidney, liver, lung, pancreas, placenta, small bowel and spleen (Bissinger 
et al. 2002). If the particular property of cultured fibroblast to generate and release 
high titers of viral progeny also applies for infected connective tissue cells in vivo, 
then they might contribute greatly to the highly dynamic proliferation of HCMV 
during acute infections (Emery et al. 1999).  

  Smooth Muscle Cells 

 Like fibroblasts, smooth muscle cells are also ubiquitously distributed 
throughout the body. Their basic function is generation of kinetic force by 
contraction of the actin-myosin skeleton, which may be controlled either by 
the autonomic nervous system, hormones or stimuli from neighboring cells. 
Given their spatial organization as multicellular layers in the wall of hollow 
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organs, they regulate the dynamic shape and intraluminal pressure of these 
organs and help in maintaining organ integrity. Smooth muscle cells are 
 susceptible to productive HCMV infection (Tumilowicz et al. 1985), which 
may have important pathophysiological consequences. When the host’s 
immune response is severely compromised, focal expansion with subsequent 
lytic replication in the gastrointestinal tract can result in ulceration (Sinzger 
et al. 1995) and perforation (Genta et al. 1993), with sometimes fatal outcome. 
In the immunocompetent host, infection of vascular smooth muscle cells may 
be pathogenetically important. In these cells, HCMV downregulates extracel-
lular matrix proteins, which may contribute to the development of inflamma-
tory vasculopathies (Reinhardt et al. 2006). In addition, lytic infection of 
vascular smooth muscle cells might provoke a response to injury reaction, and 
consequently HCMV is considered a possible pathogenetic (co)factor in the 
context of atherosclerosis (Stassen et al. 2006).  

  Endothelial Cells 

 Speculation on an association of HCMV with vascular damage is additionally 
supported by the marked endothelial cell tropism of HCMV in vivo. Again, the 
ubiquitous distribution of small vessels throughout the body is reflected by the 
detection of HCMV-infected microvascular endothelial cells in various organs, 
e.g., brain, lung, liver, kidney and the complete gastrointestinal tract (Myerson 
et al. 1984; Wiley and Nelson 1988; Roberts et al. 1989; Sinzger et al. 1995; 
Bissinger et al. 2004). They support productive lytic infection and can hence 
promote hematogenous dissemination HCMV from the circulating blood into 
organ tissues, often accompanied by a vasculitic response around infected ves-
sel walls (Roberts et al. 1989; Sinzger et al. 1995). Macrovascular endothelial 
cells are also susceptible to productive lytic infection (Kahl et al. 2000) and 
combined damage of the endothelial layer and the underlying smooth muscle 
layer may initiate the cascade of defense reactions finally resulting in vascular 
lesions. While the contribution of HCMV to atherosclerosis in the general 
population is still a matter of debate (see also the chapter by D.N. Streblow, 
this volume), the association is very clear in patients after heart transplantation 
(Valantine 2004; Potena et al. 2006).  

  Leukocytes 

 The disposition of HCMV to systemic dissemination and multiorgan involvement 
has already been mentioned. Leukocytes are assumed to be a central player with 
regard to hematogenous spread of the virus, whether by being a target of permissive 
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infection or by passively transporting infectious particles as a vehicle. The latter 
obviously applies for polymorphonuclear cells, which can take up virus particles 
and express viral immediate early proteins but do not support the full replicative 
cycle (Grefte et al. 1994). Even though these cells can not produce viral progeny, 
they are still capable of transmitting the infection to other cell types, as evidenced 
by frequent isolation of HCMV from polymorphonuclear cells of immunocom-
promised patients (Gerna et al. 1992), and this is most likely due to attachment 
and partial localized fusion of cell membranes with subsequent transfer of 
engulfed (sub)viral particles, as shown in the opposite direction for the transfer of 
HCMV from endothelial cells to polymorphonuclear cells (Gerna et al. 2000). In 
line with these hypotheses, (a) infectivity is predominantly found in the polymor-
phonuclear fraction of whole blood (Schafer et al. 2000), (b) detection of the viral 
structural antigen pp65 (pUL83) in polymorphonuclear cells can be clinically 
used as a marker of acute HCMV infection (The et al. 1990; Gerna 
et al. 1991) and (c) removal of white blood cells from whole blood prior to trans-
fusion almost completely reduces the risk of HCMV transmission (Gilbert et al. 
1989). Monocytes, although a minor target cell with regard to frequency, might 
also contribute to hematogenous spread of HCMV, particularly as monocyte-
derived macrophages support the full replicative cycle (Ibanez et al. 1991; Lathey 
and Spector 1991). It is tempting to assume a scenario where monocytes rolling 
along the vascular endothelium take up infectious virus from productively 
infected endothelial cells at one site of the body, differentiate upon transmigration 
through an activated endothelial layer at a different site of the body (Waldman 
et al. 1995), and release virus progeny into the corresponding organ after matura-
tion into tissue macrophages (Sinzger et al. 1996). 

 Apart from their role in acute HCMV infections, all susceptible cell types may in 
principle also be sites of viral latency, although experimental data point to a particu-
lar role of hematopoietic cells in that context (Sinclair and Sissons 2006 see also the 
chapters by M. Reeves and J. Sinclair, this volume). Taken together, the pathogenesis 
of acute HCMV infections is greatly influenced by the broad target cell range of this 
virus, with hematopoietic cells facilitating systemic spread, ubiquitous cell types 
like fibroblasts and smooth muscle cells providing the platform for efficient prolif-
eration of the virus and epithelial cells contributing to interhost transmission.   

  Cell Biological Basis of HCMV Cell Tropism 

 The longstanding paradox between broad cell tropism of HCMV in vivo and a 
restricted target cell range of the available virus strains in cell culture has been 
resolved by the introduction of endothelial-propagated virus strains with a well-
preserved natural cell tropism. This enabled recent progress toward the definition 
of viral genes governing interstrain differences in cell tropism and the first insights 
into the underlying virus-host interactions. 
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  Interstrain Differences in Cell Tropism 

 The idea that HCMV strains may differ regarding their reproductive potential in 
certain cell cultures was already reported in 1980 (Albrecht and Weller 1980). The 
finding that extended propagation in fibroblasts regularly results in loss of endothe-
lial cell tropism, whereas propagation in endothelial cells maintains a broad cell 
tropism of the respective strain (Waldman et al. 1991), made the issue of cell 
 tropism accessible to further experimental analyses. Indeed, the phenotypic differ-
ences are very pronounced with a 100- to 1,000-fold reduction in endothelial cell 
tropism of fibroblast-adapted strains irrespective of the origin of endothelial cells 
(Kahl et al. 2000; Sinzger et al. 2000). Nevertheless, even severely fibroblast-
adapted strains, such as AD169 or Towne, can infect endothelial cells to some 
extent, which may also depend on the origin of the endothelial cell culture. In 
 consideration of this, such HCMV strains are more precisely classified as poorly 
endotheliotropic rather than nonendotheliotropic. 

 Interstrain differences in HCMV cell tropism occur as a cell culture artifact, but 
significant variation has also been described between recent clinical isolates from 
different patients (Sinzger et al. 1999b). Together with the finding that multiple 
isolates from the same patient behaved identically with regard to endothelial cell 
tropism, this suggests a natural interhost variability of HCMV cell tropism. This 
may contribute to the highly variable clinical course of HCMV infections in various 
patients (Sinzger et al. 1999b). This notion is further supported by the fact that a 
high endothelial cell tropism is apparently associated with high infection efficiency 
also in monocyte-derived macrophages and dendritic cells, cells that are all assumed 
to mediate hematogenous dissemination of HCMV (Jahn et al. 1999).  

  Viral Genes and Proteins Contributing to Cell Tropism 

 Restriction fragment analyses of differentially propagated HCMV strains showed 
that the restriction of cell tropism during fibroblast adaptation is associated with 
multiple genetic modifications (Sinzger et al. 1999b). The introduction of BACmid 
technology and subsequent screening procedures for the effect of genetic deletions 
led to the identification of several open reading frames involved in endothelial cell 
and leukocyte tropism. Dunn et al. found that the residual endothelial cell tropism 
of HCMV strain Towne is further reduced by deletion of the viral tegument UL24-
protein, a member of the US22 gene family (Dunn et al. 2003). The highly endothe-
liotropic phenotype of an endothelial propagated strain was found to depend on the 
UL128-131 gene region (Hahn et al. 2004). Deletion of either open reading frame 
within this region strongly reduced endothelial cell tropism, epithelial cell tropism, 
dendritic cell tropism and the virus transfer rate to granulocytes (Hahn et al. 2004; 
Wang and Shenk 2005a). UL128, UL130 and also UL131 were found in complex 
with glycoproteins gH and gL within virion particles (Wang and Shenk 2005b; 
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Adler et al. 2006). Endothelial cell infection of fibroblast-adapted, poorly endothe-
liotropic HCMV strains Merlin, Towne and AD169 were rescued by transient 
expression of intact UL128, UL130 and UL131, respectively (Hahn et al. 2004; 
Patrone et al. 2005). This suggests that loss of endothelial cell tropism during 
fibroblast adaptation is frequently caused by alterations in this gene region. In con-
trast, it is still unclear whether this gene region also contributes to the variability in 
endothelial cell tropism among naturally occurring HCMV isolates (Sinzger et al. 
1999b), as a series of 34 clinical isolates appeared to contain intact copies of these 
genes (Baldanti et al. 2006).  

  Critical Events for Replication in Various Cell Types 

 Regarding the replication steps critical for successful infection of various cell 
types, interstrain comparisons in endothelial cells showed a particular role of initial 
 postpenetration events. The efficiency of nuclear translocation of incoming virions 
and subsequent delivery of the viral genome to the nucleus of penetrated endothe-
lial cells is very low with fibroblast-adapted strains (Sinzger et al. 2000), and a 
similar block occurs in monocyte-derived macrophages (Sinzger et al. 2006). In 
contrast, these steps are strain-independent in fibroblasts. The demonstration that 
pUL128-131 are part of glycoprotein complexes with gH and gL in the virion enve-
lope (Wang and Shenk 2005b; Adler et al. 2006) fit well with the finding that 
endothelial cell tropism of HCMV is determined during entry, as gH is known to 
be involved in fusion events (see also the chapter by M.K. Isaacson et al., this vol-
ume). The particular importance of initial events is further emphasized by recent 
data suggesting infection of endothelial cells by an endocytic route, in contrast to 
direct fusion at the plasma membrane of fibroblasts (Sinzger 2008). It appears that, 
unlike previously assumed (Bodaghi et al. 1999), endocytosis of HCMV in 
endothelial cells is not necessarily an abortive pathway (Fig.  3 ). For Epstein Barr 
virus, different gH/gL complexes are engaged in different cell types, leading either 
to direct fusion in lymphocytes or endocytosis in epithelial cells. Interestingly, a 
cell-type-dependent cell-cell fusion activity induced by gH-gL complexes was 
found in a transient expression system (Kinzler and Compton 2005). 

 The susceptibility of other cell types may be regulated at later steps of the repli-
cation cycle. For example, infection of polymorphonuclear leukocytes is aborted 
after onset of IE gene expression (Grefte et al. 1994), independent of the virus 
strain. The exact nature of this block of progression toward the early phase of rep-
lication is unknown. In trophoblast cells, hepatocyte or macrophage HCMV can 
proceed through all phases of the replication cycle, formation and/or release of viral 
progeny. However, the production of progeny is up to 1,000-fold less efficient than 
in fibroblasts (Halwachs-Baumann et al. 1998; Sinzger et al. 1999a, 2006) and 
again the factors contributing to these differences in productivity are not known. 

 In conclusion, genes UL128-131 classified as nonessential in fibroblast cultures 
have been shown to contribute to interstrain differences regarding infection of 
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endothelial cells, epithelial cells and macrophages. As the respective proteins are 
structural components of the envelope of virion particles, it is not unexpected that 
they exert their effects on the level of viral entry. The cellular counterparts mediat-
ing the cell-type-specificity of these virion components are to be defined.   

  Cell Tropism of Other Cytomegaloviruses 

 The tendency toward systemic dissemination resulting in infection of various 
organs is not unique to human CMV but has also been reported for animal CMVs. 
Apparently, a broad organ tropism is a hallmark of cytomegaloviruses, which is 
based on a similarly broad cell tropism. 

 Under conditions of severe immunosuppression, murine CMV-infected cells 
were found in lung, liver, spleen, kidneys, adrenals, gastrointestinal tract, brain, 
salivary gland, and fibroblasts, epithelial cells, neuronal cells, glial cells, ependy-
mal cells hepatocytes and endothelial cells were identified as predominantly 
infected cell types within these tissues (Reddehase et al. 1985; Podlech et al. 1998; 
van Den Pol et al. 1999; Podlech et al. 2000). Likewise, a broad target cell range 
including fibroblasts, SMC, EC, macrophages was found with rat CMV (Kloover 
et al. 2000; van der Strate et al. 2003; Streblow et al. 2007). 

 While the histological distribution of HCMV and MCMV appears almost indistin-
guishable, the underlying mechanisms regulating cell tropism are apparently not 
completely conserved between cytomegaloviruses from different species. Deletion of 
the m45 gene abrogated replication of MCMV in endothelial cell cultures (Brune 
et al. 2001) by sensitizing infected endothelial cells to apoptosis. In contrast, 
 deletion of UL45 did not influence the endothelial cell tropism of HCMV strain 

  Fig. 3  Hypothetical mechanism mediating interstrain differences in endothelial cell tropism. 
While all HCMV strains can release their capsids into fibroblasts by direct fusion of their envelope 
with the plasma membrane, cell type differences are assumed for viral entry into endothelial cells. 
Both highly endotheliotropic and poorly endotheliotropic strains are internalized by endocytosis, 
but only highly endotheliotropic can escape from endocytic vesicles and release their capsid into 
the cytoplasm 
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FIXBAC (Hahn et al. 2002). On the other hand, involvement on US22 family 
 members in cell tropism regulation of both HCMV and MCMV indicated a certain 
degree of conservation. The contribution of UL24 to endothelial cell tropism of 
HCMV strain Towne (Dunn et al. 2003) has already been mentioned. US22-family 
members of MCMV, namely m139, m140 and m141 contribute to macrophage 
 tropism and promote MCMV  replication in the spleen of infected mice (Hanson 
et al. 2001; Menard et al. 2003). M36, another US22 family gene of MCMV, also 
contributes to efficient  replication in macrophages again through its anti-apoptotic 
function (Menard et al. 2003). Obviously, cell-type-specific inhibition of virus-
induced apoptosis is a more general theme with cytomegaloviruses, suggesting that 
similar tropism-relevant  anti- apoptotic genes may also exist in the HCMV genome 
(see also the chapter by A.L. McCormick, this volume). The HCMV counterpart of 
M36, UL36, has a known  antiapoptotic function (Skaletskaya et al. 2001), which 
has not yet been tested in the  context of cell tropism. UL45, the HCMV homolog 
of M45, exhibited a weak antiapoptotic activity only upon application of strong 
proapoptotic stimuli (Patrone et al. 2003) and was dispensable for viral replication 
in endothelial cells (Hahn et al. 2002). However, in vivo the situation may be 
 different depending on the microenvironment within the infected tissues. In the 
presence of strong proapoptotic stimuli, UL36 and UL45 may be essential for 
 successful completion of viral replication in a cell-type-dependent fashion, as 
reported for their murine CMV homologs. Complex cell culture systems reflecting 
the situation of an inflamed tissue are required to test this hypothesis. 

 A specific contribution of rat CMV concerns the role of vascular endothelial cells 
and smooth muscle cells in CMV-associated pathogenesis. Under the well-defined 
conditions of this animal model, a contribution of vascular CMV infection to the devel-
opment of atherosclerotic lesions is clearly shown and the molecular mechanisms are 
partially deciphered, including oxLDL uptake, altering monocyte adhesion or increas-
ing the production of pro-inflammatory cytokines (Stassen et al. 2006). In the human 
system, it may be impossible to prove the contribution of HCMV to a  multifactorial 
disease such as atherosclerosis under natural clinical conditions. However, similarities 
between RCMV and HCMV regarding cytopathic effects in vascular cell types never-
theless suggest CMV as a proatherosclerotic agent also in humans.  

  Impact of Cell Tropism Analyses 

 The ability of CMV species to infect a variety of different cell types in their respec-
tive host appears to be central for successful entry, dissemination, persistence, 
reactivation and excretion. Analyzing CMV replication in various cell culture 
 systems is therefore an absolute requirement for a comprehensive understanding of 
their biology and will in itself create additional value. Particularly, many of the 
genes still classified nonessential with regard to replication in the standard cell 
culture system will turn out to be essential if tested in other cell types or in 
 complex tissues composed of several interacting cell types. 
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 The practical impact of cell tropism issues may concern the design of cytomegalo-
virus vaccines. Given the limited success of vaccination with the highly adapted strain 
Towne, it appears as if a higher level of replication within the vaccinee is  necessary for 
induction of a more robust immune response. Therefore, a more  moderate attenuation 
with partial preservation of endothelial and epithelial cell tropism may be  desirable. 
The introduction of small nonlethal mutations within known tropism genes is one 
 possible approach to achieve such intermediate phenotypes. 

 Finally, an exact definition of entry pathways in diverse cell types may allow for 
the development of novel antiviral intervention strategies. At present, all anti-CMV 
chemotherapies target viral DNA replication. By analogy to HIV, entry inhibitors 
may complement the available drugs and allow for synergistic effects in combination 
therapies. Such an approach should certainly consider the possibility of different 
entry pathways in major target cell types such as fibroblasts and endothelial cells.   
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         Virus Entry and Innate Immune Activation 

   M.   K.   Isaacson    ,   L.   K.   Juckem    ,   T.   Compton      (*ü )   

   Abstract   Human cytomegalovirus (HCMV) exhibits an exceptionally broad 
cellular tropism as it is capable of infecting most major organ systems and 
cell types. Definitive proof of an essential role for a cellular molecule that 
serves as an entry receptor has proven very challenging. It is widely hypoth-
esized that receptor utilization, envelope glycoprotein requirements and entry 
pathways may all vary according to cell type, which is partially supported 
by the data. What has clearly emerged in recent years is that virus entry 
is not going undetected by the host. Robust and rapid induction of innate 
immune response is intimately associated with entry-related events. Here we 
review the state of knowledge on HCMV cellular entry mediators confronting 
the scientific challenges by accruing a definitive data set. We also review the 
roles of pattern recognition receptors such as Toll-like receptors in activation 
of specific innate immune response and discuss how entry events are tightly 
coordinated with innate immune initiation steps.    

 T.   Compton 
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   Introduction to Virus Entry 

 The ability of a virus to enter a host cell and deliver its genome for replication 
represents the essential, first step in the replication cycle of the virus. Human 
cytomegalovirus (HCMV), like most herpesviruses, enters cells via direct fusion 
of the viral envelope with the plasma membrane at neutral pH (Compton et al. 
1992). However, in specific cell lines such as retinal pigment epithelial and 
endothelial cells, HCMV enters by receptor-mediated endocytosis, requiring 
low-pH (Bodaghi et al. 1999; Ryckman et al. 2006). Regardless, the HCMV 
entry process is highly complex, requiring multiple envelope glycoproteins, 
which interact with a series of cellular receptors. 

 The HCMV genome is predicted to encode over 50 glycoproteins and the virion 
itself has been determined by mass spectrometry to consist of at least 19 different 
envelope proteins (Varnum et al. 2004; reviewed in Mocarski et al. 2007). However, 
of these, only five glycoproteins are essential for virus replication in vitro (reviewed 
in Mocarski et al. 2007). These include glycoprotein B (gB; UL55), gM/gN 
(UL100/UL73), and gH/gL (UL75/UL115) (reviewed in Mocarski et al. 2007). 
Glycoprotein M, the most abundant glycoprotein, accounting for 10% of the virion 
mass, is complex with gN and acts as an attachment receptor (Kari and Gehrz 1992; 
Compton et al. 1993; Mach et al. 2000; Varnum et al. 2004). Glycoprotein B, the 
second most abundant glycoprotein, is both an attachment and fusion receptor (Kari 
and Gehrz 1992; Compton et al. 1993; Navarro et al. 1993; Bold et al. 1996; 
Varnum et al. 2004). Glycoprotein H is a fusion receptor, while gL is a chaperone 
required for gH localization; both are complexed with gO (UL74), a glycoprotein 
unique to HCMV, which enhances virus entry (Keay and Baldwin 1991; Huber and 
Compton 1997, 1998). 

 Alternatively, the gH/gL complex associates with pUL128 and pUL130, con-
ferring epithelial and endothelial cell tropism to clinical isolates of HCMV 
(Wang and Shenk 2005). The UL131–128 locus is consistently mutated in labora-
tory-adapted strains such as AD169 and Towne, which do not replicate well in 
endothelial or epithelial cells (reviewed in Mocarski et al. 2007). An AD169 
strain in which the UL131 locus has been repaired (BAD r UL131) forms both 
gH/gL/gO and gH/gL/pUL128/pUL130 complexes and is also restored for its 
ability to infect epithelial and endothelial cells (Wang and Shenk 2005).  

  Cellular Receptors Proposed for HCMV Entry 

 One characteristic of HCMV entry is its broad cellular tropism, leading to 
the manifestation of disease in almost every tissue type and organ system in 
the human host. In vitro, HCMV is able to enter a wide variety of cell types, 
including dendritic, endothelial, epithelial, fibroblast, and monocyte/macro-
phage cells (Mocarski et al. 2007). The ability of HCMV to enter such a wide 
variety of cell types indicates the presence of a large number of cellular 
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receptors and/or ubiquitously expressed receptors, a fact that has challenged 
researchers in the search for cellular receptors. 

 It is known that HCMV entry begins with an initial tethering step to heparan 
sulfate proteoglycans (HSPGs) on the cell surface, mediated by gB and gM (Kari 
and Gehrz 1992, 1993; Compton et al. 1993). At least in vitro, binding to HSPGs 
is an essential step in the HCMV entry process and is thought to help stabilize the 
virion at the cell surface until other downstream receptors are engaged (Compton 
et al. 1993). This is supported by the biphasic binding properties of a soluble 
form of gB, which in HSPG-null cells reverts to single-kinetic binding (Boyle and 
Compton 1998). Additionally, HCMV virions are initially dissociable from the 
cell surface by soluble heparin; however, the virus quickly moves to a heparin-
resistant binding state (Compton et al. 1993). These data suggest that an  additional 
receptor(s) is being engaged by HCMV, most likely via gB, following attachment 
to HSPGs. 

 Over the past 25 years, several HCMV receptors have been initially identified, 
only upon more stringent testing, to discover that they did not fulfill the require-
ments of an entry receptor (Table  1 ). It was discovered that HCMV associated 
with β 

2
 -microglobulin (β 

2
 m), which led to the hypothesis that β 

2
 m-coated HCMV 

particles bound the α chain of the HLA class I antigens, displacing endogenous 
β 

2
 m (McKeating et al. 1986; Grundy et al. 1987a, 1987b; McKeating et al. 1987). 

However, β 
2
 m did not bind envelope proteins as expected, but instead associated 

with the tegument (Stannard 1989). Additionally, preincubating cells with anti-
bodies to MHC class I molecules did not inhibit HCMV infectivity and cell lines 
differentially expressing MHC class I molecules or β 

2
 m showed no correlation 

with HCMV infection (Beersma et al. 1990, 1991, 1992; Wu et al. 1994). 
 A 30-kDa HCMV receptor was identified by binding radiolabeled HCMV 

particles to cell lysate blots (Adlish et al. 1990; Taylor and Cooper 1990). Virus 
attachment correlated with the abundance of the receptor but penetration did not, 
suggesting the receptor acted at the attachment stage only (Nowlin et al. 1991). 
The receptor was eventually identified as annexin II, which is known to interact 
with phospholipid membranes and has been implicated in the bridging and fusion 
of membranes (Wright et al. 1994). HCMV virions were found to bind annexin II, 
via gB, an event which increased virus binding and fusion (Pietropaolo and 

  Table 1  Proposed HCMV cellular receptors 

  Interacting HCMV Currently considered
Cellular receptor glycoprotein HCMV entry receptor?

HSPG gB and gM Yes
MHC class I molecules None identified Unlikely
Annexin II gB Accessory role?
CD13 None identified Unlikely
92.5 KDas receptor gH More data needed
EGFR gB More data needed
α2β1, α6b1, αVβ3 integrins gB and gH Yes 
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Compton 1997; Raynor et al. 1999). Antiserum against annexin II was also able 
to inhibit plaque formation in fibroblasts; however, cells lacking annexin II are 
completely permissive for HCMV infection (Wright et al. 1995; Pietropaolo and 
Compton 1999). Therefore, it is unlikely that annexin II is an HCMV entry recep-
tor, but may enhance entry, cell-to-cell spread, and/or viral egress. 

 It was discovered that peripheral blood mononuclear cells that expressed CD13 
(human aminopeptidase N), were permissive for HCMV infection (Soderberg 
et al. 1993b; Larsson et al. 1998). Antibodies to CD13 inhibited infection as well 
as virus attachment to cells but it was later determined that these antibodies also 
 prevented entry into CD13-null cells when the antibody was incubated with the 
virus, suggesting that the antibodies are binding directly to HCMV virions. 
(Soderberg et al. 1993a; Larsson et al. 1998). Although CD13 may not be involved 
in virus entry, it was recently discovered that an HCMV-CD13 interaction inhibits 
macrophage differentiation from monocytes (Gredmark et al. 2004). 

 A 92.5-kDa cellular receptor for HCMV was identified for gH through the use 
of anti-idiotype antibodies that bear the image of gH and are able to specifically 
bind the 92.5-kDa protein (reviewed in Keay and Baldwin 1995). These antibodies 
inhibit plaque formation but not virus attachment to cells (reviewed in Keay and 
Baldwin 1995). The 92.5-kDa receptor has been identified as a phosphorylated 
glycoprotein that mediates a release of intracellular calcium upon virus binding 
(reviewed in Keay and Baldwin 1995; reviewed in Keay et al. 1995). Partial cloning 
and sequencing of the 92.5-kDa receptor have not revealed homology to any known 
protein; therefore, its identity remains unknown (Baldwin et al. 2000). 

 More recently, both the epidermal growth factor receptor (EGFR) and a 
 specific subset of cellular integrins have been identified as HCMV entry and 
 signaling receptors. It was noticed that many downstream signaling events 
 initiated by HCMV, including Akt, phosphatidylinositol-3-OH kinase, and phos-
pholipase C-γ activation, as well as the mobilization of intracellular Ca 2+ , are 
indicative of EGFR activation (Wang et al. 2003). It was demonstrated that 
HCMV robustly activates the EGFR kinase, suggesting that EGFR acts at least as 
a signaling receptor for HCMV (Wang et al. 2003). It was also noted that HCMV 
initiates gene expression in a breast cancer cell line overexpressing EGFR, but 
gene expression was not detectable in another EGFR-null cell line (Wang et al. 
2003). Additionally, a  specific EGFR kinase inhibitor blocked HCMV gene 
expression in the EGFR-expressing cell line (Wang et al. 2003). The first con-
crete evidence that EGFR may act as an entry receptor was that in fibroblasts an 
EGFR neutralizing antibody inhibited HCMV attachment and entry (Wang et al. 
2005). Last, the authors  demonstrated through cross-linking experiments that 
HCMV gB can interact with EGFR (Wang et al. 2003). These results were excit-
ing, as the major receptor for HCMV entry had yet to be discovered, with the 
exception of cellular integrins, whose contribution to virus entry was being 
 examined at the same time as EGFR was proposed to be an entry receptor. 

 However, it was also known that EGFR, although widely expressed, is not found 
on all cell types permissive for HCMV infection, including hematopoietic cells, 
suggesting that EGFR may not be a universal receptor for HCMV (Real et al. 
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1986). Previous work also demonstrated that HCMV infection leads to EGFR 
downregulation from the cell surface but not through binding and activation of the 
receptor early in infection, as UV-inactivated virus does not induce downregulation 
(Fairley et al. 2002; Beutler et al. 2003). Last, when the contribution of CD13 to 
HCMV entry was being investigated, an EGFR polyclonal antibody was used as a 
control to demonstrate that blocking the receptor had no effect on HCMV entry 
(Soderberg et al. 1993a). 

 More recently, two other studies have been conducted, testing the role of EGFR 
in HCMV entry and signaling. It was demonstrated that HCMV did not induce 
activation of EGFR as measured by receptor autophosphorylation and an EGFR 
kinase inhibitor was not able to inhibit HCMV gene expression in fibroblast cells 
(Cobbs et al. 2007; Isaacson et al. 2007). Additionally, the same EGFR neutralizing 
monoclonal antibody that was previously found by Wang et al. to inhibit HCMV 
attachment and entry was used to pretreat fibroblasts cells, but led to no reduction 
in virus entry (Isaacson et al. 2007). EGFR-null fibroblasts were also found to be 
productive for IE gene expression and breast cancer cell lines differentially express-
ing EGFR were infected with HCMV but surprisingly, IE gene expression could not 
be detected in either cell line, regardless of EGFR expression (Cobbs et al. 2007; 
Isaacson et al. 2007). Additionally, epithelial and endothelial cells were pretreated 
with EGFR-neutralizing antibodies and then challenged with a clinical isolates of 
HCMV but again, no decrease in virus gene expression was detected (Isaacson 
et al. 2007). Given the disparity between these EGFR studies, it is clear that more 
work needs to be done to discover the contribution of EGFR to HCMV entry. 

 Several integrin heterodimers have proven to be HCMV entry receptors (Feire 
et al. 2004; Wang et al. 2005). It has often been observed that following HCMV 
infection, cells round up, suggesting cytoskeleton rearrangements are occurring 
upon virus penetration. In fact, the actin cytoskeleton is dramatically altered 
 following HCMV entry and both integrins and focal adhesion kinase become 
 activated (Feire et al. 2004). Through the use of neutralizing integrin antibodies, 
it was determined that the integrin heterodimers α2β1, α6β1, αVβ3 acted as 
 cellular receptors for HCMV entry (Feire et al. 2004). Beta 1 integrin null fibrob-
last cells demonstrated diminished HCMV entry but restoration of β1 integrin 
expression also restored HCMV entry (Feire et al. 2004). A highly conserved 
integrin-binding domain, the disintegrin-like domain (DLD), was also discovered 
on gB, which was found to mediate binding to β1 integrins (Feire et al. 2004, Feire 
et al., unpublished results). Additionally, a protein fragment encompassing the 
DLD region and antibodies raised against this protein were able to specifically 
inhibit HCMV entry (Feire et al., unpublished results). The role of the αVβ3 
integrin heterodimer as an HCMV entry receptor was further supported by its 
interaction with gH; however, an integrin-binding domain has yet to be discovered 
in this glycoprotein (Wang et al. 2005). Additionally, coordination between αVβ3 
and EGFR has been proposed,  suggesting that gB and gH independently engage 
EGFR and αvβ3, respectively, followed by αVβ3 movement into lipid rafts, where 
it interacts with EGFR to coordinate virus entry and signaling (Wang et al. 2005). 
This is an interesting model that is supported by HCMV entry at cholesterol-rich 



90 M.K. Isaacson et al.

microdomains; however, it remains to be verified given the uncertain status of 
EGFR as an HCMV entry receptor (Wang et al. 2005).  

  Envelope and Membrane Fusion 

 The exact mechanism of the fusion step is not clear. Over the past several years, it 
has become increasingly apparent that amino acid heptad repeat (HR) motifs, 
which encode alpha-helical coiled-coils, are playing a role in the fusion process of 
HCMV. These coils are very well characterized in more simple viral fusogenic sys-
tems, such as with influenza, HIV, and Ebola viruses, but they are only beginning 
to be understood in the more complex herpesviruses (Weissenhorn et al. 1999). It 
is known that synthetic peptides from the HR region of HCMV gB and gH and β 
amino acid oligomers derived from the HR region of gB specifically inhibit HCMV 
entry (Lopper and Compton 2004; English et al. 2006). Additionally, the HR region 
of gB appears to be important because mutation of hydrophobic amino acid resi-
dues in this region results in a replication-deficient virus (M.K. Isaacson and 
T. Compton, unpublished results). 

 Our current model for HCMV entry (Fig.  1 ) consists of an initial tethering step 
to HSPGs on the cell surface mediated by gB and the gM/gN complex (Kari and 
Gehrz 1992, 1993; Compton et al. 1993). The virus then quickly moves to a more 
stable binding step, most likely mediated by gB given its biphasic binding properties 

  Fig. 1  HCMV entry model 
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(Boyle and Compton 1998). This secondary binding interaction could be through a 
gB-EGFR, gB-β1 integrin interaction, or both. However, the role of EGFR in HCMV 
entry remains uncertain and integrins may act at a post-binding/fusion step; therefore, 
there is most likely an additional cellular receptor(s) yet to be discovered. It is believed 
that receptor clustering and signaling may occur  following the engagement of cellular 
integrins by gB and gH, leading to many downstream signaling events necessary for 
virus entry and/or gene expression (Feire et al. 2004; Wang et al. 2005). Last, gH/gL/
gO along with gB mediate the fusion of the viral and cellular membranes, most likely 
through gB and gH interactions with cellular integrins (Keay and Baldwin 1991; 
Navarro et al. 1993; Bold et al. 1996; Feire et al. 2004; Wang et al. 2005).  

  Introduction to Activation of Innate Immunity 

 Early events in HCMV infection cause a global reprogramming of cellular transcrip-
tion (Zhu et al. 1997, 1998; Browne et al. 2001; Simmen et al. 2001). Binding and 
entry of HCMV are known to cause physiological changes such as transient influx 
of Ca  2+ , activation of phospholipases C and A2, and the stimulation of arachidonic 
A metabolism (reviewed in Fortunato et al. 2000). Binding of HCMV envelope 
glycoproteins to cellular receptors can initiate signal transduction pathways leading 
to the activation of cellular transcription factors such as NFκ-B, Sp1, and interferon 
regulatory factor 3 (IRF3) (Yurochko et al. 1997; Navarro et al. 1998; Boehme et al. 
2004, 2006). Large-scale studies have revealed that hundreds of cellular genes are 
affected by early events in HCMV entry and the most strongly induced are antiviral 
genes belonging to the inflammatory cytokine (IC) family and the interferon-
 stimulated gene (ISG) family, such as those for RANTES, interleukin-6 (IL-6), IL-8, 
ISG-54-kDa protein, and IRF-7 (Zhu et al. 1997, 1998; Browne et al. 2001; Simmen 
et al. 2001). Both of these classes of molecules are hallmarks of innate immunity and 
contribute significantly to control infection (Stark et al. 1998; Sen 2001). The robust 
induction of innate immune responses by HCMV does not require virus replication 
or cellular protein synthesis, suggesting that structural components of the virus are 
responsible for the changes in gene expression during virus–cell contact and/or entry 
(Zhu et al. 1997; Browne et al. 2001). Treatment of fibroblasts with glycoprotein B 
results in a strikingly similar gene expression profile as cells treated with recom-
binant interferons (Simmen et al. 2001). Together these innate immune responses 
serve to limit viral replication early during infection as well as activate and promote 
adaptive immune responses that will ultimately contain or clear the infection.  

  Activation of Inflammatory Cytokines 

 The IC branch of the innate immune response is defined by the activation of NFκ-B, 
which is responsible for the transcription of genes encoding many pro-inflammatory 
cytokines and chemokines (reviewed in Hayden et al. 2006). In response to stimuli 
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such as cytokines or viruses, activation of the canonical NFκ-B pathway occurs via 
signal transduction cascades that promote the phosphorylation and  degradation of 
inhibitor of NFκ-B proteins (IκBs), thereby releasing the NFκ-B heterodimer. The 
activated heterodimer of p50 and p65/Rel A is able to translocate to the nucleus and 
drive the expression of target genes (reviewed in Baldwin 1996). Gene inactivation 
experiments of individual NFκ-B family members have revealed that Rel A pro-
teins are required for lymphocyte activation by controlling proliferation, immu-
noglobulin isotype switching, and the expression of cytokines and their receptors 
(Attar et al. 1997; Gerondakis et al. 1998). Inflammatory cytokines, including 
TNF-α, IL-1, IL-6, IL-8, IL-12, and IL-18 have a wide range of  biological effects 
on tissues and cells and are believed to be critical for the recruitment and activation 
of phagocytic leukocytes to the sites of infection (Laroux 2004). Activation of the 
IC branch of innate immune signaling is critical for the propagation and elaboration 
of cytokine responses. 

 Fibroblasts and monocytes infected with HCMV exhibit activated NFκ-B, as 
evidenced by its nuclear translocation and increased DNA-binding activity 
(Yurochko et al. 1995; Yurochko and Huang 1999). HCMV-induced activation 
of NFκ-B occurs with rapid kinetics that are suggestive of a receptor–ligand 
 interaction (Yurochko et al. 1997). Pretreatment of HCMV with neutralizing 
antibodies to gB and gH inhibit the induction of the transcription factors NFκ-B 
and Sp1. Moreover, the use of purified gB and an anti-idiotypic antibody to 
mimic gH caused the activation of NFκ-B and Sp1 (Yurochko et al. 1997). These 
data coupled with the ability of HCMV to activate innate immune signaling in the 
absence of virus replication and cellular protein synthesis led to the hypothesis 
that viral glycoproteins are initiating the IC response through receptor-binding 
interactions during the entry process. 

 The activation of NFκ-B is an immediate host defense mechanism, activated in 
response to a myriad of stimuli, including ligand stimulation of the Toll-like recep-
tors (TLRs), a class of key pattern recognition receptors. The primary consequences 
of TLR activation are IC secretion, expression of immune co-stimulatory molecules, 
dendritic cell maturation, and for a subset of TLRs, interferon α/β activation 
(reviewed in Takeda and Akira 2003). Together these factors limit viral replication 
to the site of infection, elicit the infiltration of immune cells to the site of infection, 
and initiate and modulate adaptive immune responses by T and B cells. To date 12 
members of the TLR family have been identified in humans (reviewed in Akira et al. 
2006). TLRs are expressed at high levels on phagocytic cells such as dendritic cells 
or macrophages; however, all cells express at least a subset of these receptors 
(Hornung et al. 2002; Zarember and Godowski 2002). TLRs recognize microbial 
pathogens on the basis of structural motifs, termed pathogen-associated molecular 
patterns (PAMPs), that differ from those found in the host cell (reviewed in Janeway 
and Medzhitov 2002). Examples of PAMPs include lipopolysaccharide (TLR4), 
unmethylated CpG DNA (TLR9), and dsRNA (TLR3). Components of a viral enve-
lope can also act as PAMPs to trigger TLR-mediated innate immune signaling. For 
example, the fusion protein from respiratory syncytial virus and the envelope protein 
of mouse mammary tumor virus are sensed by TLR4 (Kurt-Jones et al. 2000; Burzyn 
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et al. 2004). Similarly, HCMV activates TLR2 through a physical interaction with 
gB and gH, to mediate the cellular IC response (Compton et al. 2003; Boehme et al. 
2006). TLR2 functional blocking antibodies diminish HCMV-induced IC signaling 
and a soluble version of gB (gBs) has an inherent ability to induce IL-6 and IL-8 
secretion in a TLR2-specific manner (Boehme et al. 2006). Recently we found that 
the HCMV-mediated IC response is independent of the organization of cholesterol-
rich microdomains within the plasma membrane and is not blocked by postbinding 
HCMV entry inhibitors (L. Juckem and T. Compton, unpublished results). This sug-
gests that the IC response is initiated through TLR2 by outright sensing of the virus 
during the earliest events in the entry process. The ability of viral glycoproteins to 
serve as PAMPs is somewhat surprising since the virus-encoded proteins are synthe-
sized by host machinery and ultimately bear protein modifications that are reflective 
of the host. However, all known viral envelope proteins that are recognized by TLRs 
share a mutual role in virus entry, suggesting that they may possess unique structural 
conformations that are recognized by the TLRs. 

 Recently a parallel mechanism of HCMV-induced NFκ-B activation in response 
to HCMV has been proposed. It was found that HCMV packages the cellular 
kinase, casein kinase 2 (CK2), within its tegument during assembly and egress 
(Varnum et al. 2004). It has been hypothesized that virus–cell fusion deposits the 
additional constitutively active CK2 molecules into the cytoplasm where they can 
directly phosphorylate inhibitory IκBα proteins, thereby activating NFκ-B (Nogalski 
et al. 2007). The contribution of CK2 to the HCMV-induced IC response remains 
to be fully elucidated.  

  Activation of Interferon Responses 

 The type I interferon response, consisting of interferon β and multiple forms of 
interferon α, is produced in response to viral infection and restricts replication at 
the earliest stages (reviewed in Stark et al. 1998). Interferon activation is accompa-
nied by the induction of interferon-stimulated genes (ISGs), a subset of cellular 
genes that carry out many of the antiviral functions of interferon (reviewed in 
Theofilopoulos et al. 2005). The type I interferon response to virus infection can be 
divided into two phases: the activation phase and the amplification phase. Virus 
infection, but not interferon treatment, activates the initial activation phase through 
the key regulatory transcription factor, IRF3. Signal transduction pathways, which 
remain incompletely characterized, lead to virus-induced phosphorylation of IRF3 
on the carboxyl terminal serine residues by the related kinases TBK1 and IKKε 
(Servant et al. 2001; Fitzgerald et al. 2003; Sharma et al. 2003). This results in the 
homodimerization and translocation of IRF3 to the nucleus where it can interact 
with the co-activators, CREB binding protein (CBP) and p300, and form a complex 
that drives the transcription of interferon β and a subset of ISGs (reviewed in 
Taniguchi and Takaoka 2002). The nascent interferon is then able to act in an auto-
crine and paracrine manner to initiate signaling through the cellular α/β interferon 
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receptor leading to the activation of the janus kinases and signal activators of 
transcription (JAK/STAT) signal transduction cascade. This amplification phase 
induces the robust expression of a broad panel of ISGs, which further assists the 
cell in establishing an antiviral state (reviewed in Stark et al. 1998). 

 The mechanisms by which cells detect viruses and activate the interferon 
response have not been completely defined. One of the known mechanisms of IFN 
activation is through a subset of TLRs (3, 4, 7, 8, 9). The majority of these reside 
in intracellular compartments, with the exception of TLR4, which resides on the 
cell surface (reviewed in Akira et al. 2006). The intracellular TLRs allow for rapid 
recognition of viral ligands during uncoating or degradation processes and require 
low pH for their activation (Ahmad-Nejad et al. 2002). Herpes simplex virus-1 and 
-2 and mouse cytomegalovirus are recognized by TLR9 in plasmacytoid dendritic 
cells (pDCs) and/or dendritic cells (DCs) via their CpG-rich genomes (Lund et al. 
2003; Krug et al. 2004a, 2004b). As a global approach to test for the role of intrac-
ellular localized TLRs in permissive fibroblasts, we looked at HCMV-induced 
interferon signaling in the presence of an endosomal acidification inhibitor, bafilo-
mycin, and observed no difference. We also specifically tested TLR3 and TLR4 
dominant negative constructs and found no role in HCMV-induced interferon sign-
aling (L.K. Juckem and T. Compton, unpublished results). Since TLR2 is a critical 
mediator of IC signaling, we tested the ability of HCMV to initiate IFN signaling 
in cells expressing a dominant negative form of TLR2 (DN-TLR2). We found that 
the antiviral state was intact in the DN-TLR2 cells, suggesting that it is not involved 
in HCMV-induced IFN signaling and that the host cell has developed at least two 
mechanisms to initiate innate immune responses to HCMV infection (K.W. 
Boehme and T. Compton, unpublished results).  

  Coordination of Entry Events and Innate Immune 
Activation Steps 

 The mechanism of HCMV-induced IFN signaling has only recently begun to be 
defined. HCMV and gBs are able to activate IRF3 (Navarro et al. 1998; Preston 
et al. 2001; Boehme et al. 2004). Recent evidence using several strategies to deplete 
cellular IRF3 confirm its requirement and propose that it is the primary transcrip-
tion factor mediating HCMV-induced interferon signaling (DeFilippis et al. 2006). 
The ability of gBs to activate IFN signaling suggests that gB binding to a cell-sur-
face receptor during virus entry is sufficient for antiviral responses. Interestingly, a 
small molecule HCMV entry inhibitor that targets gB, as well as neutralizing 
 antibodies to both gB and gH, inhibit ISG accumulation (Netterwald et al. 2004). 
These results provide a link between HCMV-induced interferon activation and early 
steps in the entry process. In an attempt to dissect the early events in entry, we 
investigated the function of cholesterol-rich microdomains or lipid rafts. We found 
that both IE gene expression and pp65 tegument delivery was decreased by pretreat-
ment of cells with a cholesterol-depleting reagent. Similarly, HCMV-induced IFN 
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signaling was also reduced following cholesterol depletion. To confirm a link 
between entry and IFN activation, we used several novel inhibitors of HCMV entry 
including a small protein fragment encompassing the disintegrin-like domain of gB 
and a beta amino acid oligomer that mimics the heptad repeat region of gB (A.L. 
Feire and T. Compton, unpublished results; English et al. 2006). HCMV-induced 
interferon signaling was diminished in the presence of these inhibitors, providing 
further evidence that the IFN activation pathway is connected to downstream events 
in the entry pathway (L. K. Juckem and T. Compton, unpublished results). 

 The rapid and direct induction of innate immune responses by HCMV suggests 
that they are triggered during virus binding and entry into cells. The ability of the 
virus to activate innate immune signaling in the absence of virus replication and 
de novo protein synthesis further emphasizes the importance of structural compo-
nents of the virus. Understanding the coordination of innate immune activation 
with virus entry is a daunting task due in part to the high level of complexity 
associated with the molecular events of HCMV entry. Multiple copies of envelope 
glycoproteins decorate HCMV virions and interact with several cellular receptors 
to mediate entry into cells (Wang et al. 2003, 2005; Feire et al. 2004). The known 
interaction between receptors and viral glycoproteins is summarized in Table  2 . 
The importance of gB and gH is exemplified by their roles in entry and both 
branches of innate immune activation. To date we have found no role for TLR2/1 
heterodimer as an entry receptor (K.W. Boehme and T. Compton, unpublished 
results). Our recent work comparing the requirements for HCMV-induced IC and 
IFN activation revealed differential regulation. We were able to explore the early 
events in the HCMV entry process and determine an order to the innate immune 
activation. The IC response is initiated first by outright sensing of the virus 
through TLR2 and occurs even if tegument delivery of pp65 is blocked. This 
 activation may be coincident with transfer of HCMV from an initial tethering to a 
more stable docking step with other cellular receptors. The HCMV-induced IFN 
response occurs by a postbinding or fusion-dependent mechanism that is dependent 
on the organization of cholesterol-rich microdomains and is diminished in the 
 presence of HCMV entry inhibitors (L.K. Juckem and T. Compton, unpublished 
results). Much more work remains to be done to elucidate the underlying 
 mechanism of HCMV-mediated IFN signaling, which may be triggered through: 
(a)  stable binding to cellular receptors, (b) the physical fusion event, and (c) 
 delivery of virion contents into the cytoplasm. 

  Table 2  Interaction between receptors and viral glycoproteins 

 Pathway Cellular component Virus component Coordination

IC activation TLR2/1 gB Outright sensing prior to entry
  gH 
  CK2 (packaged) 
IFN activation Unknown gB Linked to entry pathway
    gH 
    Fusion event?  
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 The order of innate immune activation is likely important for the host 
response to HCMV infection. HCMV has developed an intimate relationship 
with the host immune response and often the outcome of HCMV infection 
 correlates with the immune status of the host. Rapid recognition of incoming 
virus could provide a temporal advantage to the cell and prove to be extremely 
beneficial for combating viral infection. The immediate activation of IC signal-
ing would allow the host to initiate the positive effects of NFκ-B activation such 
as the infiltration of professional immune cells. However, HCMV may also 
benefit from innate immune  activation. HCMV contains NFκ-B elements within 
its major immediate early  promoter and IC activation even prior to virus entry 
would prime the cell for viral replication (DeMeritt et al. 2004). Once HCMV 
has committed to entering the cell, the interferon response is induced, which 
promotes an antiviral state to protect neighboring cells. The ability of the host 
to detect HCMV in concert with virus–cell contact and/or entry further high-
lights the complexity and sophistication of the host innate immune response at 
the earliest points in HCMV infection.  

  Perspectives 

 The exceptionally broad cellular and tissue tropism is a hallmark of CMV patho-
genesis. Clearly, CMV exploits is generous glycoprotein coding capacity to form 
numerous and, in some cases, modular envelope complexes that facilitate interac-
tions with multiple cellular receptors. Mapping the molecular determinants of 
these interactions will lay the foundation for better insights into the basis of dis-
ease and provide targets for therapeutic intervention. Yet, despite the apparent 
cleverness of CMV to utilize a range of receptors for entry and spread, these events 
are not silent and do not go undetected by the host. The primal alarm system 
sounds from the earliest point of virus–cell contact representing yet another avenue 
for therapeutic manipulation.   
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         Functions of Human Cytomegalovirus 
Tegument Proteins Prior to Immediate Early 
Gene Expression 

   R.   F.   Kalejta      

    Abstract   Proteins within the tegument layer of herpesviruses such as human cytome-
galovirus (HCMV) are released into the cell upon entry when the viral envelope fuses 
with the cell membrane. These proteins are fully formed and active, and they mediate 
key events at the very start of the lytic infectious cycle, including the delivery of the 
viral genome to the nucleus and the initiation of viral gene expression. This review 
examines what is known about tegument protein function prior to the immediate early 
(IE) phase of the viral lytic replication cycle and identifies key questions that need to 
be answered to better understand how these proteins promote HCMV infection so that 
antiviral treatments that target these important viral regulators can be developed.    

   Introduction 

 Human cytomegalovirus (HCMV) is a significant human pathogen that infects the 
majority of the world’s population. Viral infection causes birth defects and severe 
disease in patients with suppressed immune function and is associated with  
age-related immunosenescence, cancer, and cardiovascular disease (Mocarski 
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et al. 2007). Within mature virions, the HCMV genome is housed in an icosahedral 
 protein capsid that is surrounded by a layer of proteins called the tegument, 
which in turn is enclosed within a lipid membrane termed the envelope. Virally 
encoded glycoproteins in the envelope function as mediators of viral entry 
through a membrane fusion event (see the chapter by M.K. Isaacson et al., this 
volume) that releases both the DNA-containing capsids and the tegument 
 proteins into the cell (Fig.  1 ). 

 As many as 59 viral proteins have been found in the viral tegument, although 
only about 35 are incorporated at significant levels (Baldick et al. 1996; Varnum 
et al. 2004). Virions also contain a sampling of cellular proteins (Varnum et al. 
2004), as well as viral and cellular RNA molecules (Terhune et al. 2004). 
Bioinformatic and experimental approaches have failed to detect a tegument locali-
zation signal (i.e., a sequence necessary and sufficient to direct macromolecules 
into the tegument) on either proteins or RNAs. The process of assembling the tegu-
ment upon viral egress, as well as the disassembly of the tegument upon viral entry 
into cells, is poorly understood. Likewise, the structure of the tegument within the 
virion is not known. Although mostly amorphous, there appears to be some struc-
turing of tegument proteins that are closely associated with the capsid (Chen et al. 
1999; Trus et al. 1999). Many tegument proteins are phosphorylated (Irmiere and 

  Fig. 1  Postfusion, preimmediate early events during lytic replication of human cytomegalovirus. 
Schematic representation of delivery of viral genomes and tegument proteins to the nucleus 
(1.1–1.4), the generation of a silencing complex (PML-NB) on infecting viral genomes (1.5–1.8), 
and the initial step in the destruction of that complex by tegument-delivered pp71 (1.9–1.11). See 
the text for further details 
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  Table 1  Human cytomegalovirus tegument proteins with known or predicted functions 

 Gene, protein Phenotype Function(s) References

UL26 A Increases stability  Munger et al. 2006
   of virion proteins Lorz et al. 2006
UL32 - pp150 E Directs capsid to site  AuCoin et al. 2006
   of final envelopment
UL35 A Activates viral gene expression Schering et al. 2005
UL36 D Inhibits apoptosis Skaletskaya et al. 2001
UL38 A Inhibits apoptosis Terhune et al. 2007
UL45 A Inactive (?) ribonucleotide  Patrone et al. 2003
  reductase subunit
UL47 A Release of viral DNA  Bechtel and Shenk 2002
   from capsid
UL48 E Deubiquitinating protease Wang et al. 2006
  Release of viral DNA from capsid Bechtel and Shenk 2002
UL69 A Nuclear export of unspliced mRNAs Lischka et al. 2006
  Arrests cell cycle in G1 Lu and Shenk 1999
UL77 E Putative pyruvoyl decarboxylase Yoakum 1993
UL82 - pp71 A Degrades Daxx, facilitates  Saffert and Kalejta 2006
   IE gene expression
  Degrades Rb, stimulates cell  Kalejta et al. 2003
   cycle progression
  Prevents cell surface  Trgovcich et al. 2006
   expression of MHC
UL83 - pp65 D Endogenous kinase activity Yao et al. 2001
  Associated kinase activity Gallina et al. 1999
  Evasion of adaptive immunity Gilbert et al. 1996
  Evasion of innate immunity Arnon et al. 2005
UL94 A/E Putative DNA-binding protein Wing et al. 1996
  Similar to autoantigen  Lunardi et al. 2000
   in systemic sclerosis
UL97 A Kinase that phosphorylates  Littler et al. 1992
   ganciclovir Sullivan et al. 1992
  Stimulates DNA replication,  M. Prichard et al. 1999
   assembly/egress
UL99 - pp28 E Directs enclosure  Silva et al. 2003
   of enveloped particles
IRS1/ TRS1 A/E Inhibits PKR antiviral response Hakki et al. 2006
  Virion assembly Adamo et al. 2003
US24 A Activates viral gene expression Feng et al. 2006 

 Genes that encode tegument proteins along with commonly accepted protein names (if applicable) 
are shown in column 1. Phenotype (column 2), listed as augmenting (A), dispensable (D) or essential 
(E), refers to the requirement of the gene for lytic replication in human fibroblast cells in vitro as 
determined in either the provided reference (column 4), the two global mutational analyses of human 
cytomegalovirus (Dunn et al. 2003; Yu et al. 2003) or as described in a recent review (Mocarski et al. 
2007). Column 3 displays either demonstrated or inferred functions for these proteins 

Gibson 1983), but the significance of this or other posttranslational modifications 
to these proteins remains largely unexplored. 
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 Activities for less than half of the tegument proteins have been determined 
or suggested (Table  1 ). The phenotypes of recombinant viruses with null mutations 
in genes encoding tegument proteins demonstrate that some are absolutely essential 
for viral replication, others are required for efficient replication (often termed aug-
menting genes), while still others are dispensable for lytic replication in vitro 
(Mocarski et al. 2007; Dunn et al. 2003; Yu et al. 2003). Many tegument proteins 
play important roles during the later stages of viral replication, and are required for 
proper viral assembly and egress (see the chapter by W. Gibson, this volume). This 
review focuses on the functions of tegument proteins during the initial intracellular 
events of a lytic infection, after fusion of the viral and cellular envelopes, but prior 
to the transcription of the first viral genes to be expressed from the infecting viral 
genome, the immediate early (IE) genes. Thus, what are described here are called 
postfusion, preimmediate early events.  

  Tegument Proteins Known to Act at the Very Start 
of HCMV Infection 

 The pp65 phospho-protein is the major constituent of HCMV particles (Irmiere and 
Gibson 1983) and is delivered to the nucleus of permissive cells after fusion of the viral 
and cellular membranes (Revello et al. 1992). pp65 is either itself a protein kinase (Yao 
et al. 2001) or associates with a cellular kinase (Gallina et al. 1999) or perhaps both. 
If pp65 does have intrinsic kinase activity, it is an unusual example of a kinase because 
it shows poor homology to the catalytic domain sequences of other kinases (Yao et al. 
2001). The UL83 gene that encodes pp65 is completely dispensable for replication in 
cultured fibroblasts (Schmolke et al. 1995), but is likely maintained despite the pres-
ence of strong, targeted immune response (Grefte et al. 1992; Wills et al. 1996) 
because of the ability of pp65 to modulate multiple levels of immune surveillance 
(Mocarski et al. 2007). Monitoring the delivery of tegument-incorporated pp65 to the 
nucleus is a common method used to assay for viral entry. Recently, pp150, the second 
most abundant tegument protein, has also been used to track viral entry (see Sect. 3 
below). Encoded by UL32, a gene absolutely essential for lytic replication in vitro 
(Dunn et al. 2003; Yu et al 2003), pp150 interacts with preformed capsids (Baxter and 
Gibson 2001), and appears to be required for the incorporation of capsids into forming 
virions, perhaps because of its ability to stabilize capsids and/or direct their movement 
within the cytoplasm (Aucoin et al. 2006). 

 The UL47 and UL48 tegument proteins form a complex with each other and the 
major capsid protein (Bechtel and Shenk 2002) that appears to play a prominent 
role during viral entry (see Sect. 3 below). pUL47 has no known enzymatic activity, 
but pUL48 is a deubiquitinating protease (Wang et al. 2006). While the deubiquiti-
nating activity is not absolutely essential for viral replication, clones with active site 
mutations in pUL48 show temporal delays in virion release (Wang et al. 2006). 
Thus, along with their roles in viral entry, pUL47 and pUL48 also likely function 
during viral maturation and/or egress. UL47 is an augmenting gene, disruption of 
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which results in a 100-fold reduction in viral titers after infections at either high or 
low multiplicities (Bechtel and Shenk 2002). The UL48 gene has been classified as 
either augmenting (Yu et al. 2003) or essential (Dunn et al. 2003). 

 The UL82 gene encodes the pp71 tegument protein that localizes to the 
nucleus in both HCMV-infected and UL82-transfected cells (Hensel et al. 1996). 
Although pp71 is not absolutely essential, it is required for efficient viral replica-
tion (Bresnahan and Shenk 2000) because of its ability to facilitate viral IE gene 
expression (see Sect. 4 below). Other tegument proteins such as pUL26 and 
pUL35 may assist in the pp71-mediated activation of IE gene expression (see 
Sect. 4 below). pp71 also targets the hypophosphorylated forms of the Rb family 
of tumor suppressors for proteasome-dependent, ubiquitin-independent degrada-
tion, leading to cell cycle stimulation (Kalejta et al. 2003; Kalejta and Shenk 
2003), and decreases the cell surface expression of MHC class I proteins by 
slowing their intracellular transport (Trgovcich et al. 2006).  

  Delivery of the Genome to the Nucleus 

 Once in the cytoplasm, HCMV genome-containing capsids and some tegument 
proteins must make their way to the nucleus. Although a seemingly simple task, 
this journey is a difficult one due to the size of the viral particle and the density of 
the cytoplasm. HCMV overcomes these obstacles using strategies that are also 
employed by other viruses (Dohner et al. 2005; Greber and Way 2006), namely 
hijacking the intracellular transport machinery. Cells contain an organized network 
of microtubules (MTs) that extend from the microtubule-organizing center (MTOC) 
near the nucleus all the way to the periphery, ending near the cell membrane. This 
network, along with other mechanisms, allows for the temporal and spatial control 
of the transport of large cargoes to help establish and maintain cell polarity as well 
as the uneven distributions of proteins, RNAs, and organelles (Welte 2004). MTs 
are composed of ordered, head-to-tail associations of tubulin monomers, and thus 
have a distinct polarity, with their negative ends near the MTOC and their positive 
ends near the cell surface. Cytoplasmic dynein is a minus-end-directed motor pro-
tein, which, along with dynactin, uses power generated from ATP hydrolysis to 
transport cargo along microtubules toward the MTOC (Malik and Gross 2004). 

 An intact microtubule network is required for the transport to the nucleus of 
capsids deposited in cells upon HCMV infection (Ogawa-Goto et al. 2003). 
Nocodazole, a drug that de-polymerizes microtubules, inhibits IE gene expression, 
likely by preventing infecting HCMV from depositing its DNA in the nucleus. 
Entering capsids in transit to the nucleus can be localized by detecting the tightly 
associated tegument protein pp150 through indirect immunofluorescence (Sinzger 
et al. 2000). In the absence of nocodazole, incoming pp150 is found associated 
with MTs and concentrated near the nucleus, but is diffusely distributed in the 
cytoplasm in the presence of the drug (Ogawa-Goto et al. 2003). Transmission 
 electron microscopy (TEM) also showed entering DNA-containing capsids in the 
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cytoplasm that co-localized with MTs (Ogawa-Goto et al. 2003). These capsids 
displayed a dense outer layer that likely represents tightly associated tegument 
proteins. This compelling study strongly suggests that entering HCMV capsids 
and tightly associated tegument proteins travel through the cytoplasm on MTs 
toward the nucleus, and that this process is important for viral gene expression and 
replication. One of these tightly associated tegument proteins appears to be pp150, 
and the recent generation of infectious virus containing a pp150-GFP fusion pro-
tein (Sampaio et al. 2005) should allow for the visualization and quantitation of 
capsid transport to the nucleus in live cells. 

 Additional candidates for HCMV tegument proteins tightly associated with 
entering capsids are pUL47 and pUL48. Circumstantial evidence suggests that the 
UL47/UL48 protein complex (Bechtel and Shenk 2002) may play significant roles 
in the transport of infecting HCMV capsids to the nucleus and/or in the injection of 
viral DNA into the nucleus through the nuclear pore complex. The pseudorabiesvi-
rus (PRV) orthologs of pUL47 and pUL48 (pUL37 and pUL36, also called VP1/2, 
respectively) also form a complex (Klupp et al. 2002) and, as visualized in live 
cells, travel with entering capsids toward the nucleus and accumulate with them at 
the nuclear rim (Luxton et al. 2005). The herpes simplex virus type 1 (HSV-1) 
orthologs (pUL37 and pUL36, also called VP1/2, respectively) also interact with 
each other (Vittone et al. 2005) and may be the tegument proteins required for the 
in vitro (and presumably in vivo) transport of viral capsids along MTs (Wolfstein 
et al. 2006). Interestingly, a temperature-sensitive mutant in HSV-1 UL36 docks at 
the nuclear pore complex during entry but fails to release viral DNA into the 
nucleus (Batterson et al. 1983). 

 Direct evidence of a role for pUL47 and pUL48 in the delivery of viral genomes 
to the nucleus also exists. Experiments with an HCMV UL47-null mutant revealed 
a decrease in the overall accumulation of the UL48 protein and in its incorporation 
into virions (Bechtel and Shenk 2002). Therefore, the UL47-null virus is also hypo-
morphic for pUL48. Upon infection of permissive fibroblasts with a UL47-null 
virus, viral immediate early gene expression is delayed, but entry, as assayed by the 
delivery of the tegument proteins pp65 and pp71 to the nucleus, appears to be nor-
mal (Bechtel and Shenk 2002). Thus, viruses lacking UL47 have a defect that is 
postfusion, but prior to immediate early gene expression. A model in which the 
HCMV pUL47/pUL48 complex binds to viral capsids and perhaps microtubule 
motors to mediate the delivery of the capsid to the nuclear pore with the subsequent 
release of the viral DNA into the nucleus appears to be consistent with the current 
data. The pp150 protein may also participate in this process. A similar scenario 
likely occurs for PRV and HSV-1. 

 Many intriguing questions remain about how tegument proteins and DNA-
 containing capsids are delivered to nuclear pores, and how the viral genome enters 
the nucleus. For example, how does the tegument disassemble before, during or 
after entry? There is a clear example of one tegument protein (pp65) that transits 
into the nucleus without an intact MT network (Ogawa-Goto et al. 2003), and one, 
pp150, that remains tightly associated with the capsid (Sinzger et al. 2000) and 
fails to migrate toward the nucleus in the absence of MTs (Ogawa-Goto et al. 
2003). The subcellular localization of other tegument proteins including pp71, 
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pUL47, pUL48 and pUL69 should also be examined during viral entry in both the 
presence and absence of MT inhibitors to determine which tegument-delivered 
proteins remain associated with the capsid and thus travel along MTs during viral 
entry. In addition, a closer examination of the UL26-null virus that appears to 
have a general defect in tegument formation or stability (Lorz et al. 2006; Munger 
et al. 2006) could be informative. Is dynein required for the cytoplasmic transport 
of HCMV capsids toward the nucleus as it is for HSV-1 (Dohner et al. 2002)? If 
so, to which tegument protein does it bind? Also, how is the viral DNA released 
from the capsid, through the nuclear pore and into the nucleus? Empty HCMV 
capsids docked at the nuclear pore complex that presumably had already released 
their DNA into the nucleus have been observed by TEM (Ogawa-Goto et al. 
2003). For HSV-1, the pUL36 protein that is required for DNA release also binds 
to viral DNA (Chou and Roizman 1989), but it is not clear if this binding plays a 
role during the release of the genome into the nucleus. Cellular proteins may also 
play a role in this process, as they do for other viruses (Greber and Fassati 2003). 
Finally, does one or more of the many cellular signaling pathways induced upon 
HCMV infection (see the chapter by A. Yurochko, this volume) help during the 
transport of capsids to the nucleus? Kaposi’s sarcoma associated herpesvirus 
(KSHV) and adenovirus also induce host cell-signaling pathways upon infection, 
and the activation of these pathways facilitates the MT-directed transport of viral 
capsids to the nucleus (Naranatt et al. 2005; Suomalainen et al. 2001). Most of the 
work on the very early stages of HCMV infection has focused on prefusion mem-
brane events or mechanisms of IE gene expression. Although those are defining 
events in the viral life cycle and certainly merit intense investigation, the time 
period in between them represents an important, understudied stage of HCMV 
infection.  

  Initiating Viral IE Gene Expression 

 Once viral genomes enter the nucleus, a subset of them associate with subnuclear 
structures (Ishov et al. 1997) called PML nuclear bodies (PML-NBs), which are 
sometimes called PODs for PML oncogenic domains or ND10 for nuclear domain 
10 (see the chapter by G. Maul, this volume). PML-NBs are visualized as numerous 
dot-like structures in nuclei, and are built around the PML (promyelocytic leuke-
mia) protein. Other prominent PML-NB proteins include Sp100 and Daxx (Everett 
and Chelbi-Alix 2007). In the absence of PML, other PML-NB proteins do not 
co-localize with each other, but are dispersed throughout the nucleus, indicating 
that the PML protein is required for the integrity of PML-NBs (Ishov et al. 1999). 
The role of these structures in HCMV-infected cells is beginning to emerge. 

 Only the HCMV genomes located next to PML-NBs appear to be transcribed, 
leading to the hypothesis that PML-NBs represent a preferred site for viral gene 
expression (Ishov et al 1997). However, the proteins that localize to PML-NBs act 
as transcriptional repressors (Everett and Chelbi-Alix 2007), and many viruses, 
including HCMV, disrupt PML-NB structures at very early times after infection 
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(Maul et al. 1993; Korioth et al. 1996). These findings indicate that PML-NBs may 
actually be detrimental, not helpful, to viral infections. Thus a controversy exists as 
to whether PML-NBs are pro-virus or anti-virus. Several recent studies from 
 multiple laboratories summarized below paint an incomplete yet quickly resolving 
portrait of the nuclear events that precede HCMV IE gene expression and argue that 
PML-NBs are not preferred sites for viral transcription but represent repressive 
subnuclear domains that are sequentially dismantled during HCMV infection. 

 Most fluorescent images of PML-NBs give the impression that they are static 
structures. However, the major constituent proteins of PML-NBs, PML, Sp100 and 
especially Daxx, actually have a dynamic association with these structures, with 
high rates of association and disassociation (Wiesmeijer et al. 2002; Everett and 
Murray 2005). Using synchronized and polarized infections with HSV-1, an elegant 
series of experiments (Everett and Murray 2005) showed that new PML-NBs are 
formed de novo around infecting viral genomes (the expected result if PML-NB 
proteins represent a cellular antiviral defense), and argue against viral genomes 
migrating through the nucleus to sites of preformed PML-NBs (the expected result 
if localization to these sites provided an advantage to the virus). The rapidity with 
which Daxx enters and leaves PML-NBs makes it an obvious candidate for the ini-
tial cellular sensor of infecting viral genomes, and this appears to be the case for 
HCMV. In cells in which the level of PML has been reduced by RNA interference, 
there are no PML-NBs, and the Daxx and Sp100 proteins are diffusely distributed 
throughout the nucleus. However, Daxx and Sp100 co-localize to form punctate 
spots reminiscent of PML-NBs upon HCMV infection (Tavalai et al. 2006). The 
newly synthesized viral IE2 protein is also found in these aggregates, implying that 
transcriptionally active viral DNA is located there as well. This significant study 
showed that in the absence of PML-NBs, Daxx and Sp100 can sense and apparently 
migrate to infecting HCMV genomes (Tavalai et al. 2006). Any effects of Sp100 on 
HCMV infection have yet to be established, but it is becoming increasingly clear 
that Daxx inhibits HCMV infection, and is the very first PML-NB component 
whose antiviral activities must be neutralized in order for HCMV to express its 
immediate early genes. 

 At the low multiplicities presumed to mimic an in vivo infection, the viral pp71 
protein, which is delivered from the tegument to the nucleus of infected cells 
(Hensel et al. 1996), is required for immediate early gene expression and subse-
quent viral replication (Bresnahan and Shenk 2000). pp71 binds to Daxx through 
two Daxx-interaction-domains, termed DIDs (Hoffman et al. 2002), and through 
this interaction partially and transiently localizes to PML-NBs (Hoffman et al. 
2002; Marshall et al. 2002; Ishov et al. 2002). Recombinant HCMVs expressing 
DID-mutant pp71 proteins (and not wild type) have the same phenotype as the 
pp71-null mutant, indicating that pp71 binding to Daxx is required for efficient 
viral IE gene expression (Cantrell and Bresnahan 2005). This series of experiments 
was important because it defined the role of a single function of the multifunctional 
pp71 protein during viral infection by examining the phenotype of a recombinant 
virus expressing a mutant pp71 protein, and because it identified Daxx as a critical 
determinant of HCMV IE gene expression. 
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 The finding that the ability of pp71 to bind Daxx was required for viral IE 
gene expression at the start of an HCMV infection did not distinguish between 
two disparate models for pp71 action: the cooperation of pp71 and Daxx to acti-
vate IE gene expression (expected if PML-NBs were pro-virus) or the relief of 
Daxx-mediated repression by pp71 (expected if PML-NBs were anti-virus). The 
subsequent observation that Daxx levels are dramatically reduced after HCMV 
infection due to pp71-mediated proteasomal degradation (Saffert and Kalejta 
2006) strongly implicated Daxx as a repressor of HCMV IE gene expression and 
PML-NBs as anti-virus. Multiple approaches by several laboratories have con-
firmed this. Inhibition of Daxx degradation by a proteasome inhibitor (Saffert 
and Kalejta 2006) or overexpression of Daxx (Cantrell and Bresnahan 2006; 
Woodhall et al. 2006) inhibit IE gene expression in HCMV-infected cells, and 
knockdown of Daxx by RNA interference (Cantrell and Bresnahan 2006; Preston 
and Nicholl 2006; Saffert and Kalejta 2006; Woodhall et al. 2006) enhances IE 
gene expression in HCMV-infected cells, especially when pp71 activity is absent 
or inhibited. 

 Exactly how Daxx inhibits IE gene expression is still unclear. Daxx is not 
known to bind directly to DNA, but is recruited to promoters by DNA-binding 
transcription factors (Salomoni and Khelifi 2006). The cellular factors that medi-
ate the association of Daxx with infecting HCMV genomes and the viral 
sequences required to recruit Daxx need to be identified. Also, while it is clear 
that Daxx binds to histone deacetylases (HDACs) and that Daxx-mediated anti-
viral effects against HCMV requires HDAC activity (Saffert and Kalejta 2006; 
Woodhall et al. 2006), the  specific HDAC or HDACs utilized by Daxx to silence 
HCMV IE gene expression have not been identified. Also, as chromatin structure 
plays an important role in HCMV gene expression, the process of chromatin 
assembly on infecting viral genomes should be explored. In the virion, viral 
DNA is not associated with histones, but becomes  rapidly bound by histones 
after entering the nucleus (Woodhall et al. 2006). Determining when and how 
viral genomes acquire a chromatin structure could reveal further insights into the 
regulation of IE gene expression. For example, chromatin structure may explain 
why only the viral genomes located at PML-NBs appear to be transcribed (Ishov 
et al. 1997). Perhaps only a subset of infecting viral genomes becomes properly 
chromatinized, and only those can be transcribed. By sending PML-NB proteins 
only to infecting viral genomes competent for transcription, the cell may focus 
these valuable resources where they are most needed. 

 Additional tegument proteins may cooperate directly or indirectly with pp71 to 
stimulate IE gene expression. The pUL35 protein interacts with pp71 (Schierling 
et al. 2004), and UL35-null viruses have delayed IE gene expression and dramatically 
reduced production of the early UL44 protein (Schierling et al. 2005), perhaps indi-
cating that while pUL35 has a modest effect on IE gene expression, it may have a 
much more significant effect on early gene expression. Interestingly, an interaction 
between pUL35 and pp71 may play a prominent role during viral egress. In cells 
infected with the UL35-null virus, pp71 (and pp65) remain in the nucleus at late 
times during infection and do not enter the cytoplasm with egressing capsids 
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(Schierling et al. 2005). Other assembly/egress defects were also noted. Thus, pUL35 
may control the incorporation of other viral proteins (such as pp71) into the  tegument. 
Lower levels of pp71 in UL35-null virions could explain the delay in IE gene expres-
sion observed after infection with the mutant virus. A quantitative comparison of 
tegument proteins incorporated into wild type and UL35-null virions is thus an essen-
tial experiment. As pUL35 is only a minor component of the tegument (Varnum 
et al. 2004), it may have a catalytic (as opposed to stoichiometric) role in tegument 
assembly, perhaps by influencing nucleocytoplasmic transport pathways, as has been 
hypothesized (Schierling et al. 2005). 

 pUL26 is also a minor component of virions (Varnum et al. 2004) that is required 
for efficient viral replication (Dunn et al. 2003; Yu et al. 2003; Lorz et al. 2006; 
Munger et al. 2006) and may have an indirect role in the activation of IE gene 
expression by pp71. In the absence of pUL26, the phosphorylation and stability of 
at least one tegument protein (Munger et al. 2006) and the stability of virions them-
selves (Lorz et al. 2006) is reduced. Thus pUL26 appears to play a role in tegument 
assembly/disassembly, and/or tegument protein/virion stability. How pUL26 may 
modulate the functions of tegument proteins that act at postfusion, preimmediate 
early times such as pUL47, pUL48, and pp71 remains to be determined. 

 In addition to Daxx, the PML protein itself also inhibits HCMV IE gene expres-
sion (Tavalai et al. 2006). However, the newly synthesized IE1 protein disrupts 
PML-NBs (Korioth et al. 1996) and neutralizes the repressive effects of PML and 
perhaps other PML-NB proteins (Tavalai et al. 2006). Interesting points for further 
study include determining if PML can be recruited to infecting HCMV genomes 
in the absence of Daxx, and if Sp100 or any other PML-NB protein also represses 
HCMV gene expression. We know that at least two PML-NB proteins (Daxx and 
PML) can repress HCMV IE gene expression, that these structures are sequentially 
dismantled during HCMV infection, and that HCMV replicates to higher titers in 
the absence of at least two PML-NB proteins (Daxx and PML), which strongly 
argues that PML-NBs are not preferred sites of viral transcription and replication, 
but that the proteins that localize to these structures have antiviral functions. 
Because these proteins are constitutively expressed, they have been characterized 
as mediators of intrinsic immunity against HCMV (Saffert and Kalejta 2006; 
Tavalai et al. 2006), analogous in their effects to retroviral restriction factors 
(Bieniasz 2004).  

  Model for Postfusion, Preimmediate Early Events 

 This section describes an overly simplified model for postfusion, preimmediate 
early events during HCMV lytic infection of fully permissive fibroblasts (Fig. 1). 
The model is based on experiments with HCMV, data from other herpesviruses, and 
a certain amount of speculation on the part of the author. It is not meant as a com-
prehensive, definitive picture, but as a working model that needs to be refined and 
built upon. 
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 Figure 1 illustrates that signals initiated on receptor binding may prime the cell 
for subsequent events during viral entry (1). Mediated by tightly associated tegu-
ment proteins such as pUL47, pUL48 and perhaps pp150, capsids are transported 
along microtubules (MTs) toward the nucleus (2). Cellular motor proteins such as 
dynein likely assist this transport. Other tegument proteins not directly associated 
with capsids (such as pp65 and pp71) are transported independently to the nucleus 
(3). Through unknown mechanisms, capsids dissociate from MTs, dock at nuclear 
pores, and release their DNA into the nucleus (4). Viral genomes associate with cel-
lular histones (H; 5) and are packaged into chromatin. The Daxx protein, which rap-
idly dissociates from and reassociates with PML-NBs (6) interacts, in an 
uncharacterized way, with the viral genome (7), presumably at the major immediate 
early promoter (MIEP) and perhaps other IE promoters as well. Daxx recruits an 
HDAC and silences viral gene expression (8) by establishing a repressive chromatin 
structure. Other PML-NB components are also recruited and participate in the 
silencing of viral gene expression (8). pp71 binds to Daxx in the newly formed 
PML-NBs that are silencing infecting viral genomes (9) and induces Daxx degrada-
tion (10), thus de-repressing viral IE gene expression (11). The viral IE1 gene prod-
uct subsequently dismantles PML-NBs and neutralizes the repressive effects of one 
or more of the proteins that localize to these structures (not shown).  

  Perspectives 

 Future work should focus on identifying how, where and when during entry the 
tegument disassembles, the process of histone association with viral genomes, how 
Daxx and other PML-NB proteins are recruited to viral genomes, how other tegu-
ment proteins cooperate with pp71 (and then IE1) to inactivate the cellular defenses 
mediated by the PML-NB proteins and how signal transduction cascades induced 
upon viral entry impact on each of these processes. 

 Additionally, the question as to whether PML-NBs are either pro-virus or 
anti-virus needs to be answered. Interestingly, recent evidence suggests that the 
real answer may be that PML-NBs have both negative and positive effects on 
the HCMV life cycle. While these proteins clearly inhibit lytic replication (and 
thus are anti-virus), recent evidence suggests that Daxx may be absolutely nec-
essary to silence expression from the viral genome when latency is established 
and thus avoid an abortive infection in undifferentiated cells where productive 
lytic replication cannot be completed (Saffert and Kalejta 2007). Thus, for 
latent HCMV infections, Daxx could be considered to be pro-virus as well. 
More work is needed to explore the possibility that HCMV uses the same cellu-
lar defense to establish latency that it easily and systematically inactivates at the 
start of lytic infections.   
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         Initiation of Cytomegalovirus Infection at ND10 

   G.   G.   Maul      

    Abstract   As a large double-stranded DNA virus, CMV replicates in the nucleus, a 
highly structured environment. Diffusional and solid phases exist as interdependent 
sets of interactions between many components that determine either replicative suc-
cess of an infecting virus or the defensive success of the host cell. In their extremes, 
cell death may be part of the lytic release of viral particles, or, in defense terms, the 
ultimate sacrifice preventing virus release. Between these extremes exists an evolu-
tionarily derived standoff between virus and cell. Exogenous shifts in homeostasis 
can disturb this balance, diminishing the cell’s defensive powers and reactivating 
the silenced viral genome. Many of the solid-phase aspects of this process can be 
seen in situ and analyzed. This review evaluates structural information derived from 
CMV-infected cells in situ at very early times of infection and the conceptional 
advances derived from them, mostly centering on the major immediate early gene 
products, specifically IE1. A scientific basis for considering the major immediate 
early proteins as potential targets in suppressing CMV disease is discussed.    

 G.G.   Maul 
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   Structural Observations in the First Hours After CMV 
Infection and Their Limits in Interpretative Value 

 The last physical hurdle for the infecting viral genome appears to be the nuclear 
pore complex. How viral DNA enters the host nucleus is not entirely clear, nor is 
it clear how it is protected from degradation by endonucleases once released from 
the capsid. One must assume that the viral DNA is first neutralized before or as it 
enters the host nucleus. This could be mediated either by the host’s histones – 
 specifically during S-phase when free histones are abundant – forming an easily 
silenced chromatin package or by positively charged polyamines neutralizing the 
virus DNA’s negative charge, as has been reported for HSV1 (Gibson and 
Roizman 1971). Spermidine may still be associated with the viral genome when it 
leaves the capsid and enters the host nucleus. Because the nucleus is a highly 
structured environment, viral genomes are excluded from certain domains, such as 
the tightly packed nucleolus. Any observed nonrandom distribution of viral 
genomes in the nucleus may therefore be due to exclusion. 

 We do not know the physical dimensions of the large viral genome of CMV in 
the nucleus. A tightly coiled, chromatinized genome may be slightly larger than 
an encapsidated genome. Nor do we know whether the viral genome can move 
through the nucleus, either by passive diffusion or by active transport. This ques-
tion has been difficult to address, because we cannot see the virus in real time and 
must therefore construct a likely sequence of events from observations of fixed 
material. The large size of CMV genomes aids microscopic identification and 
localization by in situ hybridization, which allows individual viral genomes to be 
visualized (Ishov et al. 1997). The size of these signals is close to that obtained 
by imaging tegument proteins like pp71 (Fig.  1 a and b), i.e., the diffraction point 
size, which is limited by the wavelength of light. Signals can only become weaker 
when originating from smaller sources. Comparison of encapsidated viruses and 
in situ hybridization signals representing CMV genomes suggests that the infected 
host nucleus contains genomes that are highly condensed (Ishov et al. 1997). One 
caveat is that the completely extended genome (78 µm) would not be visible using 
this technique, because signals from any point along the approximately 260-Mb 
genomes would be too weak to register with our current techniques. Therefore, 
the detectable size, as estimated from what is visible, is equal to or smaller than 
the wavelength of light (~300 nm). 

 Fig. 1  (continued) early transcripts ( green ), for IE2 ( blue ) and PML ( red ). IE2 is located like a col-
lar around the emerging transcripts.  d  3T3 cell infected with MCMV (24 h p.i.). The cell is labeled 
with antibodies to the 112/113 gene product ( red ) and for viral genomes by in situ hybridization 
( green ). Viral genomes are seen on the outside of the 112/113 labeled prereplication domains.  e  HFF 
3 h p.i. by HCMV. Cell is triple-labeled for viral immediate early transcripts ( green ), for the splicing 
compartment delineating SC35 ( blue ) and the PML defining ND10 ( red ). The nucleus is outlined in  
blue .  f  MCMV infected 3T3 cells (24 h p.i.). Cells were probed for viral DNA by in situ hybridiza-
tion ( green ) and for the 112/113 gene product by antibodies ( red ). The  hollow red spheres  inside the 
nucleus represent the replication compartments. The nucleus is outlined in  blue  



  Fig. 1 a   HCMV infected HFF (3 h p.i.).  Small green dots  represent pp71 antibodies bound to 
viral particles.  Larger green dots  in the ( blue ) nucleus represent pp71 antibodies bound to Daxx, 
which is associated with PML at ND10. The three  red domains  located beside the pp71 stained 
ND10 denote the localization of IE2 aggregates.  b  Same as  a , but stained with anti-PML antibodies 
in  red  indicating ND10 and by in situ hybridization with HCMV DNA labeling viral genomes 
( green ).  Arrows  point to viral genomes juxtaposed to ND10. The  blue line  was introduced to show 
the approximate boundary of the nucleus.  c  Same as  a , but triple-labeled for the major immediate
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 The opposite technical problem is the much larger appearance of a structure 
with dimensions below the wavelength of light due to the dispersion of light 
from a high-intensity source. In this instance, a structure can appear much larger 
than it really is. One such type of structure is ND10 (nuclear domain 10), most 
often identified by immunofluorescence using antibody to the promyelocytic 
leukemia protein (PML; Fig. 1b, c, e). ND10 figure prominently in the early 
stages after DNA virus infections and appear to function like nuclear depots 
(Ishov and Maul 1996; Maul 1998). Most ND10 appear to be substantially larger 
than 300 nm when examined by fluorescent microscopy but smaller than 300 nm 
when examined by electron microscopy (Maul et al. 1995). This disparity is 
important to consider when interpreting images that show physical association 
between viral genomes and ND10. In human fibroblasts examined at 3 h postin-
fection (p.i.) (Fig. 1b), HCMV genomes appear throughout the nucleus as 
 diffraction-spot-sized signals. Only a few of these signals localize beside ND10; 
none localize in these domains. Localization of genomes next to ND10 could be 
due to random events, particularly when one excludes the large volume of the 
nucleolus and the apparent location of various DNA viruses in only the inter-
chromosomal space, that is, not within the chromosomal territories but the space 
occupied where ND10 are positioned (Bell et al. 2001). 

 Shortly after infection, IE transcripts appear to emanate only from a few ND10 
(Fig. 1c and e) (Ishov et al. 1997). The conclusion drawn from these images was 
that most of the viral genomes that had reached the nucleus were incompetent to 
transcribe and only those that reached ND10 found a congenial space where 
 transcription was possible. However, most of the major ND10-associated proteins, 
such as PML and Sp100, are upregulated by interferon (Maul 1998). More  ominous, 
all of these proteins, including the PML-interacting Daxx, are transcriptional 
repressors involved in the formation of heterochromatin (Seeler et al. 1998; Xu 
et al. 2001; Ishov et al. 2004). ND10, therefore, appear more like sites for nuclear 
defense. Also, CMV and other DNA viruses possess genes whose products can 
eliminate or disperse these nuclear domains, as first identified for herpes simplex 
virus (Maul et al. 1993). For CMV, the dispersing protein is IE1, which first 
 accumulates at ND10 for some time before ND10 are dispersed (Ishov et al. 1997; 
Ahn et al. 1998). Surprisingly, the highest concentration of the major immediate 
early viral transactivator and major immediate early promoter (MIEP) repressor, 
IE2, is at the site of the highest concentration of viral IE transcripts (Fig. 1c). 
These transcripts seem to pass from the IE2-covered site into the splicing-factor-
containing domain (Fig. 1e). The number of transcripts is much larger than 
expected, suggesting either a very high transcription rate from a single  transcription 
unit or, as we suspect presently, an inhibition of splicing and thus accumulation 
of unspliced transcripts. The general arrangement of ND10, the region of accumu-
lated transcripts, and the IE2-containing site were described as the immediate 
 transcript environment which resolves approximately 6 h p.i (Ishov et al. 1997). 
At first glance, these observations indicate that the virus dispersed a site inhibi-
tory to its replicative success. The immediate early transcript environment also 
includes the UL112/113 gene products (Fig. 1d). The UL112/113 gene product is 
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part of the expanding prereplication domain and viral genomes are present at the 
outside of this domain. Prereplication domains apparently become the replication 
compartments many hours later when they appear hollowed out (Fig. 1f). More 
than a decade after the first observation that viruses transcribe predominantly at 
ND10, it remains unclear what advantage the virus gains by  dispersing ND10-
associated proteins. Is it possible that the questions asked are not relevant and that 
transcription at ND10, and ultimately replication where ND10 had been present, 
is simply a consequence of various layers of interactions, none of them simply 
representing either advantages for the virus or defense mechanisms of the host. 
Clearly though, those domains focus our mind on the activities that take place in 
these microenvironments. 

 Because of the limited resolving power of light microscopy, we still do not know 
the precise location of transcribing viral genomes relative to ND10 beyond 300 nm 
resolution, a huge molecular gap. This is important, because it could mean the virus 
has become part of ND10, where its interaction with a solid interface would have 
the same mechanistic relevance as recently argued for genes with matrix elements 
(Kumar et al. 2007). The viral genome may be localizing at the ND10 interface 
within the interchromosomal space, i.e., randomly localizing in the limited inter-
chromosomal space where ND10 also resides. However, the observations that viral 
transcription occurs at ND10, that IE1 disperses ND10-associated proteins, and that 
interferon induces ND10-associated proteins suggest that the association of viral 
transcription and ND10 is causal rather than casual. To understand this relationship 
better, we may have to reconstruct the evolutionary balance achieved by a multitude 
of interactions, each modifying others.  

  Are ND10 Really the Start Sites of CMV Transcription? 

 The static images obtained from fixed material 3 h p.i., certainly suggest as much. 
However, the lateral infection sequence employed for HSV1 (infection from a 
neighboring cell in the same culture flask plane) indicates that the ND10-associated 
proteins leave their initial segregated state and move to the viral genomes (Everett 
and Murray 2005). According to this scenario, new aggregates of ND10-associated 
proteins form on the virus genome and even prevent the virus genome from moving 
into the center of the nucleus. Our early observations for HSV1 and HCMV then 
come from the  infection and nuclear pore penetration on the large upper surface of 
the nuclei, thus requiring a short migration downward to preexisting ND10 (or a 
short migration of ND10-associated proteins to the virus). We have shown that for-
eign DNA/foreign  protein complexes of bacterial or viral origin attract ND10-
 associated proteins whether introduced into cells by infection or transfection (Tang 
et al. 2000, 2003). Reiterated HPV11 origins of replication plus the origin binding 
protein E2 or integrated bacterial reiterated operon sequences plus GFP-labeled 
LacI repressor protein attracted ND10-associated proteins (Tang et al. 2001). 
Foreign DNA alone did not. One interesting finding was that foreign DNA/foreign 
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protein complexes accumulate a limited amount of ND10-associated proteins, i.e., 
smaller incorporated reiterations had smaller dot size. The dot size did not increase 
with interferon upregulation of PML or Sp100, indicating these sites were not 
ND10 nucleating sites. Rather they are new sites of DNA or chromatin that bound 
PML or Sp100 and entered the visual range because of the reiteration of binding 
sites. Since most HCMV viral genomes have no visually recognizable PML 
attached even after entering the nucleus (see Fig. 1b), except for the few particles 
at ND10 that transcribe, this virus should be re-evaluated for association with 
ND10. The key experiment would be to determine whether the transcribing viruses 
are at ND10 and whether such apparent ND10-associated  aggregates had moved or 
were newly formed. Because transcribing genomes cannot presently be labeled in 
a time-resolved manner, we may use  immediate early  transcript environment 
 formation as a surrogate, by tracking the accumulation of GFP-tagged IE2 in cells 
containing Cherry-tagged ND10.  

  Structural and Functional Aspects of IE1 

 IE1 is the viral protein that disperses ND10 (Korioth et al. 1996; Ahn and Hayward 
1997; Ishov et al. 1997; Wilkinson et al. 1998). In contrast to the immediate early 
protein ICP0 of HSV-1, it does not do so by the proteosome-dependent destruction 
of PML and Daxx. It was suggested that IE1 disperses ND10 by binding to constitu-
ents and their removal from ND10 over time, because IE1 and PML interact (Ahn 
et al. 1998). Neither the mechanism of interaction nor the means of dispersal are 
known. One preliminary finding on MCMV IE1 casts doubt on the idea that 
 stochastic removal of PML by IE1 is the sole mechanism. Removing a 7-amino acid 
sequence from one of the helices in the N-terminal region of MCMV IE1 eliminates 
the dispersive function but not the binding function (Q. Tang and G. Maul, unpub-
lished data). We may have to search for a mechanism that includes a function other 
than simple binding of PML, for dispersion of ND10. We also may have to compare 
IE1 of HCMV and MCMV; such a comparison could help illuminate the different 
domains necessary for certain functions. 

 IE1 has several functional properties that have been used to probe its structure 
through mutational analysis. It augments viral and host gene transcription, dis-
perses ND10 and binds repressor proteins. These functions are driven either by the 
indirect augmentation of transcription, possibly by alleviating repression of IE1 
binding to p107 (Poma et al. 1996) or HDAC (Tang and Maul 2003; Nevels et al. 
2004b), or by the direct augmentation of transcription through IE1 binding of 
transcription factors (Lukac et al. 1997). Determining how these proteins bind to 
IE1, and to which interface, is important for developing effective interference 
strategies. Because IE1 plays an important role during low-particle infections 
(assumed to be the normal infection mode), a strategy aimed at IE1 inactivation 
might be successful in blocking the HDAC-binding capacity of IE1 and allowing 
the host cell to silence competent viral genomes. 
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 Deletion analysis has revealed that the HDAC-binding site in MCMV IE1 is 
between amino acid residues 100 and 310. A peptide comprised of these amino 
acids retains HDAC-binding capability and the potential to augment transcription 
from the MIEP. A deletion in a similar helical region of HCMV IE1 also eliminates 
the augmenting effect (Stenberg et al. 1990) and abolishes IE1-mediated dispersal 
of ND10 (Ishov et al. 1997; Lee et al. 2004). More detailed deletion analysis 
revealed that removing amino acid sequences surrounding the HDAC binding 
domain eliminates the ability of IE1 to disperse ND10 (Q. Tang and G. Maul, 
unpublished data). Structurally, this suggests that IE1 possesses a bipartite ND10-
binding domain that differs from the HDAC-binding domain. A bipartite p107-bind-
ing domain has also been reported for HCMV IE1 (Poma et al. 1996). 

 HCMV IE1 and MCMV IE1 share only 12% amino acid homology, mostly in 
the highly acidic C-terminal region. Moreover, HCMV IE1 is 20% shorter than 
MCMV IE1. Therefore these two proteins appear to have very little in common. 
However, they share the same genetic structure, as well as the ability to disperse 
ND10 and augment viral transcription. We need additional comparative and func-
tional analyses, particularly if the mouse system is to be used as an experimental 
small animal model. Although the primary structures of HCMV IE1 and MCMV 
IE1 differ significantly, their secondary structures are surprisingly similar. One 
unresolved aspect of the apparent structural similarity between HCMV IE1 and 
MCMV IE1 is the position of the small ubiquitin modifier (SUMO). In HCMV IE1, 
SUMO is at aa 450 (Xu et al. 2001), and in MCMV IE1 we find the SUMO con-
sensus sequence at aa 223. These rather large covalent modifications could have a 
strong differential influence on the 3D structure of IE1, and thus could influence 
the functional properties of the two different IE1s. Since SUMO modifies very 
small amounts of protein at any given time (Johnson 2004), these SUMO subsets 
may have additional functions. In HCMV IE1, deletion of the SUMO modification 
site reduces the levels of IE2 transcript and their translation products (Nevels et al. 
2004a) and PML desumoylation (Lee et al. 2004). In MCMV IE1, the putative 
SUMO modification site is within the HDAC binding site (G. Maul, unpublished 
observations); its precise functions, however, remain unknown. 

 Though IE1 is not essential for productive infection, it appears to be very impor-
tant for replicative success. Isolating the respective functions of this molecule and 
assigning them to its different interfaces may provide a rational basis for the search 
for small interfering molecules. Such molecules may induce an IE1 minus pheno-
type, substantially lowering productive infection.  

  IE1 Counteracts the Host Cell’s Silencing Mechanisms 

 The major immediate early transcript is differentially spliced to produce a number 
of proteins. The two major and best-investigated proteins, IE1 and IE2, have in 
common exons 2 and 3 but differ in the larger exon 4 (IE1) and exon 5 (HCMV IE2 
and its MCMV homolog, IE3). These proteins act synergistically to activate early 
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viral protein expression, but antagonistically to autoregulate the MIEP (Cherrington 
and Mocarski 1989; Pizzorno and Hayward 1990; Stenberg et al. 1990; Cherrington 
et al. 1991; Liu et al. 1991). Both activate or augment viral and host gene transcrip-
tion (Hagemeier et al. 1992). Most transactivators become part of the basal tran-
scription machinery when they bind to DNA in the promoter region. Apparently, 
IE1 and IE2 are no exceptions. IE2 binds to specific sequences on early promoters 
(Cherrington et al. 1991; Meier and Stinski 1997). Some, but not all, transcription 
factors (TBP, TFIIB) accumulate in the domain adjacent to ND10 together with IE2, 
where there is just one viral genome (Ishov et al. 1997). IE2 is therefore the likely 
accumulator of pretranscription complexes, although it might create this enriched 
microenvironment in some association with the UL112/113 gene products. 

 IE1’s mechanisms of action are not understood as well as those of IE2. 
Apparently, IE1 is not essential to produce viral progeny, but is necessary for the 
more natural mode of infection involving low levels of particles. Fibroblasts 
infected with an IE1-deletion mutant of HCMV require a much larger number of 
mutant viral particles to achieve the same degree of replicative success as that 
of wild type viruses, indicating the necessity of multiple genomes of the IE1 
mutant. Mocarski and colleagues also found that viral transactivators, such as 
tegument proteins can compensate for IE1 at high multiplicities of infection 
(moi) (Mocarski et al. 1996). At low moi, infected cells produce no replication 
compartments, despite the nearly equal amount of IE2 synthesis (Greaves and 
Mocarski 1998). This does not support the idea that IE1 is a necessary component 
of the transcription machinery as IE2 is. The temporal localization of IE1 in spe-
cific nuclear compartments, along with the potential interactions of IE1 with 
nuclear proteins in these compartments, points to additional functions of IE1 that 
are in line with the often noted augmentation of transcription observed in trans-
fection experiments. 

 Intuitively, one might suppose that the nuclear site with the highest concentration 
of a protein is where it functions. IE1 should therefore function in all ND10, and IE2 
should function beside a few ND10. However, because not all ND10 have  transcribing 
viral genomes, it follows that IE1 would not act on viral genomes. IE1 does not act 
on host genes as no host genes have been found in ND10. IE1 must therefore have 
 functions other than transactivation with the basal transcription machinery. 

 Identifying proteins that interact with IE1 is one way to determine its other 
functions. IE1 colocalization with ND10 proteins has been used to identify IE1 
interaction partners. The interaction between IE1 and PML in HCMV (Ahn et al. 
1998) has also been confirmed in MCMV (Tang and Maul 2003). In immunopre-
cipitation analyses, both of the ND10-associated proteins, PML and Daxx, 
co-immunoprecipitate with MCMV IE1, suggesting that all three proteins form a 
complex. At present, no functional assay exists for examining the interaction 
between IE1 and Daxx. However, MCMV replicates more successfully in Daxx –/–  
cells (Tang and Maul 2006). However, analysis of the influence of the ND10-
associated proteins on overall replicative success has just begun in cells where 
these proteins and another ND10-associated protein, such as Sp100, have been 
eliminated or strongly downregulated by siRNA. 
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 Other functions of IE1 are observed. IE1 apparently functions as an antago-
nist to type1 interferon signal transduction (Paulus et al. 2006). Where this 
antagonist interferes is of interest since it may be at several levels of interaction. 
It might be the downstream effect of dispersing PML and thus releasing and pos-
sibly changing the Sp100 isotype composition. Circumstantial evidence comes 
from work that shows that elimination of PML and thus release of all ND10-
associated proteins strongly reduces the detrimental Sp100 isotypes (Everett 
et al. 2006; Negorev et al. 2006).  

  Effect of ND10-Associated Proteins on CMV 

  PML 

 PML is the matrix protein of ND10. Without PML, specifically the SUMO modi-
fied form, the aggregation of various ND10-associated proteins does not take place 
(Ishov et al. 1999). Numerous proteins have been shown to accumulate at ND10, 
mostly when overexpressed, and many reviews suggest a plethora of supposed 
functions of these protein accumulations (Negorev and Maul 2001). There seems to 
be no nuclear function that has not been fingered as dependent, influenced or modu-
lated by these structures, except perhaps splicing. This often indiscriminate assign-
ment of function, based on mostly spurious evidence of colocalization after 
overexpression, has muddied the field considerably. However, a clearing and clear 
effect on the replicative cycle of HCMV has recently been provided by Stamminger’s 
group, who showed that the depletion of PML through shRNA substantially 
increases replicative success. This was all the more convincing because it could be 
reversed by the reconstitution of a single PML isotype (Tavalai et al. 2006). The 
finding that depletion of PML can enhance the number of cells replicating HCMV 
and plaque formation by a factor of 4 shows that IE1 cannot completely overcome 
the repressive effect, unlike ICP0 of HSV-1 (Everett et al. 2006). However, the 
much higher (20 times) enhancement of replicative success of the IE1 deletion 
mutant also shows that IE1 has a suppressive effect on the PML-based inhibition of 
immediate early transcriptional events and replicative success. 

 PML may repress the initiation of immediate early transcription, or its progres-
sion, or both. PML may repress transcription by interfering directly with Daxx-
mediated NFkB binding on the MIEP, or by indirect means such as retaining 
repressive factors (Daxx, ATRX, Sp100). IE1 in turn may enhance transcriptional 
activity by lowering free PML, as IE1’s concentration generally exceeds that of 
PML. Observations on HCMV and MCMV show that PML, Daxx and Sp100 
 initially accumulate in HCMV IE2 or MCMV IE3 domains and the UL112/113 
outlined prereplication domains. From there, they disperse at later stages when IE1 
is present. In the absence of IE1 in either virus, these ND10-associated proteins 
remain in the prereplication domains, and later in the replication domains (Tavalai 
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et al. 2006). These observations may merely represent minor shifts in the  availability 
of free repressive proteins, but could also signify inactivation by segregation. The 
repressors in these domains may also affect the reduction of replicative success. 
We do not even know whether PML and IE1 interact directly, except that  evidence 
from Daxx –/–  cells seems to exclude Daxx as an adapter (Tang and Maul 2003). 
The mechanism, or at least the molecular domains of PML essential for PML-
induced inhibition, can now be investigated by using the PML-depleted cells and 
manipulating the individual PML isotype, specifically PML IV. This includes the 
manipulation of its ND10-forming capability. Such investigations may determine 
whether the HCMV replication sequence is dependent on the  ability of PML to 
multimerize and separately to form complexes by attracting Daxx, and through 
Daxx, ATRX (Ishov et al. 2004).  

  Daxx 

 Daxx interacts at its C-terminal end with sumoylated PML (Ishov et al. 2004), and 
the SUMO-interacting motif (SIM) at the very end of the molecule is the necessary 
domain for interaction with may other repressors. Single amino acid changes in the 
I I V L sequence of Daxx abrogate ND10 association and functional repression of 
the glucocorticoid receptors (Lin et al. 2006). Daxx therefore likely functions as an 
adaptor protein or corepressor. The repressive effects of Daxx on HCMV have been 
documented by siRNA suppression of hDaxx (Cantrell and Bresnahan 2005, 2006; 
Saffert and Kalejta 2006) and for MCMV, by inference, using mouse Daxx –/–  cells 
(Tang and Maul 2006). The viral counter-defenses seem to center on the tegument 
protein pp71, which was identified as the first Daxx-interacting protein. Pp71 and 
Daxx interact in the N-terminal half of the Daxx molecule (Ishov et al. 1999, 2002; 
Hofmann et al. 2002; Marshall et al. 2002) away from the PML-interacting 
C- terminal end (Ishov et al. 1999). pp71 is enriched in all ND10 after infection 
(Ishov et al. 2002). We assume the viral genome deposition at ND10 to come about 
by interaction of the viral DNA binding to pp71, which in turn is bound to Daxx and 
thus deposited at highly increased frequency to the high concentration of PML at 
ND10 (Ishov et al. 1999, 2002; Hofmann et al. 2002; Marshall et al. 2002). If Daxx 
is a repressor and binds pp71 to produce an inactive transactivator complex, the viral 
genome should be suppressed at ND10, a nuclear defense. Here IE1 may counter 
this defense by its binding of Daxx. The balance between these separate interactions 
should help reveal the choreography of sequential, temporal and spatial interactions 
that set the stage for the progress or suppression of the lytic cycle. 

 Our experiments also show that MCMV IE1 appears to interact with PML or 
Daxx independently. Because Daxx interacts with the histone deacetylases (HDAC) 
(Li et al. 2000), we tested the possibility that IE1 binds indirectly to HDAC. 
Identifying an IE1-HDAC interaction, however, may have been fortuitous, since 
HDAC does not normally localize to ND10, but does so in the presence of IE1. 
HDAC may be recruited to ND10 by IE1 during the early stages of infection, when 
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IE1 accumulates at ND10. The IE1-dependent segregation of HDAC to ND10 may 
not be significant, because there is little segregated, relative to the amount present 
in the nucleus. On the other hand, the large amounts of IE1 expressed, especially 
after ND10 dispersal, may be more significant, because IE1 might flood the nucleus 
sufficiently to reduce free HDAC, relieving the HDAC-associated suppression of 
chromatinized viral genomes. This is consistent with results from HDAC activity 
assays, which show that IE1 binding to HDAC inhibits HDAC deacetylation (Tang 
and Maul 2003). IE1, therefore, may not exert its primary effects at sites where it 
is most concentrated; rather, it appears that IE1 functions throughout the nucleus as 
an HDAC scavenger (at least HDAC 1 and 2 or their complexes), and possibly, as 
a scavenger for other host proteins.  

  ATRX 

 ATRX (alpha thalassemia-mental retardation, X linked) protein has not yet been 
associated with CMV biology. However, ATRX was the first cellular protein found 
to interact with Daxx at an N-terminal region and localize to ND10 by the adapter 
function of Daxx (Ishov et al. 2004). ATRX is a member of the SWI/SNF family 
of helicases or ATPases with chromatin remodeling activity, and it associates with 
HP1  (Picketts et al. 1996, 1998; Gibbons et al. 1997) and with the SET domain of 
chromatin modifying proteins (Cardoso et al. 1998). ATRX and Daxx are only 
removed from ND10 for a short time during the S/G2 interphase, suggesting rees-
tablishment of the epigenetic properties of newly replicated heterochromatin 
(Ishov et al. 2004). Conditional genetic ablation of ATRX in mice has similar 
effects on developing brain structures, as has congenital HCMV infection (Berube 
et al. 2005). It is tempting to speculate that Daxx/ATRX is removed by IE1 during 
stochastic reactivation events of latent HCMV in the developing embryo. If so, 
HCMV silencing and development of latency during congenital infection may not 
be a totally benign cellular defense. We are now investigating the possibility that 
permissive cells can silence competent virus, and anticipate that ATRX is involved 
in the suppression of CMV genomes.  

  Sp100 

 Sp100 is a constitutive ND10-associated protein that has been shown to affect 
HSV1 immediate early protein expression by affecting the promoter of these 
 proteins (Taylor et al. 2000; Wilcox et al. 2005; Isaac et al. 2006; Negorev et al. 
2006). Sp100A, the dominant isotype found at ND10, produces a mild activation. 
All other isoforms that have apparent DNA- or chromatin-binding domains 
(Sp100B-SAND domain; Sp100C-PhD and Bromo domain; Sp100HMG-HMG 
domain) are repressive, with the Sp100B having the strongest effect. Preliminary 
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experiments, testing the effect of Sp100 isotypes on the MIEP driven-luciferase 
reporter assay, show that these Sp100 isotypes likely affect CMV replicative 
 properties, but the isotypes that show inhibition are quite different from those 
affecting HSV1. The properties of Sp100, such as insolubility, extremely low abun-
dance, and cell cycle modifying characteristics do not allow many common 
approaches to analyze potential interactions directly. However, the differential 
effect of its isotypes on HSV1 (Negorev et al. 2006), and their differential inter-
feron upregulation and accumulation into the immediate transcript environment and 
prereplication sites of HCMV (Tavalai et al. 2006), make these proteins worthy of 
further investigation.  

  HDAC 

 When entering the host nucleus, the viral genome may become chromatinized to 
reduce its size. This would facilitate diffusion through the nucleus and aid repres-
sion by the host’s deacetylating agents. Such a silencing mechanism would be an 
effective host defense. Indeed, evidence for silenced viral genomes has been 
found by precipitating deacetylated chromatinized MIEP with antibodies against 
deacetylated histones (Meier 2001; Tang and Maul 2003; Reeves et al. 2006) 
shortly after infection of permissive cells. Consistent with such a host defense 
mechanism, as well as with the viral counteracting mechanism (IE1-mediated 
inhibition of the deacetylation of chromatinized viral DNA), is the finding that the 
deacetylation inhibitor trichostatin A (TSA) rescues an MCMV IE1 deletion 
mutant (Tang and Maul 2003) and also the HCMV deletion mutant (Nevels et al. 
2004b). Somewhat unexpectedly, TSA substantially enhances the viral productiv-
ity of permissive cells infected with wild type virus and significantly increases the 
number of cells exhibiting signs of productive infection. The latter observation 
suggests that even permissive cells, in the absence of an immune system or the 
cytokine-based innate immune response, can suppress viral replication after 
infection by a competent virus and can limit the initial production of IE1 and IE2 
(or IE3, in the case of MCMV) (Tang and Maul 2003). The suppression of many 
individual viral genomes may take place in the same nucleus where some other 
genomes are actively transcribing (those at ND10).   

  Perspectives 

 The ability of the host cell to completely suppress the initiation of the viral replica-
tion cycle without complete inhibition of IE transcription may rely on several 
 factors: (1) the number of viral genomes entering the nucleus; (2) the increased 
amount of tegument-associated transcription factors internalized as a result of 
 fusing dense bodies, i.e., virus particle lacking a capsid and genome but filled with 
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tegument proteins; (3) the cell cycle stage of the cell; and (4) the amounts of 
silencing factors, such as HDAC, and repressors, such as Daxx, Sp100 and PML. 
Those factors are likely to affect the immediate early transcription and specifically 
the production of the major immediate early proteins. Success at the margin 
appears to depend on the amount of IE1 produced to overcome such repressive 
properties of the cell in a cell culture environment. Thus, IE1 plays a critical role 
at the start of infection and might prove to be a target for antiviral drug develop-
ment. In order to assess the potential of IE1 as a drug development candidate, we 
need to determine its influence on viral success in an organismal context. 

 Additionally, we do not know the mechanism of ND10 dispersion and the effect 
of the release of ND10-associated proteins. The mechanism may be due to des-
umofication and as such IE1 may be a desumoylation enzyme. Such a function 
needs to be directly searched for since it may affect more than ND10-associated 
proteins presently recognized. The release of ND10-associated proteins by IE1 
may mimic interferon upregulation of these proteins (PML and Sp100), i.e., sudden 
availability of additional and in general detrimental proteins, we know now to be 
specifically segregated and thus inactivated. Interferon downstream effects of 
Sp100 as the intermediary protein are preliminarily associated with specific 
inflammation-inducing proteins. Their occasional induction by abortively reacti-
vating latent virus may account for the atherosclerotic association of HCMV 
despite never finding replicating virus in plaques. 

 Low priority has been given to splicing of the major immediate early transcrip-
tion unit. Exon skipping is involved, and how this is regulated will have a major 
impact on reactivation. We expect to find cellular defense mechanisms that work 
at the level of splicing inhibitors. A priori they must exist, since many cells may 
reactivate to produce only IE1 but not IE2 or the MCMV IE3. The splice enhancers 
and silencers in the nucleotide sequence will be difficult to identify, but it may be 
essential to do so, so that when mutant viruses are produced with deletions in exon 
4 to 5 for in vivo verification of IE1 or IE2 effects, we do not inadvertently assay 
a splice phenomenon.   
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    Abstract   The IE86 protein of human cytomegalovirus (HCMV) is unique among 
viral and cellular proteins because it negatively autoregulates its own expression, 
activates the viral early and late promoters, and both activates and inhibits cellular 
promoters. It promotes cell cycle progression from Go/G1 to G1/S and arrests cell 
cycle progression at the G1/S interface or at G2/Μ. The IE86 protein is essential 
because it creates a cellular environment favorable for viral replication. The multiple 
functions of the IE86 protein during the replication of HCMV are reviewed.    

   Introduction 

 Human cytomegalovirus (HCMV) infection in utero is the leading infectious cause 
of birth defects that cause developmental disabilities. Infection of immunocompro-
mised individuals can result in retinitis, pneumonitis, hepatitis, and  gastroenteritis. 
There is no vaccine for HCMV, and the available antiviral therapies are fraught with 

 M.F.   Stinski 
     Department of Microbiology, Interdisciplinary Program in Molecular Biology , 
 University of Iowa ,   Iowa City ,
 IA   52242 ,  USA    
 mark-stinski@uiowa.edu  

Contents

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  133
Mapping the Functional Domains of the IE86 Protein . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  135
Autoregulation of the MIE Promoter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  139
Transcription from Viral and Cellular Promoters  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  140
 Viral Promoters  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  140
 E2F Promoters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  141
 NFκ-B Promoters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  142
Cell Cycle Progression  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  142
Perspectives  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  145
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  146

T.E. Shenk and M.F. Stinski (eds.), Human Cytomegalovirus. 133
Current Topics in Microbiology and Immunology 325.
© Springer-Verlag Berlin Heidelberg 2008



134 M.F. Stinski, D.T. Petrik

limited efficacy and high rates of adverse affects. Investigations of the essential 
 proteins for HCMV replication may lead to novel antiviral strategies. This chapter 
will focus on the immediate early two gene (IE2) of HCMV, which encodes the 
essential multifunctional IE protein designated IE86. The IE2 gene is in a region of 
the viral DNA referred to as the major immediate early (MIE) gene locus. 
Transcription from the MIE gene locus does not require de novo viral protein syn-
thesis, and MIE viral transcripts are detected in the presence of an inhibitor of pro-
tein synthesis. The MIE gene locus consists of an enhancer-containing promoter 
upstream of the IE1 (UL123) and IE2 (UL122) genes. The transcriptional binding 
sites and functions of the MIE enhancer have been recently reviewed (Stinski 1999; 
Meier and Stinski 2006). The functions of the IE1 gene product are reviewed (see 
the chapter by G. Maul, this volume). This chapter will review our current under-
standing of the functions of the IE2 gene product. 

 The MIE enhancer-containing promoter generates a primary transcript that 
undergoes differential splicing and polyadenylation to produce multiple mRNA 
species (Fig.  1 ). The IE1 and IE2 mRNAs contain the first three exons in common, 
but IE1 contains exon 4, while IE2 contains exon 5 (Fig. 1). Translation initiates in 
exon 2; consequently the IE1 and IE2 gene products have the first 85 amino acids 
in common (Stenberg et al. 1984). Minor isoforms are produced from the IE1 and 
IE2 genes, as diagramed in Fig. 1. There is also a late promoter in exon 5 that is 
activated after viral DNA synthesis. Less is known about the functions of the isomers 
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  Fig. 1  The mRNAs and viral proteins encoded by the IE1 and IE2 genes of HCMV. Abbreviations:  
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since they are lower in abundance and more difficult to study independently. Even 
though the isomers are dispensable, they are required for efficient early and late 
viral gene expression (White et al. 2007). Exon 5 encodes the unique amino acid 
sequence for the major IE2 gene product designated IE86 (Fig. 1). Recombinant 
viruses deleted in exon 5 cannot express early or late viral genes; consequently 
viral replication does not occur (Angulo et al. 2000; Marchini et al. 2001). 
Therefore, the IE86 protein is essential for viral replication. Both IE72 and IE86 
are key regulatory proteins in the switch from latent to lytic infections. However, 
the molecular mechanisms that trigger and sustain CMV reactivation are related to 
cellular differentiation and are largely unknown. 

 After the viral DNA enters the nucleus, subsets of viral genomes are found at 
nuclear structures referred to as nuclear domain 10 (ND10) or promyelocytic 
leukemia protein oncogenic domains (PODs). IE72 and IE86 proteins localize at 
and adjacent to the ND10s, respectively (Ishov et al. 1997). Although IE86 does 
not directly affect ND10s, it has many other functions, which occur in the 
nucleus. The functions of the IE86 protein are negative autoregulation of the viral 
MIE promoter, transactivation of viral and cellular promoters, inactivation of cel-
lular cytokine and chemokine promoters, and control of cell cycle progression. 
While the IE86 protein is necessary for viral DNA synthesis, initiation of DNA 
synthesis from oriLyt by an IE86/UL84 protein complex can occur with UL84 
alone when a transactivator function in oriLyt is replaced with a constitutive pro-
moter such as SV40 (Xu et al. 2004). The effect of UL84 on the IE86 and lytic 
viral DNA replication are reviewed (see the chapter by G.S. Pari, this volume). 
More importantly, IE86 prepares the cell for viral DNA synthesis by activating 
the expression of early viral genes and cellular genes. The IE86 protein of HCMV 
is unique among viral and cellular regulatory proteins because it both negatively 
and positively regulates viral and cellular promoters, and it promotes and arrests 
cell cycle progression. A better understanding of this essential viral protein may 
spawn novel strategies for preventing HCMV-induced disease.  

  Mapping the Functional Domains of the IE86 Protein 

 The functional domains of the IE86 protein have been studied by in vitro protein-
protein binding assays, transient transfection assays, and the construction and isola-
tion of recombinant viruses with either amino acid deletions or substitutions. The 
use of bacterial artificial chromosomes (BACs) containing the HCMV genome has 
been useful in confirming and extending the results of these early assays. These 
studies have indicated that the IE86 protein is a homodimer with critical functional 
domains located primarily toward the carboxyl end of the viral protein. Structural 
analysis of the IE86 protein by X-ray crystallography has not been done to date. In 
addition to tertiary structure of the IE86 protein, posttranslational modifications 
such as sumoylation and phosphorylation affect the biological activity of the viral 
protein. The IE86 protein of 579 amino acids is sumoylated at lysine residues 175 
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and 180 to give an apparent molecular weight of 105 kDa (Hofmann et al. 2000; 
Ahn et al. 2001). Mutation of lysine residues 175 and 180 negatively affects the 
efficiency of early viral promoter activation, but sumoylation is not required for 
viral growth (Lee and Ahn 2004). The IE86 protein is phosphorylated in vitro by 
the extracellular regulated kinase (ERK )  and presumably affected in vivo by both 
the mitogen activated protein kinase (MAPK )  and ERK signal transduction 
 pathways in the infected cell (Harel and Alwine 1998; Heider et al. 2002). The IE86 
protein is phosphorylated at multiple serine and threonine residues (Fig.  2 a). 
Mutation of the threonine residues at positions 27 and 233 or the serine residues at 
positions 144 and 234 positively affects the efficiency of early viral promoter 
 activation (Harel and Alwine 1998). Deletion of the serine residues between 258 
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  Fig. 2  Functional domains of the HCMV IE86 protein.  a  Abbreviations:  AD  activation domain,  
S  serine domain,  K  lysine,  T  threonine,  H  histidine,  P  proline,  Y  tyrosine,  Q  glutamine,
  N  nuclear localization signal,  ZF  putative zinc finger.  b  Amino acid sequence alignment of pri-
mate and nonprimate IE86 protein homologs. Identical amino acid residues are shaded in black 
and similar residues in gray. A  star  indicates a consensus sequence, and a  dot  a conserved 
sequence. A  hyphen  designates a gap in the sequence. MultAlin was used for the alignment of the 
IE86 residues for Towne strain (AAR31449), chimpanzee (NP612745), rhesus (AAB00488), 
African green monkey (AAB16881), mouse (AAA74505), and rat (AAB92266) 
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and 275 positively or negatively affects viral growth depending on the location of 
the residues (Barrasa et al. 2005) . Mutation of residues between 271 and 275 accel-
erates viral growth and mutation of residues between 258 and 264 or 266 and 269 
delays viral growth (Table  1 ). 

 The IE86 protein has two nuclear localization signals (N) that can independ-
ently target the viral protein to the nucleus (Fig. 2a) (Pizzorno et al. 1991). In the 
nucleus, the viral protein affects viral promoters through two transcriptional 
activation domains, one amino and the other carboxyl (Fig. 2a) (Malone et al. 
1990; Pizzorno et al. 1991; Yeung et al. 1993; Stenberg 1996). For transcriptional 
regulatory activity, the IE86 protein functions as a homodimer and dimerizes 
through the region broadly designated in Fig. 2a (Macias et al. 1996). Within 
this region, there is a putative zinc finger between amino acids 428 and 452, 
which may be part of a double zinc finger motif between amino acids 428 and 
480 (CX 

5
 CX 

11
 HX 

5
 HXDXCX 

13
 HXH) (Fig. 2a). Double zinc finger motifs are 

important for interactions with other viral or cellular proteins such as transcrip-
tion factors that either activate or repress transcription (Bachy et al. 2002; 
Moreno et al. 2003). 

 Figure 2a summarizes the regions of posttranslational modification and the 
broadly mapped functional domains of the IE86 protein. Multiple amino acid dele-
tions were made to determine the functional domains of the IE86 protein and these 
mutations are summarized in Table 1. Large deletions resulted in nonreplicating 
genomes and confirmed that the IE86 protein is essential for HCMV replication. 
Smaller deletions affected the efficiency of either early or late viral gene expression. 
Frequently more than one viral protein function was affected by these deletions. 
Mutations that affected DNA binding and negative autoregulation produced high 
levels of the IE86 protein, which also affected cell viability. Mutations that failed to 
interact with TBP or TFIIB affected activation of early viral promoters. Mutations 
that affected phosphorylation of the viral protein affected the rate of viral growth. 
Delayed viral growth was associated with reduced expression of viral tegument 
proteins pp65 and pp28 (Sanchez et al. 2002). Many of the mutations made it diffi-
cult to assign a particular function to a specific region of the IE86 protein. The 
region between amino acids 450 and 552 was defined as a core domain because the 
IE86 regulatory functions of negative autoregulation of the MIE promoter, early 
promoter transactivation, and cell cycle arrest were all affected by any deletion 
within this region (Asmar et al. 2004). 

 Figure 2b shows regions of conserved amino acids in the carboxyl end of the 
viral protein between primate and nonprimate CMV homologs of the IE86 pro-
tein. The carboxy terminus is more conserved than the amino terminus. There 
are conserved stretches of amino acids suggesting critical structural and 
 functional domains within the protein. Petrik et al. made rationally designed 
amino acid substitutions in the core region based on sequence conservation 
(Petrik et al. 2006, 2007); these results are also summarized in Table 1. These 
mutations separated the transactivation domain from the cell cycle arrest domain 
and the autoregulation domain from the transactivation domain (Fig. 2a). 
However, mutations in the putative zinc finger motif affected all functions of the 
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  Table 1  Effect of amino acid deletions or substitutions on the functions of the IE86 protein 

 Effect on function Amino acids Assay Reference

Dimerization 388–542 DNA binding Ahn et al. 1998
 463–513  Macias et al. 1996
   Macias and Stinski 1993
Still dimerizes 551–579  Waheed et al. 1998
DNA binding 388–542  Ahn et al. 1998
 346–579  Chiou et al. 1993
 542–579  Jupp et al. 1993b
   Macias and Stinski 1993
Still binds DNA 551–579  Macias et al. 1996
Autoregulation of MIEP 427–435 Reporter Chiou et al. 1993
 505–511  Hermiston et al. 1990
 H446/H452  Macias and Stinski 1993
   Macias et al. 1996
  Virus Petrik et al. 2007
Interaction with TBP 290–504 Protein Caswell et al. 1993
 266–269 Binding Hagemeier et al. 1992a
 271–275  Jupp et al. 1993a
Interaction with TFIIB 290–542  Caswell et al. 1993
Interaction with CREB 290–410  Lang et al. 1995
Transactivation  1–98 Reporter Malone et al. 1990
 of promoters
 25–85  Pizzorno et al. 1991
 169–194  Stenberg et al. 1989
 175–180  Stenberg 1996
 195–579  Yeung et al. 1993
 501–511  
 544–579  
Early gene expression 258–275 Virus Heider et al. 2002
 266–275  
 E550, E554, E558,  Reporter Yeung et al. 1993
  D559, D561, 
  E568, D573
 P535,Y537 Virus Petrik et al. 2007
Late gene expression 136–290 Virus Sanchez et al. 2002
 356–359  White et al. 2004
No viral growth 501–511  White et al. 2004
Delayed viral growth 258–275  Barrasa et al. 2005
 266–275  
Accelerated viral growth 271–275 Virus Barrasa et al. 2005
Interaction with Rb 290–390 Protein Sommer et al. 1994
  Binding 
Interaction with p53 325–448  Zhang et al. 2006
Interaction with mdm2 326–449  Zhang et al. 2006
Cell cycle arrest 260–279 Reporter Wiebusch and 
    Hagemeier 1999
 451–579  
 Q548 Virus Petrik et al. 2006 
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IE86 protein because this region is necessary for dimerization of the IE86 
 protein in vivo. The various functions of the IE86 protein and their role in the 
replication of HCMV are reviewed.  

  Autoregulation of the MIE Promoter 

 Negative autoregulation of the MIE promoter by the IE86 protein is almost cer-
tainly important to the replication of the virus because recombinant viruses that 
fail to autoregulate can not be isolated (H. Isomura and Μ.F. Stinski, unpub-
lished data). The IE86 protein mutated at histidine residues 446 and 452 fails to 
negatively autoregulate the MIE promoter in in vitro transcription reactions 
(Macias and Stinski 1993), transient transfection assays (Macias et al. 1996), 
and recombinant BACs (Petrik et al. 2007). The MIE promoter region of HCMV 
has a  cis -acting element that serves as a binding site for the IE86 protein or the 
late L40 protein (see Fig. 1). Point mutations in histidine residues 446 and 452 
abolish DNA binding (Macias and Stinski 1993; Macias et al. 1996). Dimerization 
of the IE86 protein is required for viral DNA binding (Table 1) (Macias et al. 
1996; Waheed et al. 1998). The viral DNA element is located immediately 
upstream of the transcription start site for IE1/IE2 RNA and is referred to as the 
 cis -repression sequence (crs). The crs consists of a pair of dinucleotide CG sepa-
rated by an A/T-rich region of 10 nucleotides. The CG dinucleotides are critical 
and the spacing is important for binding by the IE86 protein (Waheed et al. 
1998). The crs functions between the TATA box and the transcription start site 
in either orientation. However, it does not function downstream of the transcrip-
tion initiation site (+1) (Pizzorno and Hayward 1990; Cherrington et al. 1991; 
Liu et al. 1991). The IE86 protein binds to the minor groove between −14 and −1 
without inhibiting the binding of TBP to the upstream TATA box (Jupp et al. 
1993b; Lang and Stamminger 1994). 

 The first step in negative autoregulation of the MIE promoter by IE86 is block-
age of RNA polymerase II occupancy at the transcription start site (Wu et al. 1993; 
Lee et al. 1996). There is also an initiator-like element between +1 and +7, and 
cellular protein binding to this element is also affected by the IE86 protein, which 
in turn negatively affects transcription from the MIE promoter (Macias et al. 
1996). The ie3 gene product of murine CMV also negatively autoregulates its MIE 
promoter (Messerle et al. 1992). Repression of the HCMV MIE promoter is 
detectable approximately between 6 and 8 h after high multiplicity of infection 
when the IE86 protein reaches levels to compete for binding to the transcription 
initiation region (Stamminger et al. 1991; Meier and Stinski 1997). 

 The second stage of negative autoregulation by the IE86 protein, occurring 24 h 
postinfection, requires histone deacetylase (HDAC1), which causes deacetylation 
of histones at the MIE promoter (Reeves et al. 2006). Deacetylated histones are 
targets for methylation by histone methyltransferases, G9a and Suvar(3-9)H1. 
Since mutation of the crs abrogates the association of repressive chromatin to the 
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MIE promoter at late times, it was proposed that IE86 mediated the changes in the 
chromatin structure (Reeves et al. 2006). During latency, the HCMV MIE promoter 
is also associated with repressive chromatin (Reeves et al. 2005). The chromatin 
associated with the MIE promoter during latency and reactivation are reviewed (see 
the chapter by Μ. Reeves and J. Sinclair, this volume).  

  Transcription from Viral and Cellular Promoters 

  Viral Promoters 

 A strong heterochromatin structure forms quickly on the HCMV genome in 
 nonpermissive, undifferentiated cells (Reeves et al. 2005; Ioudinkova et al. 2006; 
Yee et al. 2007). The transcriptional repressors may cause a closed viral chromatin 
structure (see the chapter by Μ. Reeves and J. Sinclair, this volume). The MIE 
promoter is repressed by heterochromatin, and consequently there is no expression 
of the MIE proteins. The IE86 protein is a master regulator of HCMV transcrip-
tion required for early viral gene expression. The IE72 protein augments the activ-
ity of the IE86 protein by inhibiting histone deacetylase activity (Tang and Maul 
2003; Nevels et al. 2004). Early viral gene expression from the viral genome in a 
latently infected cell, such as HCMV-infected undifferentiated THP-1 cells or 
murine CMV-infected mice, requires the expression of both of the MIE proteins 
(Kurz et al. 1999; Kurz and Reddehase 1999; Yee et al. 2007). Nevertheless, this 
is not sufficient to reactivate virus replication without cellular differentiation. 
Cellular factors induced or reduced by cellular differentiation appear to be critical 
for viral DNA replication and production of infectious virus (Murphy et al. 2002; 
Reeves et al. 2005). Therefore, sporadic expression of the MIE genes may occur, 
but it is not always sufficient to signal viral reactivation and replication. 

 The IE86 protein transactivates early viral promoters by interacting with cellular 
basal transcription machinery and requires a TATA box-containing promoter to 
transactivate downstream transcription (Lukac et al. 1994). Figure 2a shows the 
broad regions of the IE86 protein that interact with the basal transcription machinery 
and Table 1 summarizes the number of mutations in this region. Truncated forms of 
the IE86 protein interact in vitro with TBP, TFIIB, and TAFII130/TAF4 and the 
IE86 protein rescues defective TAFII250 (Caswell et al. 1993; Lukac et al. 1994, 
1997). Other cellular transcription factors and chromatin remodeling proteins also 
interact and contribute to the activity of the IE86 protein such as CREB, SP1, Tef-1, 
Egr-1, p300/CBP, and P/CAF (Lukac et al. 1994; Sommer et al. 1994; Lang et al. 
1995; Scully et al. 1995; Schwartz et al. 1996; Yoo et al. 1996; Bryant et al. 2000). 
Chromatin immunoprecipitation (ChIP) assays demonstrated that TBP is associated 
with HCMV early promoters, but activation of the viral promoter requires the pres-
ence of functional IE86 protein (Petrik et al. 2007). IE86 protein attracts histone 
acetylases, which are key to activating the early viral promoters (Bryant et al. 2000). 
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More acetylated chromatin was found on early viral promoters in nonpermissive 
undifferentiated THP-1 cells when both the IE72 and IE86 proteins were expressed 
in  trans  prior to infection (Yee et al. 2007). 

 As shown in Fig. 2a, there is a core domain between amino acids 450 and 552 
and when mutated all functions of the IE86 protein are affected (Asmar et al. 2004). 
The longest stretch of conserved amino acids within the core domain (LPIYE) is 
shown in Fig. 2b. Mutation of the proline (P) and tyrosine (Y) residues within this 
conserved stretch of amino acids affected transactivation of early viral promoters 
without affecting autoregulation of the MIE promoter (Petrik et al. 2007). Mutation 
of P535 and Y537 to alanines results in a nonreplicating BAC (Table 1). The mutant 
IE86 protein is found associated with the MIE promoter in ChIP assays, but fails to 
transactivate early viral genes and is not found associated with viral early promoters 
in a ChIP assay (Petrik et al. 2007). Therefore, recruitment to the MIE promoter and 
early viral promoters by the IE86 protein occur through independent mechanisms. 
The LPIYE conserved sequence may be important for protein-protein interactions. 
This conserved sequence in the IE86 protein is also found in other cellular proteins 
that regulate events on a DNA template such as histone methyltransferase, DNA 
topisomerase III, and CHROM2. If the LPIYE sequence is mutated in the critical 
proline and tyrosine residues, there is no activation of the viral early promoters. In 
contrast, a mutation in the noncritical leucine (L) residue has little to no effect 
(Petrik et al. 2007). An activation domain of IE86 is carboxyl to the core domain, 
and it is also necessary to activate transcription of a viral early promoter (Pizzorno 
et al. 1991; Yeung et al. 1993). This region is rich in acidic amino acids. Mutation 
of the glutamic and aspartic acids between residues 550 and 573 to valines inacti-
vates the activation domain (Yeung et al. 1993).  

  E2F Promoters 

 After HCMV infection, gene microarray assays demonstrated a fourfold or greater 
increase of at least 124 cellular mRNAs (Zhu et al. 1998). While the IE86 protein 
can activate cellular promoters through the same mechanisms for viral promoters 
discussed above (Hagemeier et al. 1992b), it can also activate cellular promoters by 
inhibiting a repressor of transcription. The expression of genes by the transcription 
factor E2F is repressed by the cellular tumor suppressor protein pRb. IE86 binds to 
pRb in vitro and IE86 protein-Rb complexes can be immunoprecipitated from 
HCMV-infected cells (Hagemeier et al. 1994; Sommer et al. 1994; Fortunato et al. 
1997). In the HCMV-infected cell, Rb is converted from the hypophosphorylated to 
hyperphosphorylated form. An analysis of gene expression using microarrays of 
cellular genes indicated that HCMV or the IE86 protein strongly activated E2F 
response genes (Song and Stinski 2002). These are the cellular genes that regulate 
the enzymes for DNA precursor synthesis, the initiation factors of cellular DNA 
synthesis, and the movement of the cell cycle. They are expressed prior to the 
S phase and they include the following: DNA precursor enzymes such as 
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ribonucleotide reductase, thymidylate synthetase, and dihydrofolate reductase, 
DNA initiation factors such as MCM3 and MCM7, the enzyme DNA polymerase 
alpha, and the cell cycle control proteins such as cyclin E, cdk-2, and E2F (Salvant 
et al. 1998; Gribaudo et al. 2000; Song and Stinski 2002). Since HCMV infects 
terminally differentiated cells of the host that are in the Go phase of the cell cycle, 
the virus requires a mechanism to overcome cellular quiescence. The IE86 protein-
along with the IE72 protein and the viral tegument protein pp71-induce cell cycle 
progression by inactivating the cellular Rb family of repressor proteins.  

  NFκ-B Promoters 

 After HCMV infection, gene microarray assays also demonstrated a fourfold or 
greater decrease of at least 134 cellular mRNAs (Zhu et al. 1998). Repression of 
some cellular genes would favor viral replication. In cells infected with an IE2-86 
mutant virus lacking amino acids 136-290 (referred to as delta SX) (Sanchez 
et al. 2002), HMGA2 expression is not significantly reduced, suggesting that 
the IE86 protein is involved in the regulation of the HMGA2 expression (see the 
chapter by V. Sanchez and D.H. Spector, this volume). Repression of select 
cytokine and chemokine expression would favor survival of the virus-infected 
cell. HCMV infection attenuates interleukin (IL)-1 beta and tumor necrosis factor 
(TNF)-alpha proinflammatory signaling (Jarvis et al. 2006; Montag et al. 2006). 
The IE86 protein inhibits the induction of interferon (IFN)-beta, TNF-alpha, 
RANTES, MIG, MCP-2, and IL-6 (Taylor and Bresnahan 2005, 2006). The effect 
of IE86 is downstream of the inhibitor of kappa B (IκB) kinase. While IE86 
directly effects the binding of NFκ-B to its cognate site on the DNA by an 
unknown mechanism (Taylor and Bresnahan 2006), IE86 also blocks the activity 
of NFκ-B when the cellular transcription factor is brought to the promoter via a 
GAL4 DNA-binding domain (Gealy et al. 2007). Therefore, the inhibition of 
NFκ-B by IE86 is also subsequent to NFκ-B binding. The regions required to 
inhibit NFκ-B activity are amino terminal of the IE86 carboxyl activation domain 
(Gealy et al. 2007). The exact region of the IE86 protein involved in blocking 
NFκ-B activity requires further investigation.   

  Cell Cycle Progression 

 CMVs typically infect terminally differentiated cells in the Go/G1 phase of the cell 
cycle. The pool of dideoxynucleotide triphosphates and biosynthetic enzymes to 
make precursors for DNA synthesis are low in these cells. Since CMVs do not 
encode many of the biosynthetic enzymes for DNA precursor synthesis, the virus 
must have a mechanism to overcome G1 arrest. The effect of HCMV infection on 
the cell cycle is reviewed (see the chapter by V. Sanchez and D.H. Spector, this 
volume). As discussed above, the IE86 protein binds to pRb and activates E2F 



Functional Roles of the Human Cytomegalovirus Essential IE86 Protein 143

responsive promoters. Cyclin E/cdk1 expression and activity are increased by 
HCMV or by the IE86 protein, which causes a feed-forward loop allowing ampli-
fication of signals that promote cell cycle progression from the G1 to S phase 
(Jault et al. 1995; Salvant et al. 1998; McElroy et al. 2000; Sinclair et al. 2000). In 
a normal cell, p53 induces cell cycle arrest, possibly to allow for DNA repair 
(Kastan et al. 1992; Kuerbitz et al. 1992) or apoptosis to eliminate cells with dam-
aged genomes (Kuerbitz et al. 1992; Levine 1997; Prives and Hall 1999; Vogelstein 
et al. 2000). In a p53 +/+  cell infected with a high multiplicity of HCMV, most of 
the cells are blocked at G 

1
 /S (Jault et al. 1995; Bresnahan et al. 1996; Lu and 

Shenk 1996; Morin et al. 1996; Dittmer and Mocarski 1997; Wiebusch and 
Hagemeier 1999; Casavant et al. 2006). In a p53 mutant cell infected with HCMV, 
viral replication is delayed and infectious virus production is decreased compared 
to p53 +/+  cells (Murphy et al. 2000; Casavant et al. 2006). Wild type p53 expressed 
in  trans  restores replication efficiency. Although p53 is not an essential cellular 
protein for HCMV replication, a functional p53 contributes significantly to the 
progression of infection. 

 In a p53 +/+  cell, the IE86 protein binds to p53 and the level of p53 increases in 
the nucleus (Speir et al. 1994; Bonin and McDougall 1997; Fortunato and Spector 
1998). p53 is stabilized by the IE86 protein in an atazia telangiectasis mutated 
(ATM) kinase-positive cell but not in a ATM kinase-negative cell (Song and 
Stinski 2004). ATM kinase phosphorylates p53 at serine residue 15, which stabi-
lizes the cellular protein by preventing Mdm2 ubiquitination (Song and Stinski 
2004). Mdm2 is a p53-specific E3 ubiquitin ligase that promotes the degradation 
of p53 (Haupt et al. 1997; Honda et al. 1997; Fang et al. 2000). Mdm2 forms an 
autoregulatory feedback loop with p53 and allows p53 to control its own level and 
activity by inducing the expression of Mdm2 (Fang et al. 2000). The IE86 protein 
interrupts this cellular regulatory control by binding to Mdm2 and facilitating its 
degradation (Zhang et al. 2006). Therefore, the IE86 protein decreases the level 
of Mdm2, which increases the level of p53 in the HCMV-infected cell. In addi-
tion, phosphorylation at serine residues 15 and 20 of p53 hampers the Mdm2-p53 
interaction, which prevents ubiquitination and degradation (Shieh et al. 1997; 
Dumaz et al. 2001; Louria-Hayon et al. 2003). 

 There is also a correlation between high levels of IE86 and increased levels 
of p21 (Shen et al. 2004; Song and Stinski 2004). The early increase in p53 and 
p21 in the HCMV-infected cell may be related to an early intrinsic cellular 
defense to virus replication (Garcia et al. 1997). Both IE72 and IE86 induce p21 
in a p53-dependent manner (Song and Stinski 2004; Castillo et al. 2005). The 
p21  promoter is activated by p53, but how IE72 or IE86 proteins increase p21 is 
 currently not understood. The IE86/p53 complex can still bind to the p53  cognate 
site on DNA (Tsai et al. 1996), but it is uncertain whether IE86 or p53  activates 
the p21 promoter. Alternatively, p21 could be activated prior to sequestration 
of p53 in the nucleus with IE86. p21 can inhibit cdk2 and block the activity of 
 cyclin E, arresting the cell cycle progression, but this does not occur in the 
HCMV-infected cell. It has been reported that IE86 can bind p21 and thereby 
prevent p21 repression of cyclinE-dependent kinase activity (Sinclair et al. 
2000). However, the cyclin E/cdk2 levels increase in both the HCMV-infected 
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cell and the IE86 protein expressing cell and consequently, the virus primes the 
cell for DNA synthesis (Song and Stinski 2002). In contrast, cyclin A decreases 
because IE86 protein induces degradation of Mdm2, and Mdm2 normally 
induces cyclin A expression (Zhang et al. 2006). 

 The IE86 protein upregulates p21 in a p53 +/+  cell and not in a p53 -/-  cell (Song and 
Stinski 2004). However, p21 is upregulated in a p53-null cell by expressing p53 and 
IE86 in  trans  (Song and Stinski 2004). In the HCMV-infected cell, the increase in 
p21 is transient and then p21 levels decrease (Chen et al. 2001). The decrease in p21 
may be related to the senescent state of a HCMV-infected cells since senescence 
causes a decrease in p21 (Stein et al. 1999; Chen et al. 2004). Senescence also 
occurs in an IE86-expressing HF cell (Noris et al. 2002). 

 HCMV inhibits cell cycle progression in a p53 +/+  cell to utilize the cellular DNA 
precursors for its own DNA synthesis. In a p53 +/+  cell, IE86 protein activates a 
quasi G1/S program for cellular gene expression, inhibits cellular DNA  synthesis, 
and consequently co-opts valuable enzymes and macromolecular precursors for 
viral DNA replication. The inhibition of cellular DNA synthesis appears to be 
dependent on high multiplicity of infection and on a functional p53 because inhibi-
tion does not occur in a p53-null cell unless wild type p53 is introduced in  trans . 
Therefore the IE86 protein initially stimulates the cell and then blocks cell cycle 
progression. The IE86 protein may induce p53 in the permissive HF cell by 
deregulating E2F activity, activating ATM kinase activity, degrading Mdm2 and 
consequently stabilizing p53. 

 The viral IE86 protein and the cellular p53 protein play major roles in control of 
the cell cycle during HCMV infection. The IE86 protein promotes cell cycle pro-
gression in the G 

o
 /G 

1
  phase. In the presence of the cellular p53 protein, the IE86 

protein stops the cell cycle before the S phase. If cells progress into the S phase, 
then the IE86 protein stops cell cycle progression at the G2/Μ phase even in the 
absence of cellular p53 protein (Song and Stinski 2004). The IE86 protein is neces-
sary for cell cycle progression because at least four times more serum-starved p53 
mutant glioblastoma U373 or 293T cells are induced into the S phase by wild type 
IE86 protein compared to a mutant IE86 protein (Murphy et al. 2000). While cell 
division occurs in the presence of the mutant IE86 protein, it does not occur in the 
presence of the wild type IE86 protein. In the p53-null Saos-2 cell, wild type IE86 
protein blocks cell cycle progression at the G 

2
 /Μ phase, which correlates with an 

aberrant increase in cyclin B and cdk1 levels (Song and Stinski 2004). Cells in the 
S and G 

2
 /Μ phases suppress transcription of the HCMV MIE genes by an unknown 

mechanism. When the cell cycle re-enters G 
o
 /G 

1
 , transcription of the MIE genes 

resumes (Fortunato et al. 2002). 
 This is important for the replication of the virus because a single amino acid 

substitution of IE86 at residue 548 from a glutamine to an arginine (Q548R) (Fig. 
2b) inactivates the ability of IE86 to arrest the cell cycle at either G1/S or G2/Μ 
(Petrik et al. 2006). Under these conditions, the recombinant virus replicates 
viral DNA slowly, fails to inhibit cellular DNA synthesis or cellular  division, and 
exhibits smaller, nondistinct plaques. The Q548R recombinant virus negatively 
autoregulates the MIE promoter, activates early viral promoters and cellular 
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E2F-responsive promoters, but fails to regulate cell cycle progression (Petrik 
et al. 2006). The virus replicates slowly because viral DNA synthesis is in com-
petition with cellular DNA synthesis. Therefore, arrest of cell cycle progression 
by the IE86 protein and prevention of cellular DNA synthesis are critical steps 
for  efficient HCMV replication. 

 The mutation of glutamine at residue 548 to arginine in the Q548R recombinant 
virus is unique because the IE86 protein fails to regulate the cell cycle at both the 
G1/S and G2/Μ phases (Petrik et al. 2006). In stable cell lines, the Q548R mutant 
IE86 protein complexes with p53 and the cells continue to divide (Bonin and 
McDougall 1997; Murphy et al. 2000). While the Q548R mutant IE86 protein 
 stimulates cellular E2F gene expression and unscheduled entry into the S phase, it 
cannot transform cells. The mutant viral protein may not be able to overcome con-
tact inhibition or other cellular processes necessary for cellular transformation. It is 
likely that the Q548R mutant IE86 protein fails to bind and degrade Mdm2, allowing 
both cellular DNA synthesis and normal progression into G2/Μ. The introduction of 
a positively charged arginine at residue 548 may inhibit IE86 protein interaction 
with a cellular protein. In contrast, substitution of residue 548 with a neutral alanine 
residue had little to no effect (Petrik et al. 2006). In addition, the Q548R mutant viral 
protein may also fail to degrade the anaphase promoting complex/cyclosome (APC/C), 
which is an E3 ubiquitin ligase that targets regulators of cell division for degradation 
by the proteasome (Peters 2006). APC/C causes lower levels of cyclin B/cdk1, and 
cyclin B degradation is necessary to release the cell cycle from G 

2
 /Μ back into G 

1
  

(Peters 2006). HCMV infection inactivates APC/C and the IE86 protein may be the 
cause of this inactivation (Wiebusch et al. 2005). 

 The UL69 gene product is also reported to arrest the cell cycle when overex-
pressed from a viral vector (Hayashi et al. 2000). Our results with the Q548R 
recombinant virus indicate that the cell cycle is not arrested when UL69 is present. 
These results may suggest that both UL69 and a functional IE86 protein are 
required to efficiently arrest the cell cycle during viral infection. The IE86 protein 
of HCMV is different from DNA tumor virus early regulatory proteins because it 
also stops cycle progression at the G1/S interface in p53 +/+  cells or at G 

2
 /Μ in p53-

null cells. Nevertheless, apoptosis is prevented in the HCMV-infected cell by the 
viral IE proteins expressed from the UL36, UL37X1, and UL38 genes (see the 
chapter by A.L. McCormick, this volume). In addition, the IE86 protein itself is 
reported to inhibit apoptosis under special circumstances (Zhu et al. 1995).  

  Perspectives 

 The IE86 protein of HCMV is an essential viral protein that does the following 
during viral replication:  

  1. It negatively autoregulates the MIE enhancer-containing promoter, which con-
trols the expression of IE72 and IE86 proteins. 
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 2. It transactivates transcription from viral early and late promoters. 
 3. It inactivates the cellular Rb repressor, which activates E2F responsive promot-

ers to move the cell cycle from the G 
o
 /G 

1
  to the G 

1
 /S interface. 

 4. It prevents expression of cellular cytokines and chemokines expression with 
antiviral properties. 

 5. It controls both the G 
1
 /S and G 

2
 /Μ transition points in the cell cycle.  

 The regions of the viral protein involved in these functions were broadly 
mapped, and consequently more than one function was usually affected by the 
mutation. A core region was identified between amino acid residues 450 and 552 
in which mutations in this region affected all identified functions of the IE86 
protein. Site-specific mutations in this region demonstrated that the functions of 
the IE86 protein can be separated and more clearly defined. There are other  
 functional domains and conserved regions within the IE86 protein that need to be 
defined. The crystal structure of the IE86 protein should be demonstrated to 
 better understand the functional domains. The tertiary structure of the IE86 
 protein appears critical for function. For example, the histidine residues at 446 
and 452 are critical and possibly associated with a double zinc finger domain that 
determines a three-dimensional structure for the interaction with a variety of 
 cellular and viral proteins. Mutation of the histidine residues at 446 and 452 
affects all IE86 protein functions in the context of the viral genome. The proline 
and tyrosine residues 535 and 537, respectively, which are a part of a conserved 
five-amino acid stretch in the core domain, affect transcription of early viral 
 promoters. The acidic amino acids between residues 550 and 573 affect early 
viral promoter activation. The conserved glutamine residue 548 affects control of 
cell cycle progression. These critical amino acids of the IE86 protein are potential 
targets for new and unique antivirals. Since the current antivirals for the treatment 
of HCMV infection are of limited efficacy with high frequencies of adverse 
effects, it is important to understand the tertiary structure of the carboxyl domain 
of the IE86 protein to develop new treatments for HCMV infection.   
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         Nuts and Bolts of Human Cytomegalovirus 
Lytic DNA Replication 

   G.   S.   Pari     

    Abstract   HCMV lytic DNA replication is complex and highly regulated. The  
  cis -acting lytic origin of DNA replication (oriLyt) contains multiple repeat 
motifs that comprise two main functional domains. The first is a bidirectional 
promoter element that is responsive to UL84 and IE2. The second appears to be 
an RNA/DNA hybrid region that is a substrate for UL84. UL84 is required for 
oriLyt-dependent DNA replication along with the six core proteins, UL44 (DNA 
processivity factor), UL54 (DNA polymerase), UL70 (primase), UL105 (helicase), 
UL102 (primase-associated factor) and UL57 (single-stranded DNA-binding pro-
tein). UL84 is an early protein that shuttles from the nucleus to the cytoplasm, binds 
RNA, suppresses the transcriptional activation function of IE2, has UTPase activity 
and is proposed to be a member of the DExH/D box family of proteins. UL84 is a 
key factor that may act in concert with the other core replication proteins to initiate 
lytic replication by altering the conformation of an RNA stem loop structure within 
oriLyt. In addition, new data suggests that UL84 interacts with at least one member 
of the viral replication proteins and several cellular encoded proteins.    

   G.  S.   Pari    
 University of Nevada, Reno ,   School of Medicine ,   Reno   NV   89557 ,  USA  
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   Introduction 

 Human cytomegalovirus lytic DNA replication appears to be a complex and highly 
regulated event. Although immediate early gene expression occurs shortly after 
infection, the onset of viral DNA synthesis does not take place until approximately 
24 h postinfection in cell culture. HCMV DNA replication is thought to involve 
circularization and concatemer formation (McVoy and Adler 1994). Viral DNA 
synthesis, which occurs in the nucleus, requires the HCMV core replication 
machinery and may be regulated by multifunctional immediate early proteins that 
were originally thought to have a role only in gene regulation. As for the structure 
of replicating viral DNA, head-to-tail concatemers are evident from examination of 
the replication products from cloned oriLyt in human fibroblasts. Although a roll-
ing circle model is postulated for lytic DNA replication, there is limited  evidence 
to support this method for HCMV DNA synthesis and actual events may be more 
complex (McVoy and Adler 1994). 

 The  cis -acting lytic origin of replication, oriLyt, is located within the unique 
long (U 

L
 ) region of the genome between AD169 nucleotides 90,500 and 93,930. 

This region, which is situated between ORFs 57 and 69, was originally determined 
to contain an origin based on the results of both the transient replication assay, 
where cloned regions of the HCMV genome were amplified upon transfection and 
subsequent infection of permissive cells (Anders and Punturieri 1991; Anders 
et al. 1992; Masse et al. 1992), and a method that took advantage of the chain 
 termination effects of the drug ganciclovir (Hamzeh et al. 1990). Later studies 
confirmed that the oriLyt identified form both studies was the only functional 
replicator in the virus genome (Borst and Messerle 2005). Both approaches 
 confirmed that a complex DNA region within the HCMV genome was responsi-
ble for the propagation of viral DNA during the lytic phase of viral growth. With 
the cloned lytic origin in hand, a cotransfection replication assay was developed 
in an effort to elucidate the viral-encoded  trans -acting factors that contribute to 
oriL yt-dependent DNA replication. The transient cotransfection replication 
assay revealed that eleven loci are required for efficient oriLyt-dependent DNA 
replication. These genes are: UL36-38, UL44 (pol accessory protein), UL54 
(DNA polymerase), UL57 (single-stranded DNA binding protein), UL70 (pri-
mase), UL102 (primase-associated factor), UL105 (helicase), UL112/113 (early 
proteins), IRS1/TRS1 (immediate early RNA-binding), IE1/2 (transactivator) 
and UL84. Several of these proteins were determined to play ancillary roles in 
DNA replication (Sarisky and Hayward 1996; Xu et al. 2004b). 

 Initiation of lytic DNA replication occurs at a single origin of replication and 
appears to be initially mediated by the viral encoded proteins UL84 and IE2. 
As our understanding of HCMV lytic DNA matures, it is clear that viral encoded 
proteins may function in a regulatory as well as enzymatic role such as recognition 
and unwinding of a distinct structure within oriLyt. What this suggests is that rep-
lication proteins themselves may serve to control the onset of DNA synthesis by 
interacting with, or acting as  trans- acting factors themselves. 
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 Although the exact mechanism of initiation of HCMV lytic DNA synthesis 
remains unknown, much of the emphasis has been focused on the  cis -acting 
sequences within oriLyt and the protein encoded by the UL84 open reading frame 
(ORF). UL84 is a unique protein that has no known homolog to any cellular or viral 
protein. UL84 is a multifunctional protein that is capable of regulating the tran-
scriptional activation mediated by IE2, and evidence indicates that it is a member 
of the DExH/D-box family of proteins. This review will discuss (a) what is known 
about the  cis -acting regions in oriLyt that contribute to DNA synthesis and (b) the 
properties of the  trans- acting factors, specifically UL84, required for lytic DNA 
synthesis and how they relate to the regulation and initiation of HCMV lytic DNA 
replication.  

  Essential Region I: IE2-UL84 Responsive Promoter in oriLyt 

 The HCMV oriLyt region (Fig.  1 ) was defined according to the smallest fragments 
that supported amplification in the transient replication assay. The transient repli-
cation assay involves the transfection of oriLyt-containing plasmids into human 
fibroblasts followed by infection with HCMV. Total cellular DNA is harvested and 
cleaved with two restriction enzymes. The first cleaves input plasmid and cellular 
DNA. The second, DpnI, cleaves methylated (unreplicated) plasmid DNA. 
Plasmids propagated in bacterial Dam +  methylase hosts will add a methyl group at 
an adenosine (which is one base within the DpnI recognition sequence). Once 
plasmid DNA goes through one round of semiconservative DNA synthesis in 
mammalian cells, it then becomes unmethylated, since mammalian cells lack an 
adenosine methylase. Replicated DNA is distinguished from input plasmid DNA 
based on the sensitivity or resistance to cleavage by DpnI where amplified plasmid 
DNA migrates more slowly through an agarose gel due to its larger size. Since 
DpnI has a 4-base pair recognition sequence, input unreplicated DNA migrates 
toward the bottom of the gel. This powerful assay allowed for the fine mapping of 
DNA sequences that are essential or contribute to amplification of oriLyt. These 
initial studies defined the oriLyt region between nts 90,504 and 93,930 on the 
AD169 genome. 

 Later studies identified a core domain for oriLyt that contained two essential 
regions (I and II). These essential regions were originally defined as those sequences 
that could not be mutated or deleted and still retain a functional oriLyt in transient 
assays (Zhu et al. 1998). Within essential region I, there are several DNA repeat 
elements and a highly prymidine-rich DNA sequence referred to as the Y-block 
(Zhu et al. 1998) as well as two 29-base pair repeat sequences that contain several 
transcription factor-binding sites. In addition, two IE2 binding sites are also present. 
The first is a consensus  cis  repression sequence (CRS) that was shown previously 
to interact with IE2 (Cherrington et al. 1991; Arlt et al. 1994; Tsai et al. 1997; 
Lashmit et al. 1998; Huang and Chen 2002). This consensus CRS element does not 
appear to have a functional role in oriLyt promoter activation/repression or DNA 



156 G.S. Pari

  F
ig

. 1
  

 C
is

- 
 an

d 
 tr

an
s-

  a
ct

in
g 

fa
ct

or
s 

in
te

ra
ct

in
g 

w
it

h 
H

C
M

V
 o

ri
L

yt
.  a

  S
ch

em
at

ic
 o

f 
H

C
M

V
 o

ri
L

yt
 s

ho
w

in
g 

th
e 

re
la

tiv
e 

po
si

ti
on

 o
f 

tw
o 

es
se

nt
ia

l r
eg

io
ns

, 
C

/E
B

P
α 

tr
an

sc
ri

pt
io

n 
fa

ct
or

-b
in

di
ng

 s
it

es
, 

IE
2-

bi
nd

in
g 

si
te

s,
 v

R
N

A
 a

nd
 t

he
 R

N
A

 s
te

m
 l

oo
p 

st
ru

ct
ur

e.
  b

  C
hr

om
at

in
 i

m
m

un
op

re
ci

pi
ta

ti
on

 (
 C

hI
P

 ) 
as

sa
y 

sh
ow

in
g 

th
e 

in
te

ra
ct

io
n 

of
 U

L
84

, I
E

2 
an

d 
C

/E
B

Pα
 w

ith
 o

ri
Ly

t. 
L

an
e 

on
e 

of
 e

ac
h 

se
t i

s 
th

e 
PC

R
 p

ro
du

ct
 f

ro
m

 in
pu

t D
N

A
, l

an
e 

tw
o 

is
 th

e 
PC

R
 p

ro
du

ct
 f

ro
m

 
im

m
un

op
re

ci
pi

ta
tio

n 
w

ith
 th

e 
an

ti-
U

L
84

 a
nt

ib
od

y 
an

d 
la

ne
 3

 is
 th

e 
PC

R
 p

ro
du

ct
 f

ro
m

 im
m

un
op

re
ci

pi
ta

tio
ns

 u
si

ng
 a

n 
is

ot
yp

e 
m

at
ch

ed
 u

nr
el

at
ed

 a
nt

ib
od

y 



Nuts and Bolts of Human Cytomegalovirus Lytic DNA Replication 157

synthesis since it can be deleted without affecting oriLyt amplification. A second 
IE2-binding site is nonconventional and was discovered using CASTing and SAAB 
methods (Huang and Chen 2002). This second site appears to be functional in that 
it was shown to interact with HCMV IE2 (IE86) in vivo using the chromatin immu-
noprecipitation assay (ChIP) (Xu et al. 2004b). In addition, the DNA sequence 
containing the nonconventional IE2-binding site was shown to have promoter 
activity, driving the expression of a luciferase reporter upon HCMV infection, or in 
the presence of UL84 and IE2 in transient assays in HFF cells (Xu et al. 2004b). 
The nonconventional IE2-binding site does contain a CRS-like element that is simi-
lar to those found in other IE2-responsive promoters, and this DNA motif was 
shown to be required for efficient promoter activity and oriLyt amplification. In the 
context of oriLyt, it appears that this promoter element may participate in the initial 
events surrounding the regulation of DNA synthesis and could serve as the trigger 
for initiation of lytic DNA synthesis. For example, one such scenario could be that 
when UL84 protein is produced it interacts with IE2 and facilitates the binding of 
the protein complex to oriLyt, thereby initiating transcription and signaling the 
onset of lytic DNA replication.  

 The presence of an IE2-UL84 responsive promoter suggested that transcription 
plays an important role in the activation of lytic DNA synthesis. This is not unlike 
other herpesviruses such as EBV and HHV-8, where promoter elements are part of 
lytic origins and their presence is essential for efficient oriLyt activity 
(Hammerschmidt and Sugden 1988; Aiyar et al. 1998; Lin et al. 2003; AuCoin 
et al. 2004; Wang et al. 2004). The HCMV oriLyt promoter element extends from 
AD169 nts 91495-92888, and appears to be bidirectional in that transcription 
driven in either direction can accommodate oriLyt amplification. Transient reporter 
assays demonstrated that either orientation of the oriLyt promoter region could 
drive the expression of luciferase. The activity of this promoter is cell type-
dependent since transient transfection of luciferase reporter plasmids containing 
the oriLyt promoter were constitutively active in Vero cells, whereas transcrip-
tional activation in human fibroblasts (HFs) was only achieved by subsequent viral 
infection or the cotransfection of IE2 and UL84. The constitutively active oriLyt 
promoter in Vero cells led to the observation that IE2 was not required for oriLyt 
amplification in the cotransfection replication assay in those cells (Sarisky and 
Hayward 1996). In HFs however, amplification of oriLyt requires both IE2 and 
UL84, presumably to activate the oriLyt promoter. Interestingly, when the cotrans-
fection replication assay was performed in HFs constitutively expressing the cata-
lytic subunit of telomerase, these life-expanded cells supported oriLyt amplification 
without the need for the proteins expressed from the UL36-38 loci. This suggests 
that in the context of the cotransfection replication assay, ORFs UL36-38 may 
serve to enhance cell survival. 

 In an effort to further define the role of transcription in HCMV oriLyt activation, 
a strong constitutive promoter was inserted in oriLyt in place of the defined oriLyt 
promoter (Xu et al. 2004b) in a manner similar to that done with the EBV oriLyt 
(Hammerschmidt and Sugden 1988). The SV40 early promoter was able to func-
tionally substitute for the HCMV oriLyt promoter in transient assays and alleviated 
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the need for IE2, but not UL84, in the replication assay. This strongly suggested 
that transcription somehow triggers initiation of DNA synthesis. In addition, these 
experiments identified UL84 as the factor most likely to act as an initiator protein 
and, since the leftward region of oriLyt is a promoter, the rightward region must 
contain a substrate for direct or indirect UL84 interaction.  

  Essential Region II: RNA/DNA Hybrid Structure 

 In addition to the IE2-UL84 responsive promoter region found in essential region I, 
the downstream region of oriLyt contains RNA/DNA hybrid structures. These 
structures were discovered while investigating the presence of alkali-labile regions 
within the HCMV genome. This RNA/DNA hybrid region stretches from approxi-
mately the Not I site (nts 92888) to 300 bp upstream of the BamHI site (93513) 
(Prichard et al. 1998). Interestingly, this region of the origin is variably reiterated 
via tandem duplication in the laboratory strain AD169, resulting in about 300 bp 
of extra sequence in the viral genome. The RNA/DNA hybrids are present within 
the packaged viral genome and appear to be a stable part of the genome. The RNA/
DNA hybrid region contains several G+C-rich repeat sequences, one of which has 
the capacity to form a stem loop configuration. Since this region can be repeated 
many times within the viral genome, this stem loop may also be amplified. 
Although the significance of the RNA/DNA hybrid and the stem loop remains to 
be seen, it has been postulated that essential region II may be the area of oriLyt 
that interacts directly with UL84. In vitro RNA binding assays determined that 
UL84 does interact with a synthetic RNA stem loop oligonucleotide that is the 
same sequence as that present within the RNA/DNA hybrid region of oriLyt. In 
addition, UL84 appears to change the conformation of this oligonucleotide in that 
the UL84-RNA stem loop complex migrates faster in a native gel when more 
UL84 protein is added. This yields a staircase pattern of binding observed only 
when RNA stem loop oligonucleotide substrates are used in the binding assay 
(Colletti et al. 2007). 

 With respect to UL84 interactions with oriLyt in the infected cell environment, 
our laboratory used the ChIP assay to demonstrate that UL84 does interact with the 
RNA/DNA hybrid region of oriLyt in infected cells, as well as in packaged virions. 
In addition, we demonstrated that UL84 interacts directly or indirectly with regions 
of oriLyt that contain a CAAT enhancer-binding site (C/EBPα). This interaction 
suggests that UL84 may cooperate with C/EBPα or use these consensus sequences 
to facilitate DNA synthesis. This scenario would be consistent with HHV-8 where 
K-bZIP interacts with C/EBPα and binds to these transcription factor-binding sites 
within HHV-8 oriLyt (Wang et al. 2003). Another plausible scenario is that UL84 
uses the consensus C/EBPα binding sites independent of the C/EBPα transcription 
factor interacting with oriLyt. Although ChIP results do show C/EBPα binding to 
this region, we were unable to detect a UL84-C/EBPα protein interaction within 
infected cells.  
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  Viral-Encoded  trans -Acting Factors Required for Lytic 
Replication 

 Most of the information concerning the  trans- acting factors involved in HCMV 
lytic DNA synthesis was elucidated from the cotransfection replication assay. This 
assay, which is similar to the assay that elucidated the HCMV cloned oriLyt only 
using a set of plasmids that encode putative replication factors, revealed that eleven 
loci were required to achieve efficient amplification of cloned oriLyt. The original 
assay used plasmid clones that expressed the putative replication proteins under the 
control of each of their native promoters. This meant that those factors that contrib-
uted to the efficient expression or activation of replication proteins were also identi-
fied. Therefore the complete set of enzymes involved in the mechanics of DNA 
synthesis, as well as any ancillary factors, were identified using this assay (Pari and 
Anders 1993; Pari et al. 1993). 

 Table  1  lists the ORFs identified from the initial cotransfection replication assay 
performed in human fibroblasts. Six of these genes identified are common to all 
herpesviruses and are designated the core replication proteins, which comprise a 
DNA polymerase, polymerase accessory protein, single-stranded DNA binding 
protein, helicase, primase and primase associated factor. Interestingly, efficient ori-
Lyt-dependent DNA replication can occur when core proteins from one herpesvi-
rus, for example EBV, is used with a different herpesvirus species oriLyt, for 
example HCMV, in the cotransfection replication assay (Sarisky and Hayward 
1996; Xu et al. 2004b). In all cases, the only additional factor that is needed is the 
initiator protein unique to each herpesvirus. This fact suggests that a set of core 
enzymes can carry out DNA synthesis on a primed oriLyt substrate independent of 
the mechanism of initiation. It also suggests that the initial events in DNA synthesis 
can be performed independent of the enzymes involved in DNA replication, at least 
in the context of transient assays. 

  Table 1  Essential ORFs elucidated from the cotransfection-replication 
assay 

 Open reading frame Proposed function

UL54 DNA polymerase
UL44 Pol accessory, binds to UL84
UL105 Helicase
UL70 Primase
UL102 Primase-associated factor
UL57 Single-stranded DNA binding
UL84 UTPase, RNA-binding within oriLyt, 

  regulatory, shuttling protein
IRS1 RNA binding, transactivation
UL112/113 Early proteins, transactivation
UL36–38 Anti-apoptotic
IE2 Transactivation, binds to UL84 
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 Many of the core replication proteins remain poorly characterized at the 
 biochemical level with the exception of UL44 and UL54, which are the best studied 
of the DNA replication enzymes. UL44 in infected cells is very abundant and found 
in replication compartments in early and late time of infection. UL44 encodes the 
polymerase accessory factor and appears to form a C-shaped clamp that interacts 
with DNA with increased specificity when bound to UL54 (Loregian et al. 2004; 
Appleton et al. 2006). The C-terminal end of UL54 appears to be the point of inter-
action with UL44 and a small peptide corresponding to a portion of the UL54 protein 
efficiently interferes with binding to UL44 in vitro (Loregian et al. 2003). UL44 was 
shown to interact with UL54 in the cellular environment and this interaction can 
influence subcellular localization (Alvisi et al. 2006). The crystal structure of UL44 
is known and its interaction with UL54 was shown to enhance the affinity of 
UL44 for DNA (Appleton et al. 2006). UL44 is a substrate for the HCMV-encoded 
protein kinase UL97 (Krosky et al. 2003) as well as other cellular encoded kinases. 
This suggests that UL44 activity or interaction with other viral/cellular proteins may 
be regulated by both viral as well as cellular kinases (Krosky et al. 2003). 

 UL54 was initially purified from insect cells along with UL44 and found to syn-
thesize DNA in vitro (Ertl and Powell 1992; Ertl et al. 1994). Expression of UL54 
is regulated by several different promoter elements depending on the time of infec-
tion. In addition, it appears that several regulatory proteins contribute to efficient 
expression of UL54 in the context of the virus genome (Kerry et al. 1994, 1996). 

 The helicase-primase complex, composed of UL105, UL70 and UL102, has 
been studied using recombinant expression systems as well as limited characteriza-
tion and identification from infected cells (Smith and Pari 1995; Smith et al. 1996). 
Although this group of proteins comprises the proposed counterparts of the herpes 
simplex helicase primase proteins, no data has been published demonstrating heli-
case or primase activity in vitro. Elucidation of the transcription units for UL102 
and UL105 revealed that these transcripts are unspliced and approximately 2.7 and 
3.4 kb, respectively (Smith and Pari 1995; Smith et al. 1996). The UL105 protein 
product is a 110-kDa species that is present at early times postinfection. It was 
demonstrated that all three proteins form a complex and each member of the com-
plex is in contact with every other protein (McMahon and Anders 2002). 

 HCMV UL57 encodes the single-stranded DNA-binding protein. Initial studies 
show that UL57 encodes a 140-kDa protein that is confined to the nucleus and asso-
ciates with replication compartments (Penfold and Mocarski 1997). It is assumed 
that UL57 acts to facilitate strand separation during DNA synthesis. Interestingly, 
the HSV-1 counterpart, UL29, was shown to exhibit RNA-binding and aid in the 
formation of R-loops and participate in helix destabilization (Boehmer 2004). 

 The proteins encoded by the UL112-113 locus were required in the initial 
cotransfection replication assay and appear to act as transcriptional enhancers. It 
was recently demonstrated that the UL112-113 proteins may influence the intranu-
clear targeting of UL44 to foci involved in DNA replication (Park et al. 2006). 

 The IRS1/TRS1 locus encode proteins that are part of the HCMV virion. At least 
one locus is required for viral growth and a deletion of TRS1 results in a decrease 
in production of infectious virus (Romanowski et al. 1997; Blankenship and Shenk 
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2002). TRS1 was shown to interact with dsRNA and both IRS1 and TRS1 can 
block the host protein shutoff response mediated by HSV-1 (Child et al. 2004; 
Cassady 2005; Hakki and Geballe 2005). The role of IRS1/TRS1 in the initial 
cotransfection replication assay was assumed to be that of a transcriptional activator 
based on the findings that TRS1 and IE2 enhanced the expression of UL44 in tran-
sient assays (Stasiak and Mocarski 1992; Colberg-Poley 1996).  

  UL84 and IE2 

 Since the initial elucidation of the  trans- acting factors required for oriLyt-depend-
ent DNA replication, the most complex interaction is that of UL84 and IE2. This 
interaction has become the focus of much of the research with respect to the char-
acterization of a dual assignment for UL84 as a replication and regulatory factor for 
gene expression. UL84 was first described as the product of a 1,761-bp ORF encod-
ing a 65-kDa protein (He et al. 1992). The mRNA transcript encoding UL84 can be 
detected as early as 2.5 h postinfection and the protein product is clearly detectable 
at about 20 h postinfection. Later studies showed that UL84 was found to be associ-
ated with IE2 in infected cells (Spector and Tevethia 1994). This association can be 
found throughout the virus infectious cycle and the only time point where UL84 is 
not found bound to IE2 is at very early times after infection before the production 
of UL84. At this time, it is not clear how much of the UL84 or IE2 within infected 
cells is part of the complex. This is an important point since UL84 has a regulatory 
effect on IE2-mediated transactivation. Transient assays show that at least some 
IE2-responsive promoters can be efficiently silenced by the addition of a UL84 
expression plasmid (Gebert et al. 1997). The overexpression of UL84 prior to 
HCMV infection leads to the complete shut down of virus replication (Gebert et al. 
1997). This phenomenon is thought to arise from the ability of UL84 to suppress 
the transactivation function of IE2; however, other mechanisms for inhibition of 
virus replication are possible. 

 In the context of the virus genome, UL84 is required for efficient viral replica-
tion and regulated gene expression (Xu et al. 2004a). A recombinant HCMV BAC 
with UL84 deleted results in an aberrant gene expression pattern, especially with 
respect to late gene transcription. This suggests that UL84 may regulate the effects 
of IE2, as implicated by the results of the transient reporter assays. In addition, lack 
of UL84 expression resulted in failure of the formation of replication compartments 
in infected cells, also consistent with what was observed in transient assays (Sarisky 
and Hayward 1996; Xu et al. 2004a). 

 UL84 was shown be a phosphorylated protein and to exhibit UTPase activity in 
vitro. This activity occurred independent of the presence of DNA or RNA (Colletti 
et al. 2005). This utilization of UTP suggests the use of an energy-generating 
system for an as yet unidentified enzymatic activity for UL84. UL84 contains 
amino acid motifs that are consistent with it belonging to the DExH/D Box family 
of proteins. This class of proteins has a broad range of activities. DExH/D Box 
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proteins interact with the RNA component of ribonucleoproteins, unwind RNA, 
shuttle RNA from the nucleus to the cytoplasm, can either up- or downregulate 
certain promoters, and can directly and actively displace stably bound proteins from 
RNA (Fairman et al. 2004; Jankowsky and Bowers 2006). There is overwhelming 
functional evidence that UL84 performs many of the activities similar to those 
described for DExH/D Box proteins. One of the most interesting features of UL84, 
mentioned above, also consistent with DExH/D Box protein activity, is that it was 
shown to shuttle between the nucleus and the cytoplasm (Lischka et al. 2006). This 
activity serves presumably to increase the accumulation of mRNA in the cytoplasm, 
although no substrate RNAs were identified. This novel shuttling property of UL84 
suggests that UL84 can function in some as yet undefined role in the cytoplasm. 
This role may involve the export of viral or cellular encoded RNA in order to 
increase the steady state level of an essential protein.  

  Viral and Cellular Encoded UL84 Binding Partners 

 Although it is known that UL84 interacts with IE2, other binding partners have 
been identified. Our laboratory has performed a proteomics analysis to identify 
other potential binding partners for UL84 in infected cells. This analysis identified 
HCMV UL44 and UL83 (pp65) as viral encoded factors that interact with UL84 
(Y. Gao et al., 2008). Our analysis also identified CK2 alpha and beta subunits, as 
well as the cellular protein importin. These results are interesting in that this is the 
first time that UL84 has been shown to interact with a member of the viral DNA 
replication machinery as well as a protein (pp65) that is a component of the virion. 
Additionally, although it was previously reported that UL84 is phosphorylated in 
infected cells, this result strongly suggests that UL84 is a substrate for casein kinase 
II (CK2). 

 Another interesting finding from the proteomics analysis is that UL84 is ubiqui-
tinated in infected cells. This was also discovered in the proteomics analysis of 
UL84, which revealed two protein spots for UL84 in the 2D gel. Although molecu-
lar weights of these two UL84 protein species varied only slightly, their respective 
pI indicated that one was more acidic than the other. Protein sequence data from 
one UL84 spot showed that ubiquitin E2-conjugating enzyme was also present. 
Further analysis using the proteosome inhibitor MG132 demonstrated that UL84 
was monoubiquitinated. This apparent mono ubiquitination implicates UL84 as a 
factor that may influence the degradation of other proteins or may be involved in a 
multistep regulated degradation pathway. 

 The interaction of UL84 with UL44 (Pol accessory protein) is very interesting 
in that the initiator protein for herpes simplex virus type 1 (HSV-1), UL9, also 
interacts with its Pol accessory protein (Trego and Parris 2003). It is postulated that 
UL42 increases the ability of UL9 to load on DNA (Trego et al. 2005), a scenario 
that is also plausible for UL84 with respect to its interaction with UL44. The find-
ing that UL44 interacts with UL84 opens up the possibility that UL44 may have a 
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dual role in HCMV DNA replication. UL44 may act early in the virus life cycle at 
the initiation of DNA synthesis and also later in its traditional role as a processivity 
factor along with UL54 at the replication fork.  

  Summary and Perspectives 

 HCMV lytic DNA replication is complex and evidence supports a reliance on 
 several viral encoded regulatory proteins for the initiation of DNA synthesis. The 
preponderance of the evidence points to one key factor, UL84, as a multifunctional 
protein that has a central role in lytic DNA replication and is involved with both the 
 cis-  and  trans -acting replication machinery. UL84 facilitates lytic replication by 
binding to and regulating the transcriptional activation of IE2 as well as interacting 
with DNA and RNA motifs within HCMV oriLyt. Indeed our initial understanding 
of IE2, solely as a transcriptional activator, must be redefined to reflect the fact that, 
in the cellular environment, UL84 is bound to IE2 and this interaction may influ-
ence the activity of both proteins. This IE2-UL84 proteome performs a complex 
regulatory role controlling viral gene expression as well as defining the timing of 
initiation of viral lytic DNA replication. Additionally, the interaction of UL84 with 
other viral and cellular encoded proteins opens up the possibility that replication, 
regulation of gene expression and RNA transport all act together to orchestrate the 
onset and timing of viral DNA synthesis. 

 We are beginning to have a better understanding of HCMV lytic DNA replica-
tion; however, the mechanism of initiation of DNA synthesis remains elusive. The 
questions of how the precise orchestration, assembly and regulation of all the par-
ticipants necessary to initiate DNA synthesis are still unanswered. It is clear that 
many factors contribute to the overall mechanism and the function of these factors 
will be the focus of future studies.   
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         Interactions of Human Cytomegalovirus 
Proteins with the Nuclear Transport Machinery 

   T.   Stamminger     

    Abstract   Accurate cellular localization is crucial for the effective function of 
most viral macromolecules and nuclear translocation is central to the function of 
herpesviral proteins that are involved in processes such as transcription and DNA 
replication. The passage of large molecules between the cytoplasm and nucleus, 
however, is restricted, and this restriction affords specific mechanisms that control 
nucleocytoplasmic exchange. In this review, we focus on two cytomegalovirus-
encoded proteins, pUL69 and pUL84, that are able to shuttle between the nucleus 
and the cytoplasm. Both viral proteins use unconventional interactions with com-
ponents of the cellular transport machinery: pUL69 binds to the mRNA export 
factor UAP56, and this interaction is crucial for pUL69-mediated nuclear export 
of unspliced RNA; pUL84 docks to importin-α proteins via an unusually large 
protein domain that contains functional leucine-rich nuclear export signals, thus 
serving as a complex bidirectional transport domain. Selective interference with 
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these unconventional interactions, which disturbs the intracellular trafficking of 
important viral regulatory proteins, may constitute a novel and attractive principle 
for antiviral therapy.    

   Introduction 

 A defining feature of the eukaryotic cell is its division into nucleoplasm and 
cytoplasm by a nuclear envelope. This segregation requires specific mechanisms for 
the continuous transport of large numbers of macromolecules between both com-
partments. The only conduit between these two compartments are the nuclear pore 
complexes (NPC), which serve as gatekeepers of the cell nucleus. These are aqueous 
pores with a diameter of 25–30 nm that allow the free passage of small molecules 
such as water, ions, nucleotides and small proteins (< 40 kDa) but act as an efficient 
barrier for macromolecules such as proteins, RNA and DNA (Nakielny and Dreyfuss 
1999). The mammalian NPC is a large proteinaceous structure of approximately 
125 MDa, consisting of 30–35 different proteins termed nucleoporins (Nups) 
(Reichelt et al. 1990; Cronshaw et al. 2002). Generally, the tightly regulated passage 
of macromolecules (alternatively called cargos) through the NPC is carried out by a 
mobile transport machinery that interacts with the NPC and is selective for specific 
macromolecules (Gorlich and Kutay 1999). The transport receptors by themselves 
shuttle between the nucleus and the cytoplasm and are able to recognize and bind 
cargo molecules via specific recognition sequences. 

 Viruses, in particular those that replicate within the nucleus, have developed 
various strategies to target the cellular machinery for nucleocytoplasmic exchange 
(Cullen 2003; Gustin 2003; Fontoura et al. 2005). Several reasons appear to explain 
the obvious endeavor of viruses to capitalize on these cellular transport pathways. 
First, viruses have to ensure efficient nuclear import of viral proteins that are neces-
sary within the nucleus to support replication. Second, nuclear export must be opti-
mized, in particular for cargos that differ in structure from typical cellular cargos 
(e.g., viral RNAs). In this regard, it should be mentioned that research on viruses 
contributed significantly to the characterization of the major cellular nuclear export 
pathways (TAP-dependent mRNA export pathway, CRM1/exportin1-dependent 
pathway) (Cullen 2003). Third, some viruses even block the nucleocytoplasmic 
transport of cellular molecules. For instance, this has been shown for the vesicular 
stomatitis virus matrix and the influenza virus NS1 proteins. This is either used as 
a strategy to compromise host cellular functions or even as a means to impair innate 
and adaptive immune responses (Faria et al. 2005; Satterly et al. 2007). 

 Many viral macromolecules have evolved recognition sequences (e.g., nuclear 
localization signals) that resemble cellular signals and thus allow for conventional 
interactions with cellular transport receptors. Alternatively, however, several uncon-
ventional interactions have also been described that either help a specific viral com-
ponent to gain access or to modulate the nucleocytoplasmic exchange apparatus of 
the cell. In this review, we focus on two human cytomegalovirus encoded proteins, 
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which we identified by yeast two-hybrid screening for interactions with components 
of cellular nucleocytoplasmic transport pathways. Further experiments characterized 
these interactions as nonconventional but functionally relevant. This is the UL69 
protein of HCMV, which interacts with the cellular mRNA export factor UAP56 
(Lischka et al. 2006b), and the essential viral regulatory factor pUL84, which interacts 
via a nonconventional nuclear localization domain with importin-α proteins (Lischka 
et al. 2003b). The relevance of these interactions for viral replication and the poten-
tial implications for antiviral therapeutic approaches will be discussed.  

  Nuclear Import and Export Pathways 

 Eukaryotic cells use several nuclear transport pathways, each of which transports a 
specific range of macromolecules (proteins or various RNA species) either into or 
out of the nucleus. Three key steps are common to all nuclear trafficking pathways: 
(1) generation of a complex consisting of cargo and carrier, (2) translocation of this 
complex through the NPC, and (3) release of the cargo in the target compartment. 
Most pathways use a homologous family of carrier molecules collectively called 
β-karyopherins with import carriers called importins and export carriers called export-
ins (Radu et al. 1995; Gorlich et al. 1994; Stade et al. 1997). The export of mRNA is 
unique, since it primarily uses the TAP/p15 heterodimer as the main mRNA export 
receptor, which is not related to β-karyopherins (Gruter et al. 1998). 

  Protein Import and Export 

 The best characterized nucleocytoplasmic transport pathway is the classical nuclear 
import of proteins (Fig.  1 ). In a first step, importin-α proteins, which act as adaptor 
molecules, interact with protein cargos via targeting sequences called nuclear 
localization signals (NLSs). Classical NLSs consist of either one (monopartite) or 
two (bipartite) short stretches of basic amino acids (for a review see Lange et al. 
2007). Molecular recognition of NLSs is crucial for the formation of the import 
complex and is mediated via specific sites on importin-α that are located within the 
armadillo repeat region of the protein (Conti et al. 1998; Fontes et al. 2000). 
Importin-α links the cargo to the β-karyopherin importin-β, which mediates interac-
tion of the trimeric complex with the NPC and translocates the cargo into the 
nucleus. Within the nucleus, importin-β then binds to RanGTP, inducing a confor-
mational change that results in the release of the cargo. Importin-β complexed with 
RanGTP is recycled to the cytoplasm, whereas importin-α is exported complexed 
with the β-karyopherin CAS and RanGTP. Finally, cytoplasmic RanGAP (Ran 
GTPase-activating protein) stimulates the Ran GTPase, which generates RanGDP 
and thus releases the importins within the cytoplasm for additional import cycles 
(reviewed in Stewart 2007). 
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 Although the classical nuclear import pathway using importin-α as an adaptor 
is believed to account for the majority of nuclear protein import, several alterna-
tive pathways exist. For instance, hnRNPA1 contains a different type of NLS 
that is rich in aromatic residues and glycine (called M9 sequence), which binds 
directly to the β-karyopherin transportin1, resulting in docking of the complex 
at the NPC (Pollard et al. 1996). Also, several viral (e.g., Rex of HTLV-1and Rev 
of HIV-1) and cellular proteins (e.g., c-fos) are able to bind directly to various 
members of the importin-β family (importin-β, transportin, importin5, impor-
tin7) via arginine-rich sequences without the need for an additional adapter pro-
tein (Palmeri and Malim 1999; Henderson and Percipalle 1997; Arnold et al. 
2006a, 2006b). 

 Interestingly, the M9 sequence not only acts as an NLS but also mediates 
nuclear export, thus constituting a bidirectional signal for nucleocytoplasmic shut-
tling (Michael et al. 1995). Nuclear export of proteins, however, is in most cases 

  Fig. 1  Classical cellular pathways of nuclear protein import and export. Nuclear protein import: 
in the cytoplasm, cargo, containing a nuclear localization signal ( NLS ), is bound by the het-
erodimeric import receptor, importin-α/importin-β; importin-α directly binds to the NLS-containing 
cargo and importin-β mediates interactions with the nuclear pore complex ( NPC ) during translo-
cation. Within the nucleus, RanGTP binding causes a conformational change of importin-β, result-
ing in the release of the cargo. Nuclear protein export: in the nucleus, cargo, containing a 
leucine-rich nuclear export signal ( NES ), interacts with the RanGTP complexed export factor 
CRM1/exportin1, which directly interacts with components of the NPC. Hydrolysis of RanGTP 
to RanGDP in the cytoplasm induces the release of the cargo. A gradient of RanGTP across the 
nuclear envelope, resulting from the activity of the chromatin-associated nucleotide exchange fac-
tor RCC1 and the cytoplasmic GTPase-activating protein RanGAP, is considered the major driving 
force for nuclear protein transport in both directions 
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mediated via a signal sequence that is clearly distinct from the NLS. The best 
characterized nuclear export signal (NES) is the small, hydrophobic, leucine-rich 
NES, which was identified initially in the HIV-1 Rev protein and the cellular 
kinase PKI (Fischer et al. 1995; Wen et al. 1995). Functionally related export 
sequences resembling a leucine-rich NES have been detected since then in many 
cellular and viral proteins of diverse functions with the capacity to shuttle between 
the nucleus and the cytoplasm (La Cour et al. 2003). The direct interaction with 
the importin-β-related export factor CRM1 (exportin1) is essential for the export 
of proteins containing a leucine-rich NES (Fornerod et al. 1997) (Fig. 1). This 
interaction can be inhibited specifically by the antibiotic leptomycin B (LMB), 
resulting in a block of the nuclear export of proteins with a leucine-rich NES 
(Kudo et al. 1999). CRM1 binds cooperatively to RanGTP and its export cargo, 
leading to the formation of a trimeric transport complex in the nucleus. After 
translocation of this complex through the NPC, the cytoplasmic RanGTP-binding 
protein RanBP1 in concert with RanGAP dissociates the export complex (for a 
review see Hutten and Kehlenbach 2007).  

  Nuclear RNA Export 

 The identification of CRM1 as a protein export factor was initiated by the finding 
that nuclear export of unspliced HIV-1 RNA depends on binding of the viral pro-
tein Rev to CRM1 via a leucine-rich NES (Neville et al. 1997) (Fig.  2 ). Further 
studies demonstrated that although CRM1 mediates nuclear export of HIV-1 
mRNA, it is not responsible for the export of bulk cellular mRNA (Cullen 2003). 
Instead, CRM1 acts as a RNA-export receptor for the export of rRNA, Usn RNAs 
and several specific mRNAs (e.g., c-Fos, Cyclin D1, CD83), which is, however, 
mediated via RNA-binding adapter proteins that interact with CRM1 (reviewed in 
Hutten and Kehlenbach 2007) (Fig. 2). 

 In contrast to complex lentiviruses like HIV-1 encoding Rev-type RNA-binding 
proteins, incompletely or unspliced RNAs from type D retroviruses are exported due 
to the presence of a  cis -acting RNA sequence named constitutive transport element 
(CTE) (Bray et al. 1994). Investigation of the CTE-mediated export mechanism 
allowed for the discovery of the major mRNA export receptor, named TAP/NXF1 
(in yeast termed Mex67p), which interacts with the CTE element and thus facilitates 
nuclear export of CTE-containing transcripts (Kang and Cullen 1999) (Fig. 2). Later 
on, it was demonstrated that TAP interacts with p15, and that this heterodimer is 
responsible for bulk metazoan mRNA export to the cytoplasm via direct interaction 
with the nuclear pore (Katahira et al. 1999, 2002). Although TAP is able to bind 
directly to CTE-containing viral mRNA, additional factors are needed to bridge the 
interaction between TAP-p15 and metazoan mRNA since metazoan RNA does not 
contain CTE-like RNA secondary structures (Liker et al. 2000). The production of 
mature mRNA in eukaryotes involves a complex series of nuclear processing reac-
tions that occur co-transcriptionally and include the addition of the 5′ cap, removal 
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of introns and addition of the 3′ poly(A) tail (Bentley 2002; Maniatis and Reed 
2002). The removal of introns results in the deposition of a protein complex, termed 
exon junction complex (EJC), on the RNA molecule immediately upstream of the 
splice site (Le Hir et al. 2000). One of the components of the EJC is the DExD/H 
box protein UAP56 (named Sub2p in  Saccharomyces cerevisiae ), a putative RNA 
helicase, which is thought to couple mRNA splicing with nuclear export (Reed and 
Hurt 2002). As a next step, UAP56 recruits the adapter protein Aly/REF (Yra1p in  
S. cerevisiae ) to the mRNA, and Aly/REF subsequently interacts with the het-
erodimeric TAP-p15, leading to the efficient export of the mRNA through the 
nuclear pore complex (Luo et al. 2001; Strasser and Hurt 2001) (Fig. 2). Interestingly, 
Sub2p is required for nuclear export of both intron-containing as well as intronless 
mRNAs, suggesting that the association of the helicase with the mRNA molecule is 

  Fig. 2  Nuclear mRNA export pathways. Shown is a schematic overview of several nuclear 
mRNA export pathways used by retroviruses or by metazoan cells. Retroviral nuclear RNA 
export: unspliced mRNAs encoded by the simple retrovirus MPMV are exported via direct bind-
ing of the constitutive transport element ( CTE ) RNA target to the cellular mRNA export receptor 
TAP-p15; unspliced RNA encoded by HIV-1 binds via the Rev-responsive element ( RRE ) RNA 
target to the viral factor Rev. Rev then interacts with the cellular protein CRM1 through its 
 leucine-rich NES, thus mediating nuclear export of unspliced HIV-1 mRNA. Metazoan nuclear 
RNA export: ribosomal RNAs, small nuclear RNAs ( U snRNAs ) as well as some specific mRNAs 
are exported from the nucleus via the karyopherin CRM1; however, adaptor proteins binding to 
CRM1 via a leucine-rich NES are required to mediate these interactions. Bulk cellular mRNA 
export occurs via the TAP-p15 export receptor: during splicing of vertebrate mRNA, a complex of 
proteins, the exon junction complex ( EJC ) that contains UAP56 and REF is deposited on spliced 
mRNAs upstream of exon–exon junctions. REF proteins present in EJCs subsequently recruit the 
export receptor TAP-p15. Association of TAP-p15 with the mRNPs displaces UAP56 
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not necessarily coupled with the splicing reaction (Strasser and Hurt 2001). Indeed, 
several studies showed that UAP56 recruitment to the mRNA can also occur via 
co-transcriptional mechanisms (Zenklusen et al. 2002; Kiesler et al. 2002; Strasser 
et al. 2002). Furthermore, while REF proteins were found to be dispensable for bulk 
mRNA export, inactivation of UAP56 leads to a nuclear retention of poly(A) mRNA, 
indicating that this protein plays a central role for mRNA export (Gatfield and 
Izaurralde 2002; Gatfield et al. 2001; Kapadia et al. 2006).   

  Interaction of the Human Cytomegalovirus Protein pUL69 with 
the mRNA Export Factor UAP56 

 The human cytomegalovirus protein encoded by the open reading frame UL69 
belongs to a family of regulatory factors that is conserved among all herpesviruses 
and includes the proteins ICP27 of herpes simplex type I (HSVI), EB2 of Epstein-
Barr virus (EBV), and the ORFs 57 of Kaposi’s sarcoma-associated herpesvirus 
(KSHV) and of Herpesvirus saimiri (HVS) (for reviews see Lischka and Stamminger 
2006; Sandri-Goldin 2004; Sandri-Goldin 2001). Although the amino acid identity 
among these proteins is not very high, ranging from 17% to 36%, they share a 
region showing a higher conservation of approximately 40% sequence identity. 
This conserved region can be found at the C-terminus of the α- and γ-herpesvirus 
proteins, whereas it corresponds to the central part of the β-herpesviral proteins 
since they have a unique C-terminal domain (Winkler et al. 2000) (see Fig.  3 ). 
Recently, we demonstrated that this homology region folds into a globular core 
domain according to secondary structure predictions and is responsible for a shared 

  Fig. 3  Domain organization of the HCMV UL69 protein in comparison to the HSV-1 protein 
ICP27 showing the positions of important functional regions. The sequence of the UAP56-binding 
motif within pUL69 is depicted, as is the sequence of the leptomycin B-insensitive NES; under-
lined amino acid residues are critical for the function of the respective motifs.  NES  nuclear export 
signal,  NLS  nuclear localization signal,  R1 ,  R2 ,  RS  arginine-rich regions,  RBD  RNA-binding 
domain,  KH1–3  putative KH RNA-binding motifs,  ICP27 homology  domain of pUL69 with high 
homology to ICP27,  SID  self-interaction domain,  REF  UAP56,  hSPT6  binding sites of the 
 respective cellular factors 
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property of all members of this protein family, namely the propensity to self- interact 
and thus to form multimeric protein complexes (Lischka et al. 2007). 

 A second shared feature of all characterized members of this protein family is 
a function as posttranscriptional regulators. For instance, the prototype of this 
protein family, ICP27 of HSVI, has been shown to redistribute small nuclear 
ribonucleoprotein particles (snRNPs), to inhibit cellular splicing, to bind to 
intronless viral RNAs, and to shuttle between the nucleus and the cytoplasm, thus 
acting as a viral mRNA export factor (reviewed by Sandri-Goldin 2004; Sandri-
Goldin 2001; Smith et al. 2005). The latter properties are of particular importance 
for herpesviruses since the majority of viral transcripts are intronless and thus do 
not interact with the splicing machinery, leading to inefficient nuclear export of 
viral mRNA. Further investigation of the RNA export mechanism revealed that 
ICP27 binds viral RNA through an N-terminal RGG box RNA-binding motif 
(Mears and Rice 1996; Sandri-Goldin 1998). Additionally, ICP27 was shown to 
interact with the adaptor protein Aly/REF, thereby recruiting intronless viral 
RNAs to the cellular TAP-p15 mRNA export receptor (Chen et al. 2002; Koffa 
et al. 2001) (see Fig.  4 ). An interaction with Aly/REF could also be demonstrated 
for the γ-herpesviral proteins EB2 of EBV and ORF 57 of KSHV or HVS, sug-
gesting that several ICP27 homologous proteins may use a common mechanism 
for the nuclear export of viral intronless mRNAs (Hiriart et al. 2003; Malik et al. 
2004; Williams et al. 2005). 

 Initial studies on the HCMV homolog of ICP27, the UL69 protein, revealed 
several differences between these two regulatory factors:  

  1. In contrast to the immediate early expression of ICP27, pUL69 could be 
detected during the early and late phase of the replication cycle and is incorpo-
rated as a tegument protein into viral particles (Winkler et al. 1994; Winkler 
and Stamminger 1996);  

 2. pUL69 did not repress expression depending on the presence of an intron within 
a reporter gene but revealed a rather pleiotropic activation of various promoters 
upstream of the luciferase reporter (Sandri-Goldin and Mendoza 1992; Winkler 
et al. 1994);  

 3. No redistribution of snRNPs is induced by pUL69 (Winkler et al. 2000); 
 4. pUL69 could not complement the growth of an ICP27 deletion mutant of 

HSVI, further emphasizing the existence of functional differences (Winkler 
et al. 1994).   

 In an attempt to unravel the mechanism of pUL69-mediated transactivation, we 
searched for cellular interaction partners of this viral protein by yeast two hybrid 
screenings, which revealed at least two proteins with a potential role for mRNA 
biogenesis and processing. One of the identified cellular proteins corresponded to 
the transcription elongation factor hSPT6 (Endoh et al. 2004; Kaplan et al. 2000); 
we were able to demonstrate that this interaction occurs within the conserved 
homology region of pUL69 and is functionally required for pUL69-mediated trans-
activation (Winkler et al. 2000). Interestingly, hSpt6 has recently been shown to 
bind both to the C-terminal domain of RNA polymerase II and to a novel factor 
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named hIws1, the depletion of which induces nuclear retention of poly(A) RNA. 
This observation suggests that hSPT6 integrates transcription elongation with 
downstream mRNA export (Yoh et al. 2007). However, with respect to the docu-
mented interaction of ICP27 with Aly/REF, it was even more interesting to identify 
the putative DExH/D box RNA helicase URH49 as a binding protein of pUL69 by 
yeast two-hybrid screening. URH49 is highly related to the mRNA export protein 
UAP56, which is located upstream of Aly/REF in the cellular mRNA export path-
way (see Fig. 2) (Pryor et al. 2004). In both yeast two-hybrid and co-immunopre-
cipitation experiments, we demonstrated that pUL69 interacts not only with 
URH49, but also with UAP56 (Lischka et al. 2006b). Although details on the bio-
logical function of URH49 are unknown so far, initial data support the assumption 
that both DExH/D box proteins exert largely overlapping functions in the process-
ing and export of mammalian mRNAs (Kapadia et al. 2006; Pryor et al. 2004). In 
this context, it should be noted that UAP56, alternatively termed BAT1, has been 

  Fig. 4  Models of ICP27- and pUL69-mediated viral mRNA export. ICP27 of HSVI binds 
directly to viral intronless transcripts. Via its interaction with the adaptor protein REF, the RNA 
is recruited to the cellular TAP-p15 mRNA export receptor, thus forming an export-competent 
mRNP. The UL69 protein of HCMV interacts both with the cellular transcription elongation factor 
hSPT6 and the mRNA export factor UAP56. Thus, pUL69 may facilitate mRNA export by opti-
mizing the co-transcriptional loading of RNA export factors to nascent mRNA 
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described as a multifunctional cellular protein: in addition to its role in recruiting 
Aly/REF to mature mRNAs, it plays a well-documented role in pre-mRNA splic-
ing, where it facilitates the association of U2 snRNP with the splice branch point, 
presumably by dissociating U2AF65 from the polypyrimdine track downstream of 
the splice branchpoint (Fleckner et al. 1997). Furthermore, several studies propose 
that the UAP56/BAT1 gene, which is situated in the central region of the major 
histocompatibility complex, acts as an anti-inflammatory gene, and polymorphism 
in its promoter region may predispose for specific inflammatory disorders (Allcock 
et al. 1999, 2001; Ramasawmy et al. 2006). However, it is presently unclear 
whether this potential antiinflammatory activity of UAP56 is related to its function 
in mRNA processing and export.  

  RNA Export by pUL69 

 The detection of an interaction with URH49 and UAP56 suggested that pUL69, 
similar to its counterparts in α- and γ-herpesviruses, may modulate nuclear mRNA 
export. Taking advantage of a widely used functional reporter assay harboring the 
CAT coding sequence and the Rev responsive element (RRE) of HIVI inserted into 
an intron (Hope et al. 1990), both on the level of reporter protein and reporter RNA 
expression, we showed that pUL69 facilitates the nuclear export of otherwise inef-
ficiently exported, unspliced RNA similar to Rev (Lischka et al. 2006b). 
Furthermore, we were able to identify a 12-amino-acid sequence motif within the 
N-terminus of pUL69, which turned out to be crucial for binding to UAP56 
(Fig. 3): mutations within this motif abrogated both UAP56 binding and pUL69-
mediated nuclear export of unspliced RNA. This indicates that the interaction with 
UAP56 or URH49 is required for pUL69 to promote cytoplasmic accumulation of 
unspliced RNA (Lischka et al. 2006b). 

 However, in contrast to the HIV1 Rev protein, which interacts in a sequence-
specific manner with the viral RRE target sequence, this  cis -acting element was 
not necessary for pUL69 to facilitate RNA export. Presently, it is unclear whether 
pUL69 requires a specific  cis -acting RNA sequence to target viral RNAs for 
export. Similar to ICP27, pUL69 is able to interact directly with RNA. This is 
mediated via a complex N-terminal RNA-binding domain consisting of three 
arginine-rich motifs that overlaps with both the NLS- and the UAP56-binding 
motif (Fig. 3) (Toth et al. 2006). Surprisingly, however, an RNA-binding-
 deficient mutant of pUL69, which still interacts with UAP56/URH49, retained its 
RNA export activity. This suggests that in contrast to its homologs in other her-
pesviruses, RNA binding is not a prerequisite for pUL69-mediated nuclear RNA 
export (Toth et al. 2006). 

 Another surprising finding was that the previously described nuclear export 
sequence (NES) within pUL69 was clearly distinct from the UAP56 binding motif 
(Fig. 3) (Lischka et al. 2001, 2006b). Nucleocytoplasmic shuttling is a feature that 
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is common to all ICP27 family members and is also shared by a large number of 
proteins involved in nuclear mRNA export such as Tap and Aly/REF (Sandri-
Goldin 1998; Mears and Rice 1998; Farjot et al. 2000; Goodwin et al. 1999; Bello 
et al. 1999; Lischka et al. 2001; Bear et al. 1999; Rodrigues et al. 2001). Although 
it was initially proposed for ICP27 that a leucine-rich region interacting with 
CRM1/exportin1 acts as a NES (Sandri-Goldin 1998), subsequent studies revealed 
that a CRM1-independent export mechanism is crucial for the mRNA export activ-
ity (Koffa et al. 2001; Chen et al. 2002). This could also be confirmed for other 
members of the ICP27 family, including pUL69 (Lischka et al. 2001; Hiriart et al. 
2003; Williams et al. 2005). Interestingly, CRM1-independent nuclear export of 
pUL69 is mediated via a novel, transferable nuclear export signal of 28 amino acids 
that is located within the unique C-terminal domain of the β-herpesviral protein 
(Lischka et al. 2001) (Fig. 3). Since we detected that UAP56 can also shuttle 
between the nucleus and the cytoplasm (P. Lischka, M. Thomas, and T. Stamminger, 
unpublished observations), we initially assumed that the nuclear export of pUL69 
may be mediated via docking to UAP56. However, since mutation of the UAP56 
binding motif did not abrogate the nucleocytoplasmic shuttling of pUL69, we 
speculate that the nuclear export pathway accessed by the pUL69 NES still remains 
to be defined. 

 In summary, our experiments revealed that interactions of pUL69 with both the 
transcription elongation factor hSPT6 and the mRNA export factor UAP56 were 
essential for the mRNA export activity. Since pUL69 binds to these cellular factors 
via distinct protein domains, the interaction with hSPT6, traveling along with RNA 
polymerase II, may increase the co-transcriptional loading of UAP56 onto intron-
less viral transcripts, ultimately leading to the formation of an export-competent 
mRNP that associates with TAP-p15 (Fig. 4). However, several open questions 
remain to be answered, in particular regarding the exact functions of pUL69 during 
viral replication. It is not clear whether pUL69 affects the nuclear export of viral 
RNAs in general or whether there is specificity for a distinct subgroup of tran-
scripts. Studies using an HCMV mutant virus with a deletion of the UL69 coding 
region showed that the lack of pUL69 led to a substantially diminished level of 
several viral late transcripts (Hayashi et al. 2000), suggesting that these RNAs may 
be targeted by pUL69 for efficient nuclear export. Additionally, the role of RNA 
binding by pUL69 requires further investigation. Since it was shown that a subset 
of viral and cellular mRNAs is incorporated into HCMV virions by an as yet 
unknown mechanism (Bresnahan and Shenk 2000; Greijer et al. 2000), it will be 
interesting to investigate whether the tegument localization of pUL69 contributes 
to this. This aspect also emphasizes that pUL69 is certainly a multifunctional pro-
tein during viral replication, which is also illustrated by the potential of this protein 
to induce cell-cycle arrest (Hayashi et al. 2000; Lu and Shenk 1999). The construc-
tion and characterization of recombinant viruses expressing pUL69 mutants with a 
loss of distinct protein functions (e.g., UAP56 binding, RNA binding, nucleocyto-
plasmic shuttling) will certainly contribute to a further definition pUL69 functions 
during viral replication.  
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  Interaction of the HCMV pUL84 with Importin-α Proteins 

 The second cytomegalovirus protein for which we detected a nonconventional inter-
action with components of nuclear transport pathways is the gene product of the open 
reading frame UL84. The open reading frame UL84 of HCMV encodes a multifunc-
tional protein with nuclear localization that appears to be absolutely essential for viral 
replication (Xu et al. 2002, 2004a; Lischka et al. 2003a; He et al. 1992; Yu et al. 
2003) (see also the chapter by G. Pari, this volume). Initially, pUL84 was identified 
as a direct binding partner of the regulatory protein IE2-p86, which is the major tran-
scription-activating protein of HCMV (Spector and Tevethia 1994). Studies concern-
ing the functional consequence of the pUL84–IE2 interaction revealed on the one 
hand that this interaction downregulates the transactivation activity of IE2 on some 
early promoters (Gebert et al. 1997). On the other hand, it has been reported that this 
pUL84–IE2 complex is required for the activation of a bidirectional promoter located 
within the origin of lytic DNA replication  (ori -Lyt) (Xu et al. 2004b). Since pUL84 
is the only non-core protein required for origin-dependent DNA replication in a tran-
sient replication assay (Pari and Anders 1993; Sarisky and Hayward 1996), pUL84 
was proposed to act as an initiator protein for viral DNA synthesis of HCMV (Xu 
et al. 2004b). Initiator proteins of some other herpesviruses were demonstrated to 
exert an inherent catalytic activity that may unwind a specific region of DNA within  
ori -Lyt, thus allowing the assembly of the DNA replication machinery. In line with 
this, pUL84 has been shown to display UTPase activity and to exhibit homology to 
the DExD/H box family of helicases (Colletti et al. 2005). 

 In a yeast two-hybrid screen that was performed in order to identify cellular 
binding proteins of pUL84, we were able to select four members of the importin-α 
protein family as strong interaction partners of this viral protein (Lischka et al. 
2003a). Since importin-α proteins function as adapter molecules bridging NLS-
containing import cargo proteins to the import receptor importin-β (see Fig. 1), this 
finding suggested that pUL84 may either access the nuclear import pathway via this 
interaction or may even be able to modulate this pathway. By performing in vitro 
import assays using digitonin-permeabilized cells together with purified importin-α 
and -β proteins we were indeed able to show that pUL84 nuclear import occurs via 
the well-characterized importin-α/β pathway (Lischka et al. 2003a). Intriguingly, 
however, the domain of pUL84 interacting with importin-α proteins turned out to 
be unconventional. While most nuclear proteins dock to importin-α via short, kary-
ophilic amino acid sequences corresponding either to a classical, basic-type NLS 
(Lange et al. 2007) or to other, short NLS-like sequences (Wang et al. 1997; Wolff 
et al. 2002), we determined that a long UL84 protein domain comprising 282 amino 
acids was required for importin-α binding (see Fig.  5 ). This domain serves as a 
transferable, importin-α dependent NLS, which was demonstrated by fusing this 
sequence with a nonkaryophilic protein, resulting in its nuclear translocation 
(Lischka et al. 2003a). Since we observed that further N- or C-terminal as well as 
internal deletions abrogated the nuclear translocation as well as the dimerization/
multimerization capacity of this domain, we propose that, similar to the cellular 
transcription factor STAT1 (Fagerlund et al. 2002), a complex overall structure that 
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may depend on protein dimerization generates the functional pUL84 NLS (Lischka 
et al. 2003a). 

 Interestingly, sequence inspection of the UL84–importin-α interaction domain 
revealed the presence of two small leucine-rich regions that exactly match the 
consensus sequence of a classical nuclear export signal, suggesting that the pUL84 
NLS domain may also be able to mediate nuclear export, thus serving as a complex 
bidirectional transport domain (Fig. 5). Further experimentation revealed that both 
leucine-rich regions are able to function as autonomous nuclear export signals and 
are required for CRM-1 dependent nucleocytoplasmic shuttling of pUL84 (Lischka 
et al. 2006a). This suggests that pUL84, in addition to its role within the nucleus as 
an initiator protein of origin-dependent viral DNA replication, may carry out an 
unexpected function within the cytoplasm that has yet to be defined. However, 
given the recent description of a sequence-specific RNA-binding activity of pUL84 
(Colletti et al. 2007) as well as its homology to DExD/H box RNA helicases 
(Colletti et al. 2005), it is tempting to speculate that pUL84, similar to the UL69 
protein, may be able to enhance the accumulation of specific viral transcripts within 
the cytoplasm of infected cells.  

  Unconventional Interactions with the Nuclear Transport 
Machinery: Novel Targets for Antiviral Strategies? 

 Recent reports emphasize that drug action and delivery can take advantage of 
 cellular compartmentation instead of simply blocking enzymatic active sites, thus 
suggesting that the interference with nucleocytoplasmic shuttling may be a promis-
ing target for novel drug development (Gasiorowski and Dean 2003). A well- studied 
example where such a strategy has already been used for therapeutic intervention is 

  Fig. 5  Schematic representation of the pUL84 NLS/importin-α binding domain. The localization 
of the two autonomous leucine-rich nuclear export signals within the NLS domain is shown on  
gray background . Leucine residues with a critical function for the nuclear export activity are  
underlined  
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the inhibition of the nuclear import of transcription factor NF-AT. Before activation, 
NF-AT is localized to the cytoplasm in a highly phosphorylated state. An influx of 
Ca 2+  activates the phosphatase calcineurin, which dephosphorylates NF-AT. This 
unmasks NLS sequences, allowing the transcription factor to translocate into the 
nucleus where it activates cytokine genes such as IL2 and IL4 (Shibasaki et al. 
1996). This is blocked by the widely used immunosuppressive agents cyclosporin 
A and FK506, which interact with calcineurin to regulate its activity (Liu et al. 
1991). The disadvantage of this approach is the elicitation of side effects resulting 
from the fact that the inhibition of calcineurin activity affects several other signal-
ing cascades as well. In this respect, the exploitation of unconventional interactions 
between viral molecules and components of the nuclear transport machinery may 
represent a more promising approach, since these interactions should be  sufficiently 
different from cellular interactions to ensure a high specificity of the intervention. 
In line with this, several studies report on small molecule inhibitors that are able to 
specifically interfere with the nuclear translocation of the HIV preintegration 
 complex correlating with a potent anti-HIV activity of the respective drugs in 
 primary human cells (Al-Abed et al. 2002; Glushakova et al. 2000; Haffar et al. 
1998, 2005; Haffar and Bukrinsky 2005). Thus, the detailed characterization of 
interactions of HCMV proteins fulfilling essential functions for viral replication 
with components of the nuclear transport machinery may not only contribute to our 
understanding of molecular mechanisms but may also be useful to develop novel 
drugs interfering with HCMV replication. Consequently, we are presently investi-
gating whether peptide aptamers targeting the pUL84 NLS domain are able to 
inhibit the interaction with importin-α proteins and could thus be used to interfere 
with the nuclear localization of this essential viral regulatory protein, leading to a 
block of HCMV DNA replication.   
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      Structure and Formation 
of the Cytomegalovirus Virion 

   W.   Gibson    

    Abstract   Transport and protection of the nuclear-replicating double-stranded 
DNA genome of herpesviruses is accomplished by the virion and its substruc-
tures. Studies of the composition, organization, and formation of these parti-
cles have provided insight into the molecular mechanisms of virus assembly, 
leads for antiviral strategies, and information about cellular processes that are 
required for, resemble, or antagonize virus replication. This chapter updates 
earlier reviews on the structure and formation human cytomegalovirus (HCMV) 
virions (Gibson 1996, 2006; Eickmann et al. 2006), and complements several 
other reviews on herpesvirus structure and replication presented in this volume 
(see the chapters by E. Murphy and T. Shenk, Z. Ruzsics and U. Koszinowski, 
R. Kalejta, and G.S. Pari) and elsewhere (Rixon 1993; Steven and Spear 1997; 
Brown et al. 2002; Varnum et al. 2004; Liu and Zhou 2007).    

   Introduction 

 For purposes of brief introduction, the general characteristics of the CMV virion can 
be summarized as follows. Typical of the herpesvirus group, the virion of HCMV is 
approximately 230 nm in diameter and is composed of a nucleocapsid, surrounded by 
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a less structured tegument layer, and bounded by a trilaminate membrane envelope 
(Fig.  1 a). The HCMV genome is composed of a linear, double-stranded DNA mole-
cule (236 kbp in wild type virus), the largest among the human herpesviruses, and 
over 50% larger than that of herpes simplex virus type 1 (HSV-1) (see the chapters by 
E. Murphy and T. Shenk, and G.S. Pari, this volume). The capsid is isosahedral and 
about the same diameter as that of HSV (~110 nm, depending on preparation). 
Accommodating a larger DNA in a similar diameter capsid may be achieved by 
eliminating the maturational protease (pUL80a) from the interior of CMV capsids 
(Chan et al. 2002; Loveland et al. 2007). The capsid is composed of four integral 
protein species (for HCMV, pUL46, pUL80.5, pUL85, pUL104) that are organized 
into 162 capsomeres (150 hexamers plus 12 pentamers) and 320 triplexes located 
between the capsomeres. By analogy with HSV-1, one of the pentamer positions is 

  Fig. 1  Particles in cytoplasm of CMV-infected cells. Shown here are electron micrographs of  
a  virion with DNA, capsid, tegument, and envelope indicated by arrows,  b  virion within small 
vesicle or tubule indicated by thinner arrow,  c  tegumented C-capsid, with coarse fibrillar material 
especially evident on right-hand side, budding into a vesicle or tubule ( arrow ) to become virion, 
and  d  tegumented B-capsid budding into large tubule or vesicle ( top arrow ) to become NIEP; 
showing thickening of vesicle membrane where apposed to particle ( bottom arrow ) 
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shared with or occupied by a portal complex through which DNA enters and leaves 
the capsid. The tegument region is approximately 50 nm thick and includes seven 
relatively abundant virus-encoded protein species (see the chapter by R. Kalejta, this 
volume), at least five of which are phosphorylated. The virion envelope is estimated 
to be 10 nm thick and contains at least ten abundant protein species. Both the tegu-
ment and envelope contain additional less abundant virus-encoded and host-cell pro-
teins, as well as phospholipids, polyamines, and small RNAs. 

 It is worth noting that determinations of particle composition ultimately depend 
on the nature of the starting material, which can be influenced by its source and 
method of preparation. Comparisons of virus particles from different origins, 
recovered by different methods, and analyzed by different and increasingly sensi-
tive procedures, are focusing even more attention on the challenge of establishing 
which constituents are integral and present in all particles. 

 In addition to virions, five other types of virus particles have been recovered 
from CMV-infected cells and characterized. Three are intracellular and nonenvel-
oped. A- and B-capsids are from nuclei prepared by treating infected cells with 
NP-40 and have counterparts among the other herpesviruses. A-capsids are shells 
composed of the four integral protein species and have the simplest structure. 
B-capsids contain all of the A-capsid proteins and several additional internal 
scaffolding species (UL80 proteins, Fig.  2 ). C-capsids are recovered from the 
cytoplasmic fraction of infected cells treated with NP-40 (Gibson and Roizman 1972; 
Gibson 1981) and are composed of the DNA genome within an A-capsid shell having 
some tightly adherent tegument proteins (e.g., pUL32, pUL47, pUL48). The other 

  Fig. 2  Nested organization of HCMV UL80 genes and proteins. Shown here is a schematic 
representation of the nested UL80 genes ( top , DNA helix;  arrows  indicate separate promoters for 
each); their 3′ co-terminal mRNAs ( dots  indicate AUG codons starting translation); and the in-frame, 
carboxy-co-terminal proteins translated from each mRNA (size, name, and abbreviation 
indicated).  Shading  illustrates portions of each protein shared by the others and the location of the 
linker and tail portions of the scaffolding domain;  asterisk  indicates location of amino-conserved 
domain. (Adapted from Gibson 2006) 
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two types of particles are enveloped and recovered from the culture medium of 
CMV-infected cells; neither contains DNA. Noninfectious enveloped particles 
(NIEPs) are enveloped B-capsids that closely resemble virions in structure and 
composition, but retain the internal B-capsid scaffolding proteins. Dense bodies 
(DBs), which differ from NIEPs and virions by their larger and more heterogeneous 
size (~250-600 nm) and by the absence of all nucleocapsid constituents, are solid 
spheroidal aggregates of a single predominant tegument protein species (i.e., 
pUL83), surrounded by an envelope so far undistinguished from that of the virion. 
More detailed descriptions of these particles are presented in earlier reports and 
reviews (Irmiere and Gibson 1983, 1985; Gibson and Irmiere 1984; Gibson 1996).  

  Formation of the Nucleocapsid 

 Capsid assembly is coordinated by the assembly protein precursor (pAP, pUL80.5, 
38 kDa) and the genetically related protease precursor (pPR, pUL80a, 74 kDa), 
both of which are ultimately eliminated from the maturing particle. These proteins 
are encoded by 3′-coterminal in-frame genes, with the consequence that the car-
boxyl approximately 60% of pPR is identical to pAP (Fig. 2). Two smaller proteins 
encoded by the same set of genes (pUL80.4 and pUL80.3) have unknown functions 
that are dispensable for growth in cell culture (N. Nguyen and W. Gibson, unpub-
lished data) from mutant viruses having one or both translational start methionines 
replaced with isoleucines. Key amino acid sequences within these proteins that 
enable their function are illustrated in Fig.  3 . 

 A working model of CMV capsid formation is illustrated in Fig.  4 . The earliest 
steps in the assembly process begin in the cytoplasm. One pathway leads to proto-
capsomers and is initiated when the amino conserved domain (ACD) promotes pAP 

  Fig. 3  Landmarks on the assembly protein and protease precursors. The assembly protein precur-
sor ( pAP ) has the same amino acid sequence as the carboxyl half of the protease precursor ( pPR ) 
and includes the following sequences of interest: the amino conserved domain ( ACD ), which pro-
motes self-interaction of pAP and pPR; the carboxyl conserved domain ( CCD ), which promotes 



  Fig. 4  Capsid assembly model. Shown here are interactions between the major capsid protein 
( MCP , pUL85,  narrow trapezoids ), assembly protein precursor (pAP, pUL80.5  lines with empty 
circles ), and protease precursor (pPR, pUL80a,  lines with filled circles ), and some of the putative 
complexes they form ( 1 ). The largest represents a complete capsomer precursor (protocapsomer) 
( 2 ), but there is no direct evidence that its cytoplasmic assembly reaches completion. The minor 
capsid protein ( mCP , pUL85, 35 kDa,  light ovals ) and mCP-binding protein ( mCBP , pUL46, 33 
kDa,  darker oval ) also interact with each other in the cytoplasm to form heterotrimers, called tri-
plexes ( 3 ). The two types of oligomers are translocated into the nucleus ( 4 ) and coalesce to form 
the procapsid ( Pro ), incorporating the portal-protein complex (pUL104, 78 kDa,  broken trapezoid  
at bottom of capsid) ( 5 ). The terminase subunits are indicated by  shaded ellipses  below the portal 
complex. Activation of pPR ( 6 ) results in cleavage and elimination of the internal scaffolding 
proteins (pPR and pAP) from the capsid, before or during the process of DNA packaging ( 7 ). 
Brackets around the B-capsid ( B ) indicate uncertainty about the nature of putative intermediate(s) 
between procapsids and DNA-containing nucleocapsids. (Modified from Gibson 2006) 

 Fig. 3  (continued) interaction of pAP and pPR with MCP; nuclear localization signals 1 and 2 
( NLS1 ,  NLS2 ); casein kinase II phosphorylation site ( black dots  between NLS1 and NLS2) of 
undetermined significance; mitogen-activated protein kinase ( MAPK ) and glycogen synthase 
kinase 3 ( GSK-3 ) sites whose phosphorylation antagonizes pAP self-interaction (Casaday et al. 
2004); and the five pPR self-cleavage sites: the maturational site ( M site , VNA ̄  S), which severs 
the linkage of pPR and pAP to MCP; the release site ( R site , YVKA ̄  S), which separates the 
proteolytic domain (assemblin) of pPR from the scaffolding portion (carboxyl end); the internal 
site ( I site , VEA ̄  A), which converts assemblin from an active single-chain form to a two-chain 
form that retains activity, the cryptic site ( C site , VDA ̄  S) that interrupts the assemblin dimer 
interface, and the tail site ( T site , VLA ̄  A) detected upon refolding denatured pPR (Brignole and 
Gibson 2007). Also shown is the amino acid sequence of the ACD and location of the critical 
Leu47 ( red ; Leu382 in context of pPR sequence) within it. (Modified from Gibson 2006) 
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self-interaction, which in turn potentiates or stabilizes pAP binding through its 
carboxyl conserved domain (CCD) to the major capsid protein (MCP, pUL86) (Wood 
et al. 1997; see Figs. 3 and 4, step 1). This interaction enables MCP, which lacks its 
own nuclear localization sequence (NLS), to be translocated into the nucleus (Fig. 4, 
step 4) as part of the pAP-MCP complex via two NLSs present in pAP (Wood et al. 
1997; Plafker and Gibson 1998). Because its carboxyl end is identical to pAP (Figs. 
2, 3), the proteinase precursor can interact with itself and pAP through its ACD, and 
with MCP through its CCD. Mimicking these pAP interactions ensures incorporation 
of pPR into the capsid cavity, where its enzymatic function is required. The composi-
tion and variety of the complexes formed (e.g., pAP-MCP; pAP-pPR-MCP; 
pPR-MCP) and the extent to which they progress in the cytoplasm toward completely 
preassembled protocapsomers (Fig. 4, step 2) is unknown. 

 The biological relevance of ACD-mediated pAP self-interaction was established 
by using mutant viruses, which were found to replicate slowly, assemble nucleo-
capsids inefficiently, and yield roughly 20-fold less virus than wild type (Loveland 
et al. 2007). Mutant viruses have also been used to verify the biological requirement 
for pAP NLS, by showing that loss of both is lethal, loss of either one alone slows 
nuclear translocation of MCP, and loss of NLS2 inhibits virus replication more 
profoundly than loss of NLS1 (Nguyen et al. 2007). Restriction of NLS2 to the 
β-herpesvirus pAP homologs and its comparatively greater impact on virus replication 
suggests it may have a different or additional group-specific function. 

 Through a similar subunit assembly process, the triplex proteins associate in the 
cytoplasm before translocation into the nucleus (Fig. 4, step 3) (Baxter and Gibson 
1997; Spencer et al. 1998). Like MCP, the minor capsid protein (mCP, pUL85) does 
not enter the nucleus when expressed alone in transfected cells, even though its size 
is small enough to be allowed entry by diffusion. The similar-size mCBP, in contrast, 
does enter the nucleus on its own and when mCP and the mCP-binding protein 
(mCBP, pUL46) are expressed together, they co-localize to the nucleus (Baxter and 
Gibson 1997). This is attributed to the rapid formation of approximately 70-kDa mCP 
homodimers that require interaction with an NLS-bearing mCBP for nuclear translo-
cation. These sequential cytoplasmic interactions of pAP and pPR with each other 
and with MCP, and of mCP with itself and with mCBP, initiate and direct the assem-
bly process and consequently have the potential to help modulate it. Cytoplasmic 
preassembly may also increase the fidelity and efficiency of procapsid formation by 
ensuring delivery into the nucleus of correctly organized capsid substructures. 

 The HCMV portal protein (pUL104, 78 kDa) may also interact with pAP, as it 
does in HSV (Singer et al. 2005). However, little is known about when and where its 
self-interaction and interaction with pAP occur. Unlike MCP, the portal protein con-
tains its own NLS (Patel and MacLean 1995; Patel et al. 1996) and would not seem 
to require interaction with pAP as an NLS-bearing nuclear-translocation escort. 

 Following translocation into the nucleus, the pAP-MCP, pPR-MCP, and pAP-
pPR-MCP complexes or protocapsomers interact more extensively with one 
another and associate with the triplexes and portal protein complex to form 
procapsids (Fig. 4, step 5). These unstable particles (Newcomb et al. 1999; Rixon 
and McNab 1999), first evidenced in HSV (Newcomb et al. 1999; Rixon and 
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McNab 1999; Newcomb et al. 2000) and constituted or closely approximated in 
vitro (Newcomb et al. 1999, 2000), are less angular than late-stage capsids and 
contain scaffolding proteins but no viral DNA. An involvement of the pAP amino-
conserved domain during this nuclear stage of capsid formation was discovered 
with the L47A mutant virus, which showed a dramatically altered distribution of 
pAP within the nucleus (Fig.  5 ) and gave rise to overall fewer and aberrant capsids 
(Loveland et al. 2007). 

 Absence of detected procapsid formation in the cytoplasm, where all of the nec-
essary proteins are present, may be explained by the comparatively higher protein 
concentrations in the nucleus or by the presence of specific nuclear initiating or 
enhancing factors. Alternatively or additionally, there may be assembly-enhancing 
changes in the complexes that signal or result from nuclear translocation. In HSV, 
where it has been possible to examine capsid assembly in isolation from other viral 
proteins, the homologs of MCP, pAP, mCP, and mCBP (i.e., HSV VP5, preVP22a, 
VP23, VP19c) are all necessary and collectively sufficient to assemble the capsid 
shell (Tatman et al. 1994; Thomsen et al. 1994). Similar attempts to make CMV 
capsids from their recombinantly cloned and expressed counterpart genes have not 
yet succeeded and it is unresolved whether this is due to technical factors (e.g., 
CMV protein expression levels too low) or perhaps to differences in the minimal 
compliment of proteins required. 

  Fig. 5  Distribution of UL80 proteins in nuclei of HCMV-infected cells. An HCMV-AD169 bac-
mid was mutated to block self-interaction of the UL80 proteins (i.e., point mutation L47A in pAP 
sequence) (Loveland et al. 2007). Both the HCMV-AD169 bacmid and the parental wild-type 
bacmid were also modified to incorporate a tetra-cysteine tag (CCPGCC) into the UL80 proteins. 
Virus derived from each bacmid was used to infect human foreskin fibroblasts, which were stained 
with the biarsenical dye FIAsH when strong cytopathic effects were observed. Shown here are 
images of the stained, living cells taken by confocal fluorescence microscopy. The FIAsH-stained 
UL80 proteins are organized in tubular and rod-shaped structures in nuclei of cells infected with 
the L47A mutant ( first three panels from the left ), but in an entirely different pattern reminiscent 
of the intranuclear inclusions typically observed in nuclei of cells infected with wild type virus 
( right-hand panel ). (Modified from Loveland et al. 2007) 
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 Taking procapsids as the end point of capsid assembly, two major changes occur 
during its maturation: elimination of the scaffolding proteins and incorporation of 
viral DNA. The two processes appear to be coupled. Elimination of the internal scaf-
folding proteins is effected by proteolysis catalyzed by pPR (Fig. 4, step 6). Although 
able to cleave itself at five sites, pPR activity appears to be modulated during infec-
tion such that its autoproteolysis is initiated following procapsid formation. It has 
recently been determined using purified HCMV pPR that the active enzyme is a 
trimer or tetramer whose primary subunit interaction is through the amino-conserved 
domain of its scaffolding region (Brignole and Gibson 2007). This quaternary struc-
ture is very different from that of purified assemblin, whose monomer activates by 
dimerizing through sequences located in its carboxyl end (Chen et al. 1996; Cole 
1996; Darke et al. 1996; Margosiak et al. 1996; Qiu et al. 1996; Shieh et al. 1996; 
Tong et al. 1996). Active pPR cleaves the R site to release the well-characterized 
proteolytic domain, assemblin, and cleaves the M site to sever the tail sequence link-
ing itself and pAP to MCP in the capsid shell (Figs. 2, 3). 

 Although having comparable overall enzymatic rates (e.g., k 
cat

 /K 
M

 ), pPR and 
assemblin are distinguished in ways thought to reflect mechanistic differences 
(Brignole and Gibson 2007). First, whereas imidazole can chemically rescue the 
enzymatic activity of assemblin substituted with Gly at its catalytically critical 
His63, it fails to restore activity to the same mutation in pPR (McCartney et al. 
2005), indicating a difference in the catalytic sites of the two forms of the enzyme. 
Second, the sequences driving assemblin dimerization have comparatively little 
effect on pPR oligomerization, yet this interaction of assemblin is thought to induce 
catalytic-site changes required for its activity (Tong et al. 1996; Buisson et al. 
2002). And third, there is evidence that the enzymatic rates of pPR and assemblin 
may be comparable because of offsetting differences in their k 

cat
  (higher for pPR) 

and K 
M

 , again suggesting catalytic-site differences between pPR and assemblin that 
may be important to regulating activity. 

 Proteolysis results in essentially all M and R sites being cleaved. HCMV pPR 
makes three additional cleavages. Two are at the internal (I) and cryptic (C) sites 
within assemblin and reduce production of infectious virus when blocked (Chan 
et al. 2002; Loveland et al. 2005). These cleavages reduce the size and interac-
tions of the scaffolding proteins, facilitating their elimination from the capsid in 
preparation for DNA packaging (Fig. 4, step 7). Unlike HSV, which retains 
assemblin in its mature virion, all remnants of HCMV pAP and pPR, including 
assemblin, are eliminated from the capsid. Absence of counterpart I and C sites 
in the HSV assemblin homolog, and persistence of HSV assemblin in the mature 
virion, may reflect a requirement for additional space within the CMV capsid to 
accommodate its 51% longer DNA genome (Chan et al. 2002; Loveland et al. 
2005). The significance of a fifth cleavage site just discovered in the carboxyl tail 
(T site) of purified pPR is undetermined. Electrostatic repulsion by the incoming 
viral DNA has been suggested to play a role in displacing the internal scaffolding 
proteins (McClelland et al. 2002), and specific pAP phosphorylations that weaken 
scaffolding protein self-interactions may by important to this process (Casaday et al. 
2004; Gibson 2006). 
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 Maturational proteolysis converts at least some procapsids to B-capsids (Fig.  6 b), 
which differ by having an angular appearance (instead of round), and containing 
cleaved forms of the internal scaffolding proteins (instead of precursors). B-capsids are 
depicted in Fig. 4 as intermediates in the assembly pathway, but it has been difficult to 
demonstrate their maturation to DNA-containing nucleocapsids (O’Callaghan and 
Randall 1976; Ladin et al. 1982; Lee et al. 1988; Sherman and Bachenheimer 1988; 
Church and Wilson 1997). One explanation is that only a small percentage of the rela-
tively large B-capsid pool incorporates DNA, making their loss from the pool difficult 
to detect. Moreover, once DNA packaging begins, the particles involved may become 
compositionally heterogeneous (e.g., a decreasing amount of scaffolding proteins and 
an increasing amount of DNA) and, consequently, escape detection by methods rou-
tinely used to recover and characterize capsids (e.g., sedimentation and equilibrium 
centrifugation). An alternate and plausible interpretation is that B-capsids are formed 
when early steps in the procapsid maturation process fail, such as timely cleavage and 
elimination of the scaffolding proteins or successful initiation of DNA packaging. 

  Fig. 6  Capsids in nucleus of CMV-infected cells. These selected particles from electron micrographs 
of CMV-infected human foreskin fibroblasts show features consistent with the DNA packaging 
scheme illustrated in Fig. 4.  a  Capsid at top appears to be at comparatively early stage of DNA 
packaging. The elongated putative nascent core is smaller and less electron dense than those at the 
top of panel b and bottom of panel c, and is off center to the extent of appearing to touch the inner 
wall of the capsid and to be continuous with more filamentous material extending through the 
capsid (presumably via portal) into the nucleoplasm ( arrow ).  b  Capsid at lower left appears to 
contain scaffolding proteins absent in the particle just above it. Capsid at top contains DNA core 
with filamentous extension through the capsid shell and into the nucleoplasm ( arrow ).  c  Lower 
capsid appears to contain scaffolding proteins and upper capsid is interpreted to be nearly finished 
packaging its DNA, the end of which may extend out to the left of the capsid ( arrow ) 
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 By analogy with the bacteriophage DNA packaging system, once pAP and pPR 
are eliminated, DNA is incorporated with the help of the terminase-portal complex 
(Fig. 4, step 7). Examples of intranuclear capsids apparently involved in this proc-
ess are shown in Fig. 6. The portal protein forms a 12-subunit homo-oligomeric 
ring at a single vertex of the capsid through which the viral DNA can enter and 
leave (Newcomb et al. 2001; Trus et al. 2004). At 29-Å resolution the HSV portal 
complex resembles that of bacteriophage (Trus et al. 2004). Its CMV homolog, 
pUL104, also appears restricted to a single capsid vertex (Dittmer and Bogner 
2005). The herpesvirus DNA cleavage/packaging enzyme (terminase) is composed 
of two subunits (Poon and Roizman 1993; Baines et al. 1994). The larger (HCMV 
pUL56, 96 kDa) has properties consistent with it being a counterpart of the large 
subunit of bacteriophage terminase (Bogner et al. 1993, 1995, 1998; Holzenburg 
and Bogner 2002; Scheffczik et al. 2002): (a) it associates with a smaller subunit 
(pUL89, 77 kDa, (b) it binds double-stranded viral DNA, and (c) it binds to the 
capsid (White et al. 2003). Retention of DNA in the capsid is believed to be stabi-
lized by a protein (HCMV pUL7, 71 kDa) whose HSV homolog (pUL25, 60 kDa) 
has a mutant phenotype that fails to stably package DNA (McNab et al. 1998; 
Ogasawara et al. 2001; Sheaffer et al. 2001). This protein is considered a possible 
counterpart of the bacteriophage cap protein, but may exert its effect by binding at 
multiple sites on the capsid surface (Newcomb et al. 2006).  

  Tegumentation and Envelopment 

 The composition of the HCMV tegument and envelope, and the relationship of 
their acquisition to virus egress from the nucleus and cell, have recently been 
reviewed (Eickmann et al. 2006). The cartoon shown in Fig.  7  serves to summarize 
some of the steps involved. A general consensus of data supports an envelopment/
de-envelopment mechanism for nuclear egress of herpesviruses, followed by final 
envelopment through cytoplasmic membranes (Severi et al. 1988; Gibson 1993; 
Enquist et al. 1998; Mettenleiter 2002; Leuzinger et al. 2005; Campadelli-Fiume 
and Roizman 2006). As represented in Fig. 7, step 1, primary envelopment of the 
capsid occurs at the inner nuclear membrane, enabling the particle to pass into the 
perinuclear space. 

 Primary envelopment requires two herpesvirus group-conserved proteins. Their 
HCMV homologs are pUL50 and pUL53; the respective HSV homologs are 
pUL34 and pUL31 (Klupp et al. 2000; Roller et al. 2000; Reynolds et al. 2001; 
Fuchs et al. 2002; Reynolds et al. 2002). HSV pUL34 localizes to both the inner 
and outer leaflets of the nuclear membrane and is a substrate for the virion-associated 
US3 protein kinase (Purves et al. 1992), which enhances its membrane localization 
(Purves et al. 1992; Klupp et al. 2000, 2001; Roller et al. 2000; Reynolds et al. 
2001, 2002). Although CMV does not encode a US3 homolog, the murine CMV 
homolog of pUL34 (MCMV M50/p35) interacts with cellular protein kinase C and 
carries it to the nuclear membrane where it is proposed to phosphorylate the 
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nuclear lamina proteins underlying the inner nuclear membrane, weakening their 
interaction and dissolving the barrier they pose to capsid egress (Muranyi et al. 
2002). Interaction of the membrane-associated member of the nuclear-egress pair 
(e.g., CMV pUL50) with its nuclear phosphoprotein partner (e.g., CMV pUL53) 
may then drive primary envelopment (Mettenleiter 2002; Muranyi et al. 2002; 
Bjerke et al. 2003). 

  Fig. 7  Egress of nucleocapsid. Shown here is a drawing illustrating some features of the herpes-
virus egress pathway.  1  Intranuclear capsids bud through the inner nuclear membrane by a primary 
envelopment process requiring the homologs of CMV pUL50 and pUL53 (represented by  clus-
tered short lines  on inner and outer nuclear membranes).  2  Resulting enveloped particle in peri-
nuclear space represents a translocation intermediate.  3  De-envelopment at the outer nuclear 
membrane releases the nucleocapsid into the cytoplasm where it acquires final complement of 
tegument proteins ( small lines and circles ; also depicted in nucleus and perinuclear space to indi-
cate uncertainty about site(s) of addition).  4  Fully tegumented capsid buds into cytoplasmic vesi-
cles or tubules, through which it completes egress from the cell. The presence of tegumented 
B-capsids undergoing secondary envelopment in the cytoplasm (see Fig. 1d), indicates this 
mechanism is not selective for DNA-containing particles 
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 Immature particles in the perinuclear space are then proposed to bud through the 
outer leaflet of the nuclear membrane, loosing their translocation membrane and 
becoming nonenveloped cytoplasmic particles (Fig. 7, step 2). Although this gen-
eral pathway appears to be shared by all herpes viruses, there is less consensus 
about where the tegument proteins are added. 

 With regard to the predominant tegument proteins of CMV, three sets of 
observations are compatible with their proposed addition outside the nucleus 
(Fig. 7, step 3). First, electron microscopy shows that cytoplasmic capsids have a 
thick fibrillar coating (deduced to be tegument proteins) that is entirely absent from 
nuclear capsids (Figs. 1C, 1D, 6; Fig. 1 in Gibson 1993). Second, SDS-PAGE 
analyses show that capsids recovered from the cytoplasm of infected cells contain 
the predominant tegument proteins, whereas those from the nucleus do not (Gibson 
1981). And third, immunofluorescence studies show accumulations of three abundant 
tegument proteins (pUL83, pUL32, pUL99) in assembly compartments juxtaposed 
to the nucleus, but outside of it (Scholl et al. 1988; Sanchez et al. 2000a, 2000b) 
(reviewed in Eickmann et al. 2006). None of these observations, however, rule out the 
possibility that some or all of the same tegument proteins bind to capsids within 
the nucleus or perinuclear space (Hensel et al. 1995; Nii et al. 1998) and are rapidly 
translocated with the capsid into the cytoplasm where they accumulate to levels 
more readily detected. Compatible with this possibility, recent studies show that 
specific mutations in the tegument proteins pUL36 (VP1/2) of HSV, or pUL32 
(basic phosphoprotein/pp150) of HCMV, result in their accumulation within the 
nucleus (O’Hare and Abaitua 2006; J. Wang and W. Gibson, unpublished data from 
studies using mutant viruses encoding CysCysProGlyCysCys-tagged pUL32 
detected in live, infected cells with the biarsenical dye FIAsH). 

 Once in the cytoplasm and completely tegumented, the capsids bud into cyto-
plasmic vesicles or tubules to acquire their final envelope (e.g., Fig. 7, step 4). This 
process required pUL99; in its absence, tegumented capsids accumulate in the 
cytoplasm (Silva et al., 2003). Several changes appear to accompany this process; 
including compression or tightening of the tegument and thickening of the mem-
brane with apparent elaboration on its luminal surface. These changes occur where 
the membrane and capsid are in close proximity (e.g., Fig. 1d), suggesting confor-
mational or compositional changes in both layers as envelopment proceeds. Late 
maturational events such as phosphorylation by the virion-associated kinase(s) 
(Roby and Gibson 1986; Nogalski et al. 2007), carbohydrate processing, and pos-
sible redistribution of envelope and tegument constituents, are likely to occur as the 
particle completes its egress and is modified to increase its efficiency as an entry 
vessel for delivering the viral DNA to the next cell. 

 The recently discovered ubiquitin-specific cysteine protease (DUB) activity, 
present and functional in virions at the amino end of the high-molecular-weight 
tegument protein pUL48 of HCMV and pUL36 of HSV (Kattenhorn et al. 2005; 
Schlieker et al. 2005; Wang et al. 2006), may be involved in these late events, or 
have a role at the outset of infection, or both. Viruses mutated in the catalytically 
critical Cys41 or His163 residues of the HCMV DUB replicate at a reduced efficiency 
relative to wild type virus, indicating an important even if not absolutely essential 
role for this new virion-associated enzyme (Wang et al. 2006).  
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  Concluding Thoughts 

 Cytomegalovirus devotes much of its coding potential to functions required to produce 
infectious progeny. Delineating the molecular composition of the mature virus 
particle, the organization of its components, and the processes required to enable 
its formation will provide new insights into biological assembly mechanisms and 
critical virus-host interactions, and new leads for antiviral strategies. 

 Advances in the sensitivity of detecting and quantifying constituents of the vir-
ion have led to a more detailed inventory of its composition. However, much 
remains to be discovered about how those components associate into substructures, 
what processes drive their associations and dissociations, and what functions are 
served by the resulting changes. 

 Ripe for further investigation are several new and less-well understood aspects 
of how the virus particle is formed and delivers its DNA cargo to the host cell 
nucleus:  

  1. What targets the infecting nucleocapsid to the nuclear pore and what triggers 
DNA release at that destination?  

 2. What triggers maturational cleavage by the capsid protease, pUL80a, and what 
drives elimination of the scaffolding elements from the interior of the nascent 
capsid?  

 3. What is the function of the CMV-specific basic phosphoprotein (pUL32) that is 
tightly associated with the outer surface of the capsid and might it help stabilize the 
capsid to pressure from within exerted by the comparatively large CMV DNA?  

 4. How is the recently discovered ubiquitin-specific cysteine protease activity of 
pUL48 involved in virus replication?  

 5. What are the mechanistic details of nuclear egress by the nucleocapsid?  
 6. What are the critical interactions between capsid and tegument components, 

tegument constituents with themselves, and tegument constituents with 
envelope?   

 Answers to these and related questions will speed progress toward identifying 
new targets and strategies for antiviral drugs, and broaden our understanding of this 
medically important class of viruses.   
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      Human Cytomegalovirus Modulation of Signal 
Transduction 

   A.   D.   Yurochko    

    Abstract   An upregulation of cellular signaling pathways is observed in multiple 
cell types upon human cytomegalovirus (HCMV) infection, suggesting that a global 
feature of HCMV infection is the activation of the host cell. HCMV initiates and 
maintains cellular signaling through a multitiered process that is dependent on a 
series of events: (1) the viral glycoprotein ligand interacts with its cognate receptor, 
(2) cellular enzymes and viral tegument proteins present in the incoming virion are 
released and (3) a variety of viral gene products are expressed. Viral-mediated cel-
lular modification has differential outcomes depending on the cell type infected. In 
permissive cell types, such as diploid fibroblasts, the upregulation of cellular signal-
ing pathways following infection can initiate the viral gene cascade and promote 
the efficient transcription of multiple viral gene classes. In other cell types, such as 
endothelial cells and monocytes/macrophages, the upregulation of cellular pathways 
initiates functional host changes that allow viral spread to multiple organ systems. 
Together, the modification of signaling processes appears to be part of a thematic 
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strategy deployed by the virus to direct the required functional changes in target 
cells that ultimately promote viral survival and persistence in the host.    

   Introduction 

 HCMV is a species-specific β-herpesvirus found in more than 60% of the human 
population (Mocarski et al. 2007). HCMV causes severe disease in immunocom-
promised individuals, where it is a major opportunistic pathogen in AIDS and 
organ transplant patients, in congenitally infected neonates, and in cancer patients 
undergoing chemotherapy (see the chapter by W. Britt, this volume). In the immu-
nocompetent host, HCMV causes mononucleosis (see the chapter by W. Britt, this 
volume) and is associated with chronic human diseases such as atherosclerosis and 
restenosis (Melnick et al. 1993; Speir et al. 1994; Waldman et al. 1997; Streblow 
et al. 1999, 2001a) and some forms of cancer (Shen et al. 1993; Cobbs et al. 2002; 
Soderberg-Naucler 2006). 

 A hallmark of HCMV infection is a broad cellular tropism in vivo that results in 
the infection of most host organ tissues (Myerson et al. 1984; Sinzger and Jahn 1996; 
Mocarski et al. 2007; see the chapter by C. Sinzger et al., this volume). HCMV patho-
genesis is a direct result of the infection of host organs and the resulting overt organ 
disease (Sinzger and Jahn 1996; Mocarski et al. 2007). From an evolutionary stand-
point, the ability to infect multiple organs provides the virus access to multiple portals 
of viral exit and, consequently, allows viral shedding in most human body fluids 
(Mocarski et al. 2007). Broad cellular tropism necessitates that the virus possess a 
strategy to productively infect a diverse array of cell types that have unique biochemi-
cal features. Regardless of the diversity of cells found in the human host, all cell types 
utilize cellular signaling pathways as a means of cellular communication and appro-
priate response to their environment (Cooper and Hausman 2007). Thus, cellular sig-
naling from a general standpoint is a common thread among multiple cell types that, 
if exploited correctly, would allow HCMV to transcend the differences among cell 
types. Mechanistically, the exploitation of cellular signaling by the virus provides at 
least one biological explanation for HCMV’s broad tropism in vivo. Certainly viral 
attachment to an infected cell surface is also a determinant of tropism (see the chapter 
by C. Sinzger et al., this volume), but because this chapter focuses on the viral modu-
lation of cellular signaling, we will only discuss how cellular signaling can be 
exploited by the virus to promote persistence and survival in a variety of host cell 
types. Nevertheless, because we (Yurochko et al. 1995, 1997a; Yurochko and Huang 
1999; Bentz and Yurochko, unpublished data) and others (Keay et al. 1995; Boyle et 
al. 1999; Simmen et al. 2001; Compton et al. 2003; Wang et al. 2003; Boehme et al. 
2004; Feire et al. 2004; Wang et al. 2005; Boehme et al. 2006) have strong evidence 
that viral ligand-mediated signaling is stimulated by the same viral glycoproteins 
responsible for viral attachment, fusion, and entry (Britt and Mach 1996), it is likely 
that these two seemingly diverse mechanisms are intimately linked and together pro-
vide key control points for the infection of the host. We propose that cellular signal-
ing is a biological aspect exploited by HCMV during infection (from viral entry to 
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post-entry events) to manipulate a variety of cell types. It is the goal of this chapter 
to provide an overview of the diverse mechanisms HCMV employs to modulate cel-
lular signaling pathways, as well as a discussion of the likely biological rationale for 
why the virus may have evolved a strategy to dysregulate host cell signaling path-
ways following infection.  

  Signaling Overview 

 HCMV infection results in a wide range of cellular changes including changes in 
calcium flux and lipid metabolism, activation of kinase signaling cascades (such as 
calcium/calmodulin-dependent protein kinases, multiple cell cycle-regulated 
kinases, the epidermal growth factor receptor (EGFR), the IκB kinase (IKK) cas-
cade, the mammalian target of rapamycin pathway, various members of the mitogen 
activated protein kinase (MAPK) pathway, the phosphatidylinositol 3-kinase 
(PI(3)K) pathway, and the src family of kinases), cytoskeletal changes, activation 
of cellular transcription factors (such as AP-1, ATF/CREB, E2F, NFκ-B, Sp1), the 
induction of proto-oncogenes and other cellular immediate-early (IE) response 
genes (reviewed in Albrecht et al. 1990, 1993; Evers et al. 2004; DeMeritt and 
Yurochko 2006). Signaling-induced changes in infected cells can loosely be 
grouped into two tiers (Table  1 ): the first tier represents changes that occur prior to 
the initiation of viral gene expression and, thus, are mediated by the virion itself; 
and the second tier represents those changes that occur temporally after the produc-
tion of viral gene products and, thus, are mediated by proteins from the different 
temporal gene classes. The virion itself is a potent signaling player as the viral 
envelope glycoproteins initiate rapid cellular responses upon binding to cognate 
receptors (reviewed in Evers et al. 2004; DeMeritt and Yurochko 2006). 

  Table 1  Summary of viral-associated signaling a  

  Rapid  Delayed  
Modulator effects b  effects b  Function

Viral glycoproteins X  Receptor/ligand-mediated signaling 
Captured cellular enzymes X ? Activation of signaling pathways
Tegument proteins c  X ? Activation of signaling pathways/

    cell cycle regulation
Other viral gene products d  – X Activation of signaling pathways/
    cell cycle regulation 

  a  Individual gene products are discussed in the text
 b  Signaling induced upon HCMV infection can loosely be grouped into the products that regulate 
rapid responses (beginning within minutes of infection) and are caused by modulators associated 
with the virion vs those products that regulate effects later in infection (or delayed compared to 
the rapid effects) and are caused by viral gene products de novo synthesized following infection
 c  Tegument proteins or tegument-associated virion proteins are included together
 d  Other viral gene products in this table represent those gene products that are synthesized de novo 
in the infected cell and are not attributed to virion mediated signaling 
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Glycoprotein-mediated signaling is not the only tool in the virion arsenal, as the 
virion has evolved a mechanism to capture cellular signal modifying enzymes 
(Michelson et al. 1996; Gallina et al. 1999; Nogalski et al. 2007), which can be 
dumped directly into the cytosol following viral entry into host cells. In addition, 
like all herpesviruses, HCMV has a large number of tegument proteins that modu-
late cellular signaling (Mocarski et al. 2007). Lastly, viral gene products synthesized 
following infection can also manipulate host cellular responses (some examples 
include IE proteins that alter the cell cycle and regulate apoptosis (reviewed in 
Castillo and Kowalik 2004; Andoniou and Degli-Esposti 2006) or those viral gene 
products that mimic cellular cytokine/chemokine signaling receptors including 
US28 (reviewed in Streblow et al. 2001b; Stropes and Miller 2004; van Cleef et al. 
2006), a viral G protein-coupled receptor (GPCR), and UL144 (Benedict et al. 
1999; Poole et al. 2006), a tumor necrosis factor-like receptor. Together, it is evi-
dent that HCMV possesses an array of signal-modifying capabilities that are 
deployed over a temporal range during the infection process. The likely outcome of 
this viral-mediated signaling is currently under debate. We suggest the viral-mediated 
cellular modification is required for multiple critical steps in the viral infection 
cycle and that the viral-directed signaling can have different outcomes in different 
cell types. In fibroblasts, for example, the initial signaling seen following receptor/
ligand engagement is reported to promote viral entry (Wang et al. 2003; Feire et al. 
2004; Wang et al. 2005) and then productive infection by promoting efficient gene 
transcription (Caposio et al. 2004; DeMeritt et al. 2004, 2006; DeMeritt and 
Yurochko 2006). In other cell types such as endothelial cells (Bentz et al. 2006) and 
monocytes (Smith et al. 2004b, 2007), viral-mediated signaling can stimulate 
the functional changes in these cells required for hematogenous dissemination of 
the virus. Below we provide a more detailed overview of these different viral-
directed steps controlling signaling. 

  Receptor/Ligand-Mediated Signaling: Viral Glycoproteins 

 Envelope glycoproteins play an essential role in viral attachment and entry (Britt 
and Mach 1996; Mocarski et al. 2007; see the chapter by Μ.K. Isaacson et al., this 
volume). From a signaling standpoint, these molecules are logical players in the 
rapid manipulation of the host cell because they are the first viral molecules to 
contact a target cell. Although HCMV encodes a number of envelope glycoproteins 
(Britt and Mach 1996; Mocarski et al. 2007), glycoprotein B (gB/UL55; Britt and 
Mach 1996) and glycoprotein H (gH/UL75 and its associated partners gL/UL115, 
gO/UL74, and the UL131-UL128 loci; Britt and Mach 1996; Hahn et al. 2004; 
Wang and Shenk 2005a, b; Patrone et al. 2007) are the glycoproteins documented 
to be bona fide signaling molecules (Keay et al. 1995; Yurochko et al. 1997a; Boyle 
et al. 1999; Yurochko and Huang 1999; Simmen et al. 2001; Compton et al. 2003; 
Wang et al. 2003, 2005; Boehme et al. 2004, 2006; Feire et al. 2004). The gH com-
plex was originally shown to stimulate calcium flux (Keay et al. 1995), while we 
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have demonstrated that both gB and gH stimulate the activation of the cellular 
transcription factors, NFκ-B and Sp1 (Yurochko et al. 1997a; Yurochko and Huang 
1999). Other studies confirmed and expanded these results (Boyle et al. 1999; 
Simmen et al. 2001; Wang et al. 2003, 2005; Boehme et al. 2004, 2006) and 
together determined that HCMV fires cellular signal transduction pathways via the 
actions of the major viral glycoproteins, gB and gH. Viral glycoprotein-mediated 
signaling occurs in multiple cell types (fibroblasts, monocytes, endothelial cells, 
etc.), suggesting that the capacity to induce cellular signaling is part of a central 
theme in the viral infection strategy. 

 The recent identification of several cellular receptors for HCMV attachment/
entry that are found on multiple cell types supports this proposal: HCMV glycopro-
teins were recently shown to interact with the epidermal growth factor receptor 
(EGFR; Wang et al. 2003, 2005), integrins (α 
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V
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3
 ; Feire et al. 2004; Wang 

et al. 2005), and toll-like receptor 2 (TLR2; Compton et al. 2003; Boehme et al. 
2006). From a signaling standpoint, the engagement of these receptors by the virus 
makes sense, as each receptor is biochemically integrated with the signaling 
machinery. EGFR dimerizes upon ligand binding and then directs downstream sig-
naling events via the action of its intrinsic tyrosine kinase (Wang et al. 2003, 2005). 
Integrins do not possess intrinsic kinase activity; however, upon their engagement 
they interact with members of the Src family of tyrosine kinases to modulate down-
stream signaling events (Wang et al. 2003, 2005). Finally, like all TLRs, TLR2 is 
part of a signaling network involving a cascade of players (Compton et al. 2003; 
Boehme et al. 2006). 

 Mechanistically, it has been documented that gB and gH are responsible for the 
engagement of the various cellular receptors (EGFR, the integrins, and TLR2) and 
that, through this receptor/ligand interaction, they rapidly activate signal transduc-
tion pathways (Wang et al. 2003, 2005; Boehme et al. 2006). Wang et al. have 
reported that gB interacts with EGFR and gH interacts with cellular integrins 
(Wang et al. 2003, 2005), demonstrating that individual receptor/ligand events are 
controlled by different viral gene products. gB and gH can also interact with TLR2 
(Boehme et al. 2006), while gB may additionally interact with cellular integrins 
(Feire et al. 2004). All three receptors appear to be present on most cell types, sug-
gesting an evolutionarily conserved mechanism may exist for viral binding and 
receptor engagement during infection of multiple cell types. This possibility is sup-
ported by work showing that EGFR and/or integrins are central determinants of 
signaling and/or attachment/entry in fibroblasts (Wang et al. 2003, 2005), cytotro-
phoblasts (Maidji E et al. 2007), endothelial cells (Bentz and Yurochko 2008) and 
monocytes (Yurochko et al. 1992; Chan et al., unpublished data). Nevertheless, the 
role these receptors play remains controversial, as it was recently reported that 
EGFR was not required for attachment and signaling on some fibroblast, epithelial 
and endothelial cell lines (Isaacson et al. 2007). Thus, it remains unclear if all three 
receptors are utilized on all cell types infected or if different combinations are uti-
lized depending on the cell type. Overall, these findings suggest the following 
general model (discussed in more detail below): gB and gH binding to cellular 
receptors initiates the activation of multiple downstream players including the focal 
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adhesion kinase (FAK), the IKK cascade, the MAPK pathway, and the PI(3)K 
pathway to promote both viral entry and cellular changes such as the activation of 
NFκ-B and other transcription factors required for the transactivation of key cellu-
lar and/or viral genes (Fig.  1 ).  

  Captured Cellular Enzymes 

 The virion has long been known to harbor enzymatic activity (Mar et al. 1981), 
although the nature of this signaling potential has been unresolved. The signaling 
potential present in the virion imparts the virus with another mechanism to rapidly 
mediate distinct cellular changes following infection. Two distinct signaling capa-
bilities are present in the virion: (1) HCMV captures cellular enzymes that directly 
modify the host cell signaling capabilities following viral fusion (discussed in this 
section) and (2) tegument proteins found in the mature virion can directly modulate 
host cell biochemical pathways (discussed in the next section). 

 The virion contains at least four distinct functional enzyme activities of host cell 
origin (Michelson et al. 1996; Gallina et al. 1999; Nogalski et al. 2007). A recent 
mass spectrometry analysis of the HCMV proteome revealed that additional cellular 

  Fig. 1  HCMV binding to cognate receptors initiates signaling cascades. Binding of the envelope 
glycoproteins, gB and gH, to the cellular receptors, EGFR, integrins and TLR2 begin the outside-
in signaling process observed in cells following infection. These known HCMV receptors are 
integrated with cellular signal transduction pathways; thus viral ligand engagement is the stimulus 
to fire downstream signaling processes. The initial receptor/ligand-directed signaling modulates a 
number of pathways, of which a few examples are shown in the drawing. The consequences of 
this outside-in signaling modulated by the viral glycoproteins include viral entry, cellular activa-
tion and transcriptional regulation of cellular and viral genes 
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modulators may exist in the virion (Varnum et al. 2004). Michelson et al. first 
showed that HCMV virions contain serine/threonine protein phosphatase activity 
due to the cellular protein phosphatases PP1 and PP2A (Michelson et al. 1996). 
This work provided key evidence that HCMV captures cellular enzymes capable of 
manipulating phosphorylation. Kinases are also present in the HCMV virion. 
Gallina et al. showed that HCMV possess serine/threonine kinase activity due to 
the cellular kinase, (polo-like kinase 1 (Plk1; Gallina et al. 1999)). Plk1 was shown 
to interact with the major tegument protein, UL83/pp65, identifying a mechanism 
in which cellular products could be captured by the virus during maturation through 
a specific interaction with viral tegument proteins. We identified a second serine/
threonine kinase, casein kinase II (CKII), that is also incorporated into the mature 
virion (Nogalski et al. 2007). The virion CKII possesses potent IκB kinase activity 
and promotes the efficient transactivation of the major IE promoter (MIEP). Why 
would the virus have evolved a mechanism to capture cellular enzymes? Reversible 
phosphorylation via the reciprocal action of kinases and phosphatases is an effec-
tive and rapid mechanism for modulating cellular function (Arena et al. 2005); thus 
this biochemical process is an attractive target for a virus that needs to rapidly 
modulate the host cell for viral infection, survival and persistence. The release of 
captured enzymes may allow an increase in the local concentration of those 
enzymes in the viral microenvironment (Nogalski et al. 2007). It is also possible the 
virion-associated enzymes have a different subcellular localization and thus poten-
tially different targets (Gallina et al. 1999). Additionally, because the virus infects 
multiple cell types with different biological characteristics, the evolution of multi-
ple mechanisms to drive the rapid activation of the cell may ensure sufficient and 
appropriate activation of each cell type following infection.  

  Tegument Protein-Mediated Signaling 

 HCMV possesses a number of tegument proteins that are able to modulate the host 
cell, although many tegument proteins do not have identified functions (Mocarski 
et al. 2007). Because another chapter will cover tegument proteins in detail (see the 
chapter by R. Kalejta, this volume), the signaling potential of select tegument pro-
teins will only briefly be summarized. UL83, the major tegument protein, has been 
shown to block the antiviral response through the inhibition of the cellular tran-
scription factors NFκ-B and interferon regulatory factor 1 (Browne and Shenk 
2003). Other tegument proteins including UL82 (Schierling et al. 2004; Cantrell 
and Bresnahan 2006a; Saffert and Kalejta 2006), UL35 (Schierling et al. 2004), 
US24 (Feng et al. 2006) and UL26 (Stamminger et al. 2002; Munger et al. 2006) 
can also influence the early events involved with MIEP transactivation and IE gene 
expression. Tegument proteins also alter the cell cycle (reviewed in Kalejta and 
Shenk 2002; Kalejta 2004; Mocarski et al. 2007). For example, UL82 promotes cell 
cycle progression through the degradation of Rb family members (Kalejta et al. 
2003; Kalejta and Shenk 2003a, 2003b), while UL69 blocks cell cycle progression 
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by arresting cells in the G 
1
  phase of the cell cycle (Lu and Shenk 1999). Functionally, 

UL82 has also been shown to interact with the cellular protein hDaxx resulting in 
IE gene transcription and viral replication (Cantrell and Bresnahan 2006a, 2006b; 
Saffert and Kalejta 2006; Hwang and Kalejta 2007; see the chapter by R. Kalejta, 
this volume).  

  Other Viral Gene Products That Modulate Signaling 

 Once viral gene transcription begins, HCMV increases its repertoire of signaling 
molecules. For example, the major IE genes (IE1-72/UL123 and IE2/UL122) have 
been shown to interact with a multitude of transcription factors to increase tran-
scription of required viral and cellular genes (reviewed in DeMeritt and Yurochko 
2006; Mocarski et al. 2007), as well as interact with cell cycle regulators such as 
p53, pRB, p107 and others to modulate the cell cycle (reviewed in Kalejta and 
Shenk 2002; Castillo and Kowalik 2004). IE1-72 has also been reported to contain 
intrinsic kinase activity and to activate cells through the targeted phosphorylation 
of members of the E2F family of transcription factors (Pajovic et al. 1997). In addi-
tion, IE1-72 and IE2-86 (Zhu et al. 1995) along with the other IE genes, UL36 
(viral inhibitor of caspase activation; Skaletskaya et al. 2001; McCormick et al. 
2003) and UL37×1 (viral mitochondrial inhibitor of apoptosis; Goldmacher et al. 
1999; McCormick et al. 2003; Reboredo et al. 2004), can modulate various survival 
pathways and provide protection from apoptosis (for additional information see 
Andoniou and Degli-Esposti 2006). HCMV also encodes other proteins with dis-
tinct signaling capabilities such as UL97, a viral kinase that plays a critical role 
during viral infection through its ability to phosphorylate cellular and viral sub-
strates (Prichard et al. 2005); four putative GPCRs (US27, US28, UL33 and UL78) 
that have been shown to bind chemokines, activate G proteins in a manner similar 
to traditional GPCRs, mediate calcium flux, activate various kinases (MAPKs, Src, 
and FAK) and modulate smooth muscle cell migration (reviewed in Streblow et al. 
2001b; Stropes and Miller 2004; van Cleef et al. 2006); and a TNF-like receptor, 
UL144 that activates NFκ-B through a TRAF6-dependent signaling cascade (Poole 
et al. 2006).   

  Biological Rationale for Modulation of Host Cell Signaling 

 There is little doubt that HCMV binding and/or infection of multiple cell types 
induces a sequence of signaling events (more detail provided in DeMeritt and 
Yurochko 2006), of which key points have been discussed briefly above. The 
question that remains is why the virus has evolved an elaborate strategy involving 
a multitiered approach to activate host target cells? The available evidence sug-
gests the viral-induced signaling serves to promote multiple steps required for an 
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efficient infection cycle. In human diploid fibroblasts, gB and gH stimulate signal 
transduction pathways required for viral entry (Wang et al. 2003, 2005; Feire et al. 
2004), demonstrating that rapid signaling serves initially to stimulate entry. The 
same pathways required for this essential first step in the infection process (the 
activation of the EGFR kinase and Src via binding to EGFR and the integrins, 
respectively) also rapidly induce transcription factors such as NFκ-B. In our model, 
this induction is required for efficient transactivation of the MIEP and the produc-
tion of viral IE gene products (DeMeritt et al. 2004), as well as the later viral gene 
classes (DeMeritt et al. 2006). It is likely that this facet of the viral biology, the 
activation of required host cell factors (transcription factors, cell cycle regulators, 
etc.) through the targeted specific activation of signal transduction pathways, is 
repeated for other specific pathways documented to be activated during infection 
of target cells. For example, additional transcription factors such as Sp1 are also 
induced following viral binding to promote the transactivation of the MIEP 
(Isomura et al. 2005; Yurochko et al. 1997a, 1997b). Because other signaling play-
ers such as the virion-associated CKII (Nogalski et al. 2007) and various tegument 
proteins (Romanowski et al. 1997; Stamminger et al. 2002; Schierling et al. 2004; 
Cantrell and Bresnahan 2006a; Feng et al. 2006; Munger et al. 2006; Saffert and 
Kalejta 2006) also promote the efficient expression of the IE gene products, it 
appears that multiple signaling pathways, although biochemically distinct, coordi-
nate their efforts to focus on a single goal for the virus such as the upregulation of 
the MIEP and the initiation of the viral gene cascade. Other steps in the viral infec-
tion cycle are also essential to the infection process; thus it is likely that additional 
viral-mediated signaling pathways converge on a common molecular outcome to 
benefit the virus. An example is the role various tegument proteins and IE gene  
products play in ensuring that the required cellular replicative enzymes are available 
for viral replication (Castillo and Kowalik 2004). 

 Different cell types have distinct signaling capabilities, and even the same signal 
transduction pathway can have divergent downstream consequences in different 
cell types. Thus, we hypothesize that the viral regulation of signaling pathways will 
have different outcomes in cells such as endothelial cells and monocytes, which are 
critical cells for in vivo infection. We recently provided evidence for a unique two-
pronged strategy for hematogenous dissemination involving endothelial cells and 
monocytes: (1) HCMV directly infects vascular endothelial cells (see references 
within Bentz et al. 2006; Mocarski et al. 2007; C. Sinzger et al., this volume), which 
in turn promotes naïve monocyte transendothelial migration and viral transfer to 
these migrating monocytes (Bentz et al. 2006), and (2) HCMV directly infects 
peripheral blood monocytes in order to promote their transendothelial migration 
(Smith et al. 2004a). Following transendothelial migration, both pools of infected 
monocytes differentiate into pro-inflammatory macrophages permissive for the 
replication of the original input virus, even though the original undifferentiated 
monocyte was not permissive for viral replication at the time of infection. The virus 
initiates these functional changes in endothelial cells and monocytes through the 
binding of viral glycoproteins to EGFR and cellular integrins and the resulting 
modulation of downstream signaling cascades such as the PI(3)K and NFκ-B 
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pathways (Smith et al. 2004b; Bentz et al. 2006; Bentz and Yurochko 2008; Chan 
et al., unpublished data; Smith et al. 2007). Thus, these signal transduction 
 pathways do not initially drive viral gene expression in these cell types, but instead 
induce cellular changes required for motility and firm adhesion to endothelial cells 
and transendothelial migration, suggesting that the biological rationale for the 
activation of these pathways is to modulate functional changes in cells of the 
 vasculature that favor viral spread to and persistence within host organs. The role 
EGFR and integrins play in entry and attachment of endothelial cells and mono-
cytes is not clear, although we have data that rapid signaling occurs through these 
receptors in both cell types (Bentz and Yurochko 2008;  Chan et al., unpublished 
data), similar to that seen in fibroblasts (Wang et al. 2003, 2005; Feire et al. 2004), 
suggesting that these receptors are globally relevant to infection of multiple cell 
types. Overall, we propose that viral-induced signaling creates distinct cell-type-
specific signaling signatures such that viral infection proceeds appropriately in 
each cell type (Fig.  2 ).  

  Fig. 2  Potential biological outcome of the viral-mediated signaling. Although unresolved, it is 
likely that the initially receptor/viral-ligand-mediated signaling promotes viral entry into target 
cells, regardless of cell type. This same receptor/ligand-mediated signaling also activates multiple 
biochemical pathways in target cells; both common pathways and cell-type-specific pathways are 
activated. The other potential mechanisms discussed in this review such as the cellular enzymes 
and tegument proteins that come in with the virion, as well as various synthesized viral gene 
products, also play a critical role in cellular modification. The net outcome of the viral-mediated 
signaling appears to vary depending on the cell type: for example, as represented in this drawing, 
productive infection is promoted in fibroblasts, while long-term persistence and survival of the 
virus is promoted in endothelial cells and monocytes/macrophages. Note: monocytes are not 
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  Role of Signaling in Pathogenesis 

 Aberrant signaling and transcription factor regulation is associated with a multitude 
of diseases that including birth defects, cancer, and chronic inflammatory diseases 
such as cardiovascular disease (Kim et al. 2006). Cell cycle abnormalities are 
equally associated with diseases such as cancer and cardiovascular disease (Castillo 
and Kowalik 2004; Bentz and Yurochko 2008). Because these same diseases are 
associated with or caused by HCMV infection, modulation of multiple signaling 
transduction pathways, although beneficial to the virus, may be a molecular mecha-
nism tying HCMV infection to the onset or severity of viral-mediated disease 
(reviewed in Evers et al. 2004; DeMeritt and Yurochko 2006; Soderberg-Naucler 
2006). Certainly more work is needed to understand the possible direct role that 
viral-mediated cellular activation has on the infected host. It is also likely that these 
viral-manipulated cellular pathways required for viral pathogenesis may serve as 
new therapeutic targets for antiviral agents.  

  Final Thoughts 

 Together, it appears that HCMV has evolved a strategy for viral infection, survival, 
and persistence within the host that involves a complex biochemical manipulation of 
the host. Because of the possibility of severe effects on the host of unchecked signal-
ing, HCMV as an evolutionarily ancient virus may also have evolved a strategy to 
mitigate the pathological consequences of this signaling strategy. For example, a 
recent report shows that HCMV through the UL83/pp65 tegument protein downreg-
ulates NFκ-B activity (Browne and Shenk 2003). Although this report runs counter 
to the data showing that NFκ-B activity is required for viral gene expression 
(Caposio et al. 2004, 2007; DeMeritt et al. 2004, 2006; Nogalski et al. 2007), if one 
considers that the virus must walk a fine line when activating a cell between those 
changes required for viral infection and the activation of cellular antiviral/host 
defense pathways and/or pathogenic consequences, these divergent results may rep-
resent two sides of the same coin. Perhaps this is why other reports have shown that 
NFκ-B activation negatively regulates or at least does not upregulate MIEP activity 
(Benedict et al. 2004; Isomura et al. 2004; Eickhoff and Cotten 2005; Gustems et al. 
2006) and that for example the viral gene product, IE2p86, can act as a negative 
regulator of some NFκ-B-dependent cellular promoters (Taylor and Bresnahan 
2006a, 2006b; Gealy et al. 2007). Using this example as a model, we argue that 

 Fig. 2  (continued) productive for viral replication following primary infection, but in response 
to the viral-mediated signaling, as represented in the drawing, they differentiate into macrophages 
that support viral replication (Smith et al. 2004a), thus both monocytes and their differentiated 
counterparts, macrophages, are critical for viral spread and persistence 
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HCMV needs to activate threshold levels of NFκ-B to initiate gene transcription 
(cellular and/or viral), but because high levels of this host factor are detrimental to 
the virus (generation of antiviral responses) and the host (pathogenic consequences), 
the virus has a mechanism to balance and moderate this transcription factor, or in a 
more general sense cellular signaling pathways; the virus thus walks a fine line by 
activating the factors necessary to allow productive infection and life-long persist-
ence within the host with only minimal pathological consequences.   
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   Abstract   CMVs carry several genes that are homologous to genes of the host 
organism. These include genes homologous to those encoding chemokines (CKs) 
and G protein-coupled receptors (GPCRs). It is generally assumed that these CMV 
genes were hijacked from the host genome during the long co-evolution of virus and 
host. In light of the important function of the CK and GPCR families in the normal 
physiology of the host, it has previously been hypothesized that the CMV homologs 
of these proteins, CMV vCKs and vGPCRs, may also have a significant impact 
on this physiology, such that lifelong maintenance and/or replication of the virus 
within the infected host is guaranteed. In addition, several of these homologs were 
reported to have a major impact in the pathogenesis of infection. In this review, the 
current state of knowledge on the CMV vCKs and vGPCRs will be discussed.   
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element ;  CREB :  Cyclic adenosyl monophosphate responsive element-binding factor ; 
 ECK-3 : England strain rat cytomegalovirus chemokine 3 ;  ELC :  Epstein-Barr 
virus-induced chemokine receptor ligand chemokine ;  ERK[n] (e.g., ERK1) : 
 Extracellular signal-regulated protein kinase [n] ;  FAK:   Focal adhesion kinase ; 
 GpCMV :  Guinea pig cytomegalovirus ;  GPCR :  G protein-coupled receptor ;  HCMV :  
Human cytomegalovirus ;  HHV-6 :  Human herpesvirus 6 ;  HHV-7 :  Human herpesvirus 
7 ;  HIV :  Human immunodeficiency virus ;  InsP :  Inositol phosphate ;  KSHV :  Kaposi’s 
sarcoma-associated herpesvirus ;  MCK-2 :  Murine cytomegalovirus chemokine 2 ; 
 MCMV :  Murine cytomegalovirus ;  MCP-1 :  Monocyte chemoattractant protein 1 ; 
 MDC :  Macrophage-derived chemokine ;  MIP-1a :  Macrophage inflammatory protein 
1a ;  NFk-B :  Nuclear factor kB ;  ORF :  Open reading frame ;  p38/MAPK :  38-kD 
Mitogen-activated protein kinase ;  PLC :  Phospholipase C ;  PTK  : Protein tyrosine 
kinase ;  Rac :  Rat sarcoma homolog A-related C3 botulinum toxin substrate ; 
 RANTES :  Regulated upon activation normal T cell expressed, and secreted ;  RCK-
[n] (e.g. RCK-3) :  Maastricht strain rat cytomegalovirus chemokine [n] ;  RCMV :  Rat 
cytomegalovirus ;  RhCMV :  Rhesus macaque cytomegalovirus ;  RhoA :  Rat sarcoma 
homolog A ;  SLC :  Secondary lymphoid tissue chemokine ;  SRE :  Serum-responsive 
element ;  TARC :  Thymus and activation-regulated chemokine ;  vCK :  Viral chemokine ; 
 vCXC-[n] (e.g. vCXC-1) :  Human cytomegalovirus CXC chemokine [n] ;  vGPCR :  
Viral G protein-coupled receptor ;  vMIP-II :  Kaposi’s sarcoma-associated herpesvirus 
macrophage inflammatory protein II ;  VSV :  Vesicular stomatitis virus    

   Introduction 

 Cytomegaloviruses (CMVs) are species-specific betaherpesviruses that establish 
life-long persistence in their hosts. Their genomes, the largest among herpesviruses, 
are estimated to contain between 165 (Davison et al. 2003) and 252 (Murphy et al. 
2003b; see the chapter by E. Murphy and T. Shenk, this volume) potential open 
reading frames (ORFs) encompassing up to 241,087 bp of double-stranded DNA 
(Davison et al. 2003). Approximately 41 human CMV (HCMV) ORFs belong to a 
core set of genes essential for viral replication in vitro, such as genes encoding DNA 
polymerase, capsid, matrix and envelope proteins (Yu et al. 2003). Approximately 
88 genes were found to be nonessential for efficient CMV replication in vitro (Yu 
et al. 2003). Some of these nonessential CMV genes are homologous to genes of the 
host. Among these homologs are genes that share similarities with genes encoding 
proteins that are associated with the immune system, such as class I MHC proteins 
(Wills et al. 2005; Prod’homme et al. 2007), a TCR gamma chain (Beck and Barrell 
1992), IL-10 (Wagner et al. 2003) and a TNF receptor (Poole et al. 2006). 
Apparently these gene homologs have been acquired from the host organism and 
subsequently modified during approximately 180 My of co-evolution (Davison 
2002) in order to enable dissemination and maintain life-long persistence. 
Interestingly, CMVs possess two distinct groups of genes homologous to those of 
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the host: (a) CC and CXC chemokine genes and (b) G protein-coupled receptors 
(GPCR) genes, the majority of which resembles chemokine receptor genes. GPCRs 
form a large family of 7-transmembrane receptors (Fig.  1 ) that include sensory 
receptors for sight, smell, and taste as well as receptors for many neurotransmitters, 
peptide hormones and chemokines. Chemokines comprise a family of immune 
modulatory cytokine peptides. Currently, four classes of chemokines are known. 
The classification is based on a conserved structure (Fig. 1) that includes either a 
single cysteine (C), a CC motif (Fig. 1), a CXC motif or a CX3C motif. Chemokines 
can be released to initiate inflammatory responses by acting as chemoattractant for 
infiltrating leukocytes (Glass et al. 2003). They can also stimulate differentiation, 
maturation and activation of many types of immune-related cells (Glass et al. 2003). 
Two chemokines, CXCL16 and CX3CL-1, were shown to function as adhesion 
molecules for leukocytes that are captured from the bloodstream onto the endothe-
lial surface (Haskell et al. 2000; Nakayama et al. 2003). The purpose of this review 
is to summarize the (putative) functions of the CC and CXC chemokines (vCKs) as 
well as the chemokine-like GPCRs (vGPCRs) that are encoded by CMV.  

  Evolution of CMV vCK Genes 

 To date, three vCK genes have been identified in the HCMV genome (Fig.  2 ), the 
CC chemokine-like gene UL128, and the CXC chemokine-like genes UL146 and 
UL147. To some extent, these genes are conserved among primate CMVs (Table  1 ). 
UL128-like genes are also present on the genomes of murine CMV (MCMV) and 
rat CMV (RCMV), as well as on the genome of human herpesvirus type 6 (HHV-6) 
(Table 1). The rodent CMV and HHV-6 species lack UL146- and UL147-like 

  Fig. 1  The 2D peptide structures of a CC chemokine ligand and a chemokine receptor. The  N  and 
the  C  denote the amino and carboxyl termini, respectively. The encircled  C s represent conserved 
cysteine residues. The  dashed lines  indicate conserved disulphide bridges.  Grey boxes  indicate 
hydrophobic transmembrane alpha helix domains 
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genes. Similar to the UL33- and UL78-like genes, the UL128-like chemokine genes 
are likely to have been acquired by betaherpesviruses at least 110 My ago. The 
conservation of this gene family suggests an essential role for these genes in the 
survival of betaherpesviruses in vivo. This notion is supported by the observation 
that the UL128 sequences from different clinical HCMV isolates are highly 
 conserved (Baldanti et al. 2006). Paradoxically, the UL128 gene appears to be 
functional in laboratory strain HCMV AD169, whereas in the clinical, low-passage 
HCMV strains Toledo and Merlin, as well as in the chimpanzee CMV (CCMV) 
laboratory strain, the UL128-like genes are disrupted by inversions or frame shift 
mutations (Table 1). A UL128 counterpart was also identified on the HHV-6 
genome, designated U83A. This gene was found to encode a potent CC chemokine 
(Derwin et al. 2006). Interestingly, the UL130 genes of the primate CMVs also 
contain chemokine-like sequences, including a CXC domain (Glass et al. 2003). 
However, the UL130-derived amino acid sequences lack other cysteine residues 
that are essential for classical chemokine folding (Glass et al. 2003). The MCMV 
and RCMV genome sequences available to date do not contain UL130-like CXC 
chemokine sequences. Nevertheless, within the genome of the Maastricht strain of 
RCMV, a second CC chemokine-like gene, r131, was identified adjacent to r129. 
These two genes may have originated from duplication of a common ancestor gene 
(Kaptein et al. 2004; Voigt et al. 2005). In contrast to the UL128-like genes, UL146 
and UL147 appear to be restricted to the primate CMVs. Both the HCMV and 
CCMV UL146 genes encode a CXC vCK (Table 1). Rhesus macaque CMV 
(RhCMV) does not possess a UL146 homolog (Table 1). Both the HCMV and 
CCMV genomes contain a UL147 gene, whereas a UL147-like gene is present in 

  Fig. 2  CMV chemokine and chemokine receptor homolog gene loci. The central line represents 
the HCMV Merlin strain genome (235,645 kb) derived from GenBank accession NC_006273. 
The  black boxes  on this line represent repetitive regions. The chemokine homolog gene loci are 
enlarged above the genomic line, the chemokine receptor homolog gene loci below the genomic 
line. The  arrowheads  indicate the sizes and directions of the coding content of the genes. The 
UL128 exon sizes and positions are analogous to those of the HCMV AD169 strain, as indicated 
in NC_006273.  UL  unique long,  US  unique short 
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  Table 1  Cytomegalovirus chemokine-like genes 

 CMV Gene GenBank
Species (product name) accession References Comments

HCMV UL128 NC_006273 Akter et al. 2003,  Intact in AD169,
    Hahn et al. 2004  disrupted in Merlin
     and Toledo

CCMV UL128 AF480884 Akter et al. 2003,  Disrupted
    Hahn et al. 2004

RhCMV rhUL128 DQ120516 Rivailler et al. 2006 Intact in RhCMV
     180.92, not present
     in RhCMV68.1

RCMV r129 (RCK–3/ AF232689 Kaptein et al. 2004 
  ECK–3)

RCMV r131 (RCK–2) AF232689 Kaptein et al. 2004 
MCMV m131–129  U68299 MacDonald 

  (MCK–1;    et al. 1999
  MCK–2, 
  alternative
  splice product)

HHV–6 U83A NC_001664 Derwin et al. 2006,  
    Catusse et al. 2007

GpCMV GPCMV-MIP AF500307 Haggerty and  Unique, MIP–1-like
    Schleiss 2002,
    Penfold et al.
    2003a

HCMV UL146  NC_006273 Penfold et al. 1999 Intact in Towne, 
  (vCXC–1)    Toledo, Merlin,
     lost in AD169

CCMV UL146  AF480884 Miller-Kittrell 
  (vCXC–1)   et al. 2007

CCMV UL146A AF480884 Davison et al. 2003 UL146-like, not present
     in other CMVs

HCMV UL147  NC_006273 Penfold et al. 1999 Intact in Towne, 
  (vCXC–2)    Toledo, Merlin, 
     lost in AD169

CCMV UL147 AF480884 Davison et al. 2003 
RhCMV rh158 AY186194 Rivailler et al. 2006 Intact in 68.1, not

     present in 180.92
RhCMV rh156.2 DQ120516 Rivailler et al. 2006 
CCMV UL156 AF480884 Davison et al. 2003 Splice variant may

     encode CXC
     chemokine, not present
     in other CMVs

CCMV UL157 AF480884 Davison et al. 2003 UL146-like, not 
     present in other CMVs 

only one of two available genomic RhCMV sequences (Table 1). The sequences of 
UL146 and UL147 derived from numerous clinical HCMV isolates showed an 
extensive level of variability. This variability was significant among interindividual 
strains (Hassan-Walker et al. 2004; Stanton et al. 2004). However, the sequence of 
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individual strains remained absolutely stable over time in vitro and in vivo, which 
indicates that sequence drift is not a mechanism for the observed sequence hyper-
variability (Lurain et al. 2006). UL146 was found to be the more rapidly evolving 
paralog (Arav-Boger et al. 2005). Despite the observed hypervariability, no specific 
UL146 or UL147 genotype was associated with disease outcome in newborns with 
CMV-associated congenital disorders (Arav-Boger et al. 2006; He et al. 2006). 
Interestingly, a single CXC vCK-like gene (rh156.2) and two CXC vCK-like genes 
(UL156 and UL157) have been identified in RhCMV and CCMV, respectively 
(Table 1). While these genes share significant similarity with UL146-like genes, 
they do not have counterparts in HCMV or rodent CMVs. This indicates that in 
contrast to UL128-like genes, the UL146-like and UL147-like genes are rapidly 
evolving in vivo. Finally, a distinct CC vCK was reported to be encoded by guinea 
pig cytomegalovirus (GpCMV; Haggerty and Schleiss 2002). Both the genomic 
localization and the DNA sequence of the MIP gene are unique for GpCMV. No 
counterparts have been found on the genomes of other herpesviruses (Table 1). 

  The Role of vCKs During CMV Infection 

 The HCMV UL128 is functionally clustered within the UL128/UL130/UL131A 
locus. Three mutant HCMV strains were generated in which any of these genes was 
disrupted. Each of these strains completely lost its ability to replicate in human 
umbilical cord endothelial cells, as well as its ability to transfer from one cell to 
another in cultured polymorphonuclear leukocytes (PMNs) and monocytes (Hahn 
et al. 2004 ). Thus, these genes appear to determine endothelial cell tropism as well 
as cell-to-cell passage in vitro (Hahn et al. 2004). The mechanisms by which the 
UL128, UL130 and UL131A genes govern these processes have recently been 
addressed. It was suggested that the proteins encoded by the UL128/UL130/
UL131A locus might act as ligands for receptors that convey signals into endothelial 
cells to facilitate intracellular transport or inactivation of innate intracellular antivi-
ral immunity (Patrone et al. 2005). Moreover, these proteins are a component of the 
attachment/entry machinery, either by acting as a soluble factor or as a virion 
 component, permitting a viral entry pathway that differs from that used in fibroblasts 
(Patrone et al. 2005). These proteins were also suggested to be involved in the final 
stages of virus morphogenesis and maturation at membranes (Hahn et al. 2004), as 
well as in attraction–adhesion of leukocytes to endothelial cells (Hahn et al. 2004). 
Finally, UL128, UL130 (Wang and Shenk, 2005) and UL131 (Adler et al. 2006) 
have been shown to be part of a complex with gH/gL in the virion and to play a 
direct role in entry into epithelial and endothelial cells. The chemotactic activity of 
each individual gene product of the UL131–128 locus, as well as the potential 
 cooperation with other viral or cellular gene signaling molecules, remains to be 
elucidated. The HHV-6 counterpart of UL128, U83A, was found to encode a potent 
CC chemokine capable of inducing Ca 2+  mobilization and chemotaxis in T lymphocytes 
(Derwin et al. 2006). However, this provides little insight in the function of 
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CMV-encoded UL128-like vCKs, since CMVs and HHV-6 occupy different tissue 
 compartments and cell types in the host. 

 The MCMV counterpart of UL128, m131, was found to encode a potent CC 
vCK designated MCP-1, which was capable of inducing Ca 2+  mobilization and 
chemotaxis of macrophages and cells expressing human CCR3 (Saederup et al. 
1999). Similarly, the unique GpCMV MIP chemokine was found to invoke signal-
ing and chemotaxis in cells expressing human CCR1 (Penfold et al. 2003a). These 
findings indicate a role for the rodent CMV-encoded CC chemokines in leukocyte 
attraction. It was hypothesized that leukocytes recruited by vCKs can subsequently 
be subverted by CMV to serve as vehicles to enable viral dissemination. This claim 
was supported by deletion mutant experiments in vivo. Mutant MCMV and RCMV 
strains from which the m129/m131 or r131 locus had been deleted, respectively, 
exhibited reduced virus levels in salivary gland, liver and spleen tissue during acute 
infection (Saederup et al. 1999; Kaptein et al. 2004). Moreover, leukocyte infiltra-
tion in infected foot pad experiments was significantly lower in mice and rats 
treated with deletion mutant virus (Saederup et al. 1999; Kaptein et al. 2004). 
Finally, monocyte-associated viremic peak levels in mice infected with the m129/
m131 deletion mutant were dramatically lower than those in mice infected with 
wild-type MCMV (Saederup et al. 1999). 

 Both HCMV and CCMV UL146 encode potent vCKs, which were designated 
vCXC-1. Recombinant vCXC-1 peptides derived from both CMV species were 
found to be capable of inducing calcium mobilization, chemotaxis, and degranulation 
via stimulation of CXCR2, as well as inducing integrin upregulation and apoptosis 
in human neutrophils (Penfold et al. 1999; Miller-Kittrell et al. 2007). To study the 
function of UL146 and UL147 further, mutant HCMV strains were generated in 
which both genes were disrupted. Viral passage to PMN was reduced in these 
strains, but not viral passage in monocytes (Hahn et al. 2004). Thus, the chemotactic 
factors encoded by HCMV UL146 and UL147 appear to be dispensable for viral 
growth and dissemination in vitro. In order to determine the role of these genes in 
vivo, the CCMV model may be the most suitable.   

  Chemokine Receptors Encoded by CMVs 

  Evolution of CMV vGPCR Genes 

 Both vGPCR and vCK genes have been identified within the genomes of beta- and 
gammaherpesviruses, but not within those of alphaherpesviruses. There is no 
apparent evolutionary relationship for these genes between the beta- and gamma-
herpesvirus subfamilies. Yet, within the betaherpesvirus subfamily, both vGPCR 
and vCK genes appear to be conserved among murine and primate CMV species, 
as well as the HHV-6 and human herpesvirus type 7 (HHV-7). The HCMV genome 
contains four vGPCR genes, UL33, UL78, US27 and US28 (Fig. 2) (Murphy et al. 
2003a). These genes are conserved among all known primate CMVs (Table  2 ). 
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UL33 and UL78 homologs are also present within the genomes of murine, rat 
and guinea pig CMV (GpCMV), as well as on the genomes of HHV-6 and -7 
(Table 2). These species lack US27- and US28-like genes. HCMV and HHV-6 
species were estimated to have diverged approximately 110 My ago (Davison 
2002). Since the genomic locations of UL33- and UL78-like genes are highly 
conserved among all known betaherpesvirus species, it is likely that these genes 
were acquired by a common ancestor of the betaherpesviruses, rather than 
 independently, after divergence of the different betaherpesvirus species. The 
notion that the UL33 and UL78 gene families have been maintained over such 
a long period of time suggests an essential role for these genes in the survival 
of betaherpesviruses in vivo. The US27- and US28-like genes have only been 
identified in primate CMV species. It is likely that these genes have emerged 
somewhere after the branching of a  common ancestor of rodents and primates, 
100 My ago (Li et al. 1990). Interestingly, RhCMV possesses five consecutive 
US27/US28-like genes (Penfold et al. 2003b) rather than the two genes (US27 
and US28) found in CCMV (Davison et al. 2003) and HCMV (Murphy et al. 
2003a). Since the sequences of US27- and US28-like genes in primate CMVs 
are highly similar and consecutively positioned with their respective genomes, 
it is likely that these genes have emerged from a single hijacked host GCPR 
gene-by-gene multiplication. 

  Table 2  Cytomegalovirus chemokine receptor-like genes 

 CMV Species Gene GenBank accession References

HCMV UL33 NC_006273 Casarosa et al. 2003
CCMV UL33 AF480884 Davison et al. 2003
RhCMV rh56 AY186194 Hansen et al. 2003
MCMV M33 U68299 Davis-Poynter et al. 1997
RCMV R33 AF232689 Beisser et al. 1998
GpCMV GP33 AF355272 Liu and Biegalke 2001
HHV–6 U12 NC_001664 Isegawa et al. 1998
HHV–7 U12 U43400 Nanako et al. 2003
HCMV UL78 NC_006273 Michel et al. 2005
CCMV UL78 AF480884 Davison et al. 2003
RhCMV rh107 AY186194 Hansen et al. 2003
MCMV M78 U68299 Oliveira et al. 2001
RCMV R78 AF232689 Beisser et al. 1999
GpCMV GP78 Unavailable Stropes and Miller 2004
HHV–6 U51 NC_001664 Milne et al. 2000
HHV–7 U51 U43400 Tadagaki et al. 2005
HCMV US27 NC_006273 Fraile-Ramos et al. 2002
CCMV US27 AF480884 Sahagun-Ruiz et al. 2004
HCMV US28 NC_006273 Gao and Murphy 1994
CCMV US28 AF480884 Davison et al. 2003
RhCMV rh214, rh215, rh216,  AY186194 Sahagun-Ruiz et al. 2004
  rh218, rh220 
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 All CMV vGPCRs, with the exception of those encoded by UL78-like genes, contain 
the hallmarks of chemokine receptors (Ahuja et al. 1993; Davis-Poynter et al. 1997):  

  1. An N-linked glycosylation site and several negatively charged amino acid 
 residues located in the extracellular N-terminal region 

 2. Two cysteine residues, which are likely to form a disulfide bridge, thereby 
 joining the N-terminal region with the third extracellular loop (Fig. 1) 

 3. Several positively charged amino acid residues within the third intracellular 
loop 

 4. Invariant amino acids within the transmembrane regions 
 5. Several serine and threonine residues in the intracellular C-terminal region  

 The sequences of US27/US28-like genes have the highest similarity with those 
of chemokine receptors of the host. The sequences of UL33-like genes are also 
related to those of chemokine receptors, albeit to a lesser extent. The sequences 
of UL78-like GPCR genes possess none of the chemokine receptor hallmarks. 
Interestingly, the HCMV genome contains several putative genes encoding 
7-transmembrane proteins: UL100 (the putative structural glycoprotein M), 
US12, US13, US14, US15, US16, US17, US18, US19, US20, and US21 (possi-
bly a multiplication of a US12-like ancestor). These genes share some sequence 
similarity with genes of well-characterized GPCRs (Rigoutsos et al. 2003). Yet, 
their predicted amino acid sequences lack the cysteine residues that join the 
second and third extracellular loop of all known GPCRs and are therefore not 
considered vGPCRs. Nevertheless, it remains tempting to speculate that these 
genes have arisen from host GPCR genes. 

   Modulation of Intracellular Signaling by CMV vGPCRs 

 Various CMV vGPCRs have been investigated for their putative role in the activa-
tion of signal transduction pathways. Attempts have been made to identify ligands 
that bind to these vGPCRs, as well as to identify the downstream intracellular 
signaling pathways. The most common signaling factors studied were:  

  1. Ca 2+  mobilization 
 2. Increase of inositol phosphate (InsP) by phospholipase C (PLC) 
 3. Increase of cAMP by adenylyl cyclase (AC) and subsequent CREB-mediated 

gene transcription 
 4. NFk-B-mediated gene transcription  

 In some cases, other signaling factors were addressed. The results of these studies 
are summarized in Table  3 . The consequences of modulation of these intermediates by 
vGPCRs may include either activation or inhibition of immune-related responses, such 
as cell differentiation and maturation, cell proliferation, cytoskeletal  remodeling, cell 
migration, cytokine release, and cytotoxicity. Apparently, viruses benefit from altering 
these responses by utilizing their own vGPCRs. 
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 For at least one member of each family included in Table 3, one or more ligands 
were identified. Interestingly, all of these ligands are CC chemokines, of which 
RANTES appears to be the most common. Some vGPCRs, most notably those 
encoded by the HHV-6 U51 and CMV US28, interact with more than one CC 
chemokine species. The combinations of chemokines that interact with each of 
these vGPCRs are unique and unrelated to those specific for chemokine receptors 
of the host. The most direct way of determining ligand-dependent vGPCR signal-
ing, as well as subsequent vGPCR desensitization, is measuring intracellular Ca 2+  
mobilization (Table 3). In addition to Ca 2+  mobilization, cytoplasmic accumulation 
of inositol phosphates (InsP) was measured in cells that expressed a member of 
either of the three betaherpesvirus vGPCR families. Interestingly, in all of these 
studies, vGPCRs were reported to induce a G 

q/11
 -mediated increase of InsP in a 

ligand-independent manner (Table 3). Thus, all vGPCRs were found to be consti-
tutively active, a property that is not shared by chemokine receptors of the host. 
Constitutive signaling was also demonstrated by subjecting betaherpesvirus 
vGPCRs to reporter gene assays specific for either cAMP/CREB- or NFk-B-driven 
modulation of gene transcription. Most notably, the results of these assays were 
inconsistent when comparing the activities of members of the UL33 vGPCR fam-
ily: expression of HCMV UL33 and MCMV M33 resulted in an increase in cAMP-
mediated gene transcription, whereas expression of RCMV R33 resulted in a 
decrease (Table 3). The most important factor responsible for this inconsistency is 
p38/MAPK, which is activated in cells expressing either HCMV UL33 or MCMV 
M33, but not in cells expressing RCMV R33 (Table 3). Additionally, expression 
of M33- and R33-encoded vGPCRs resulted in an increase in NFk-B-mediated 
gene transcription, whereas expression of HCMV UL33 had no effect (Table 3). 
Interestingly, NFk-B-mediated signaling is also increased in cells expressing 
HCMV US28. These findings support the hypothesis that the primate UL33-like 
vGPCRs have lost some signaling properties as similar functions might have become 
redundantly available upon hijacking US28-like genes. Alternatively, the rodent 
UL33-like vGPCRs may have gained NFk-B-stimulating activity following the loss 
of US28-like genes from their corresponding genomes. Gain and loss of genes as 
well as activities during evolution of the CMVs has become apparent by comparing 
HCMV US28 with RhCMV US28-like genes. None of the vGPCRs encoded by 
the five different US28-like genes within the RhCMV genome possess constitutive 
 signaling activities, nor do they signal in the presence of chemokine ligands that 
are known to modulate HCMV US28-mediated signaling (Penfold et al. 2003b). 
Moreover, neither of the InsP-, CREB- and NFk-B-mediated signaling factors 
were affected by HCMV US27 expression (Table 3). 

 A recent study has indicated that the HCMV US28-encoded vGPCR not only 
acts individually by modulating intracellular signaling, but also constitutes a regu-
latory switch for signal transduction by other Gi/o-coupled receptors (Bakker 
et al. 2004). In addition, when either HHV-7 U12 or U51 were expressed together 
with the host chemokine receptors CCR4 and CCR7, they had a broader ligand 
specificity than when each of these chemokines were expressed individually 
(Table 3). This suggested that the gene products of U12 and U51 can interact with 
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CCR4 and CCR7, possibly by receptor dimerization. Dimerization and subsequent 
changes in receptor kinetics have been demonstrated for CCR2 and CCR5 
(Mellado et al. 2001). Similarly, other vGPCRs could modulate intracellular sign-
aling by interacting with host receptors. Such a notion may inspire researchers to 
reevaluate orphan vGPCRs like those encoded by UL78 and US27, as well as by 
the rhesus US28-like vGPCR genes, which do not seem to be capable of altering 
signaling by themselves. 

 The consequences of GPCR signaling (Table 3) for the survival and replication 
of CMVs in the host remain in most cases unclear. Only a few of these signaling 
studies have led to the identification of changes in cellular behavior. The US28-
encoded vGPCR was shown to trigger smooth muscle cells to undergo chemoki-
nesis and chemotaxis via the G a12/13

 /PTK/RhoA/FAK/Src pathway upon 
stimulation with either RANTES or MCP-1 (Streblow et al. 1999, 2003). Thus, 
US28 could play a role in the spread of CMV through solid tissue by using 
infected cells as vehicles. HCMV US28-mediated intracellular signaling could 
cause infected smooth muscle cells to migrate to inflammatory sites such as 
atherosclerotic plaques. This, together with the finding that a US28-specific anti-
bodies can cross-react with heat-shock protein 60 (Bason et al. 2003), implies 
that US28-signaling in CMV-infected cells supports the progress of atherosclero-
sis. Interestingly, in addition to cell migration, US28-mediated signaling was 
found to trigger two unusual cellular responses: (a) caspase-dependent apoptosis 
(Pleskoff et al. 2005) and (b) loss of cell contact inhibition and enhanced cell 
cycle progression, as well as VEGF-mediated enhancement of tumor progression 
in vivo (Maussang et al. 2007). More investigation is required to determine how 
these two phenomena benefit CMV infection and how they relate to pathogenesis 
of CMV infection in humans. 

 Similar to HCMV US28, the MCMV M33-encoded vGPCR was shown to trig-
ger smooth muscle cell migration, which, in the case of M33 was enhanced upon 
stimulation with murine RANTES (Melnychuk et al. 2005). Nevertheless, the 
direct consequences of altered signaling in cells expressing non-RANTES-binding 
UL33 and R33 (Table 3) still needs to be elucidated. In addition, numerous other 
questions regarding the function of putative vGPCRs remain. Most important of 
these is the question regarding the activities of the proteins encoded by UL78, 
M78, R78 and US27. To date, none of these proteins has been attributed to any 
signaling activity.  

  CMV vGPCR Gene Deletion Mutants 

 Additional roles for CMV vGPCRs in the host have been determined by studying 
knockout CMV mutants. The HCMV UL33 gene, as well as MCMV M33 and 
RCMV R33 are dispensable for viral replication in fibroblasts in vitro (Davis-
Poynter et al. 1997; Beisser et al. 1998; Casarosa et al. 2003). Yet, the mortality 
rate of rats infected with RCMV R33 deletion mutant virus was significantly lower 
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than that of rats infected with wild type virus (Beisser et al. 1998). Additionally, 
whereas wild type virus can be recovered from salivary glands of both MCMV-
infected mice and RCMV-infected rats, their respective M33 and R33 deletion 
mutant counterparts remained undetectable in these organs throughout infection 
(Davis-Poynter et al. 1997; Beisser et al. 1998). Other knockout CMVs have been 
generated that had lower salivary gland replication rate phenotypes (Manning et al. 
1992; Xiao et al. 2000; Kaptein et al. 2004), but the M33/R33 deletion mutant 
studies indicated an absolute requirement of the MCMV M33 and RCMV R33 
vGPCR genes for salivary gland tropism in vivo. 

 Deletion of M78 and R78 from the MCMV or RCMV genome, respectively, 
resulted in mutant strains that were attenuated both in vitro and in vivo (Beisser et al. 
1999; Oliveira and Shenk 2001). In contrast, deletion of UL78 from the HCMV 
genome resulted in a mutant strain that was neither attenuated in cell culture nor in 
renal artery explant culture (Michel et al. 2005). Yet, the expression of U51-specific 
siRNA in HHV-6-infected cells resulted in significantly lower levels of viral replica-
tion than the expression of control siRNA in infected cells (Zhen et a. 2005). These 
results indicate that the vGPCRs encoded by M78, R78 and U51 may fulfill different 
roles in replication than those encoded by HCMV UL78. 

 Generation of mutants in which the US28 gene was deleted from the HCMV 
genome has been instrumental in confirming the US28-specific signaling activities 
of infected cells. Deletion of US28 resulted in a phenotype in which infected cells 
were no longer able to bind RANTES and mobilize intracellular Ca 2+  (Vieira et al. 
1998). Infected smooth muscle cells were no longer capable of chemokinesis or 
chemotaxis (Streblow et al. 1999). This clearly demonstrated a role for US28 in the 
dissemination of HCMV within the host, by enabling infected cells to navigate 
through tissue by chemotaxis. Cells infected with US28 deletion mutant virus were 
no longer capable of sequestering RANTES and MCP-1 (Bodaghi et al. 1998; 
Randolph-Habecker et al. 2002), allowing more monocytes to be attracted by the 
medium from cell cultures infected with US28-deleted virus than by medium for 
cultures infected with wild type HCMV (Randolph-Habecker et al. 2002). Additionally, 
cells infected with US28 deletion mutant virus showed an increase in IL-8 secretion. 
These phenotypes indicate that HCMV US28 has an anti-inflammatory effect, which 
could ensure persistence of the infection.  

  Localization of CMV vGPCRs 

 Chemokine receptors are, subsequent to their synthesis, transported to the outer 
cellular membrane by intrinsic GPCR domains. At the outer membrane, they can 
interact with both extracellular chemokines and intracellular membrane-bound 
heterotrimeric G proteins to establish a signaling bridge. Of all CMV vGPCRs 
detected in either infected or transfected cells, only the vGPCRs encoded by 
MCMV M33 and RCMV R33 were clearly localized at the outer cellular membrane 
(Waldhoer et al. 2002; Casarosa et al. 2003). All other CMV vGPCRs were 
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restricted to the perinucleus, as well as to intracellular, endosomic, multivesicular 
bodies (Oliveira and Shenk 2001; Fraile-Ramos et al. 2002; Waldhoer et al. 2002; 
Kaptein et al. 2003; Penfold et al. 2003b; Margulies et al. 2006). The HCMV 
vGPCRs encoded by UL33, US27 and US28 were shown to be subject to multiple 
internalization mechanisms, via either the beta-arrestin- or clathrin-dependent 
endocytosis pathways (Fraile-Ramos et al. 2002, 2003; Waldhoer et al. 2002; 
Miller et al. 2003; Droese et al. 2004, Margulies et al. 2006). Despite the rapid 
internalization of the vGPCRs encoded by HCMV UL33 and US28, they both 
show significant constitutive signaling, and, in the case of US28, ligand binding 
as well as modulation of signaling. Nevertheless, it was reported that the high rate 
of endocytosis reduces US28-mediated constitutive signaling as well as the signal 
transduction modulating effects upon stimulation with fractalkine (Waldhoer et al. 
2003). Interestingly, for the HHV-6 U51-encoded vGPCR, it was shown that 
membrane localization required a T cell-specific factor (Menotti et al. 1999). 
Most CMV vGPCR signaling and internalization assays have been performed in 
model cell types such as fibroblasts and immortalized kidney epithelial cell lines. 
Cell types more relevant to CMV infection in vivo, such as endothelial cells and 
cells of myeloid origin, might likewise provide the correct factor for stable 
vGPCR membrane expression. 

 It was suggested that mere expression of HCMV US28 on the leukocyte cell 
surface might enable adhesion to endothelial cells expressing membrane-bound 
fractalkine (Haskell et al. 2000). US28 transcription was shown to occur in latently 
infected monocytic cells in vitro (Beisser et al. 2001), as well as in PBLs in vivo in 
lung transplant recipients during primary CMV infection (Boomker et al. 2006b). 
These findings support the hypothesis that the US28-encoded cGPCR can act as an 
adhesion molecule aiding infected leukocytes to traffic from the bloodstream to 
solid tissue compartments. Thus, US28 could be a determinant of viral dissemina-
tion in the host. Yet, expression of US28-encoded vGPCRs on the outer cellular 
membrane of HCMV-infected cells in vivo has not yet been reported. 

 In addition to cell adhesion, US28 expression was also found to enhance viral 
entry and cell–cell fusion. The US28-encoded vGPCR was shown to interact 
with envelope proteins such as those from human immunodeficiency virus (HIV) 
and vesicular stomatitis virus (VSV) particles, enhancing HIV entry by acting as 
a (co-)receptor and enhancing membrane fusion upon interaction with HIV and 
VSV surface glycoproteins (Pleskoff et al. 1997, 1998). A similar role was estab-
lished for HHV-6 U51 (Zhen et al. 2005). Whether such interactions have an 
impact on the progression of diseases related to HIV- and VZV-like viruses in 
vivo is still unclear. 

 Interestingly, most CMV vGPCRs that localize to intracellular multivesicu-
lar bodies, rather than the outer cellular membrane, have also been detected in 
excreted virus particles. These include vGPCRs encoded by HCMV UL33 
(Fraile-Ramos et al. 2002), MCMV M78 (Oliveira and Shenk 2001), HCMV 
US27 (Fraile-Ramos et al. 2002; Waldhoer et al. 2002; Margulies et al. 2006), 
HCMV US28 (Fraile-Ramos et al. 2002; Waldhoer et al. 2002) and RhCMV 
RhUS28.5 (Penfold et al. 2003b). It can be hypothesized that vGPCRs, as 



Chemokines and Chemokine Receptors Encoded by Cytomegaloviruses 237

constituents of the viral envelope, are delivered to the cellular membrane immediately 
after fusion of envelope and membrane at the initial stage of infection. Upon 
this rapid delivery, modulation of intracellular processes may take place even 
before the immediate early stage of CMV infection commences. Interestingly, 
it was shown that HCMV US28-expressing cells were able to enhance the 
transcriptional activities regulated by the HCMV major immediate early promoter 
via the p38/MAPK and NFk-B pathways (Boomker et al. 2006a). This observation 
supports a role for virion-borne vGPCR delivery for preimmediate early 
infection events.   

  Perspectives 

 The vCKs and vGPCRs described in this chapter are the result of an ever-continuing 
arms race between cytomegaloviruses and the host organism. The roles of the 
UL128-, UL146- and UL147-encoded vCKs will likely remain uncertain until 
the phenotypes of relevant deletion mutant CMVs are examined in vivo. Since 
UL33- and UL78-like genes are conserved in rodent CMV species, their contribution 
to viral dissemination and replication have been well established in vivo. 
Interestingly, a pantheon of phenomena has been attributed to HCMV US28. 
Similar to the vCKs, more in vivo work needs to be done to determine how these 
phenomena benefit CMV growth and survival in the host. CCMV is the most appropriate 
model virus to address these questions. 

 Most existing antiviral agents against CMV disease target the viral replication 
cycle. vCKs and vGPCRs are interesting targets in the development of a new class 
of antiviral agents, such as synthetic small molecule GPCR ligands and chemokine 
antagonists and inverse agonists. These agents could inhibit viral reactivation or 
dissemination rather than replication, thereby increasing the range of available 
drugs and their effectiveness against CMV disease.   
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   Subversion of Cell Cycle Regulatory Pathways 

   V.   Sanchez  ,   D.   H.   Spector    (*ü )   

   Abstract   Human cytomegalovirus (HCMV) has evolved numerous strategies 
to commandeer the host cell for producing viral progeny. The virus manipulates 
host cell cycle pathways from the early stages of infection to stimulate viral DNA 
replication at the expense of cellular DNA synthesis. At the same time, cell cycle 
checkpoints are by-passed, preventing apoptosis and allowing sufficient time for 
the assembly of infectious virus.    

   The Host Cell Cycle 

 To understand the effects of HCMV on the host cell cycle, it is necessary to first 
present a brief overview of the phases of the cell cycle and the major regulatory 
proteins involved (see Fig.  1 ). The cell cycle is a finely orchestrated sequence of 
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events by which the cell prepares for division (for review see Sherr 1996, 2000). 
These events are regulated by heterodimeric kinases that consist of a regulatory 
cyclin subunit and a catalytic subunit, the cyclin dependent kinase (cdk). 
Multisubunit E3 ubiquitin ligases that target proteins for degradation by the protea-
some also regulate cell cycle progression. A resting cell (in G 

0
  phase) can be 

induced to enter the cell cycle by a number of proliferative signals including growth 
factors and serum stimulation. Initially, there is activation of the expression of the 
D-type cyclins, which form kinase complexes with cdk4 or 6. The phosphorylation 
of substrates by the cyclin D/cdk4 and cyclin D/cdk6 kinases releases the quiescent 
cell from its resting state and permits entry into the G 

1
  phase of the cell cycle. 

 The G 
1
  phase is the period during which multiple transcription factors and genes 

encoding proteins involved in nucleotide metabolism and DNA replication are 
induced. In G 

1
  phase, there is a commitment to DNA synthesis and cell division if 

  Fig. 1  Effects of HCMV on the cell cycle. The cell cycle is a tightly regulated process through 
which the cell replicates its DNA and divides into two daughter cells. G 

0
  is the resting state, and 

cells are stimulated through growth signals to express cyclin D and enter G 
1
  phase. During 

G 
1
  phase, the anaphase-promoting complex ( APC ), an E3 ubiquitin ligase, remains active, and 

proteins that are not needed by the cell until later in the cell cycle are ubiquitinated and targeted 
for degradation by the proteasome. A prereplication complex (licensing) is established at cellular 
origins of DNA replication and cyclin E is induced. Replication of the cellular DNA in S phase 
requires cyclin A. G 

2
  phase follows S phase and marks the transition prior to cell division in 

M phase. Both cyclin A and cyclin B are required during the G 
2
 /M period. The major guardians 

of the cell cycle are Rb and p53. Infection of cells during G 
0
 /G 

1
  phase induces progression through 

G 
1
 . However, the normal expression of the cyclin-dependent kinases is disrupted, and the cell 

cycle is blocked before the replication of cellular DNA. HCMV specifically inhibits the expres-
sion of cyclin D and cyclin A, but promotes expression of high levels of cyclin E and cyclin B. In 
infected cells, the activity of the APC is blocked and licensing of the cellular origins of DNA 
replication is inhibited. p53 is stabilized, but it cannot activate its target promoters, and the 
inhibitory activity of Rb on the E2F/DP transcription factors is relieved 



the necessary requirements are met. DNA is replicated completely and only once 
during a single cell cycle (Fujita 1999; Diffley 2001; Lei and Tye 2001). During G 

1
  

phase, prereplication complexes (pre-RC) assemble at the origins of DNA replica-
tion. The multisubunit origin recognition complex (ORC) is the first to bind to the 
DNA and serves as a nucleation point for the recruitment of other factors. Cdc6 and 
Cdt1 are recruited to the complex and facilitate the loading of the family of six 
MCM proteins (Maiorano et al. 2000; Nishitani et al. 2000, 2001; Rialland et al. 
2002). Cyclin E expression is induced, and the active cdk2/cyclin E kinase promotes 
the transition into S phase. Cyclin E also facilitates the formation of pre-RC in a 
kinase-independent fashion through physical interaction with Cdt1 and the MCM 
proteins (Geng et al. 2003; Ekholm-Reed et al. 2004; Geng et al. 2007). 

 At the beginning of S phase, cyclin A accumulates and forms an active kinase 
complex with cdk2. Regulation of cyclin A occurs at both the protein and mRNA 
levels (Glotzer et al. 1991; Henglein et al. 1994; Desdouets et al. 1995; Schulze 
et al. 1995; Zwicker et al. 1995; Zwicker and Muller 1997; Bottazzi et al. 2001; 
Tessari et al. 2003). In S phase, cdk2/cyclin A and cdc7/Dbf4 complexes mediate 
the firing of DNA origins of replication and promote DNA replication (for review 
see Nishitani and Lygerou 2002; Machida et al. 2005). At the same time, Cdt1 is 
released from the replication complex, and its binding to the ORC is prevented by 
geminin, a protein that accumulates during S, G 

2
 , and M phases. This ensures that 

DNA replication initiates at each origin only once and prevents polyploidy. 
 Following the complete replication of the parental chromosomes, cells enter G 

2
  and 

proteins involved in mitosis (M phase) begin to accumulate. Cdk1 and cyclin B play a 
major role at this point. Cyclin B first associates with cdk1 to form an inactive complex. 
At the G 

2
 /M transition, dephosphorylation of cdk1 by cdc25 phosphatase induces the 

activation of the kinase, which in turn promotes the onset of mitosis (Millar and Russell 
1992). Cdk1/cyclin B and cdk1/cyclin A complexes phosphorylate many substrates that 
facilitate condensation of the chromosomes, disassembly of the nuclear envelope, and 
modification of the cell’s architecture to ensure that there is an ordered and even segre-
gation of the chromosomes to the daughter cells. Inactivation of the cdk1 complexes 
occurs during mitosis by degradation of cyclins A and B through the ubiquitin-depend-
ent proteolytic pathway involving the anaphase-promoting complex (APC) E3 ubiquitin 
ligase and the proteasome (Glotzer et al. 1991). The APC also ubiquitinates geminin 
and targets it for proteasome degradation as the cells exit mitosis, thereby allowing 
loading of the pre-RCs onto the chromatin of daughter cells during G 

1
  phase (McGarry 

and Kirschner 1998). This degradation of the cyclins and geminin continues until the 
onset of S phase (Brandeis and Hunt 1996). 

 Several checkpoints throughout the cell cycle ensure that progression will halt 
if there is DNA damage or aberrant spindle formation (for review see Lukas et al. 
2004), thus protecting the integrity of the genome. The tumor suppressors p53 
and the Rb family of pocket proteins (Rb, p107, and p130) are the best studied of 
these checkpoint sentinels. The Rb proteins, in their hypophosphorylated forms, 
bind to the E2F family of transcription factors, which then function as transcrip-
tional repressors. Phosphorylation of the Rb proteins in late G 

1
  dissociates these 

complexes, allowing the E2F factors to activate transcription of multiple genes, 
many of which encode proteins required for DNA replication (Dyson 1998). p53 
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coordinates multiple cellular processes through its activity as a transcriptional 
activator and repressor in response to stress and growth factors (Vousden and Lu 
2002; Slee et al. 2004). Phosphorylation of p53 controls its association with 
MDM2, which targets p53 for degradation by the proteasome (for review see 
Lavin and Gueven 2006). In response to DNA damage, nutrient deprivation, and 
other insults to the cell, p53 levels are stabilized. This can lead to the expression 
of the cdk inhibitor p21 as well as induction of several pro-apoptotic genes.  

  The Effect of HCMV on the Cell Cycle 

  Cell Cycle Arrest and cdk Dysregulation 

 Cells infected with HCMV in the G 
0
 /G 

1
  phase of the cycle do not replicate their 

DNA and arrest in a pseudo-G 
1
  state that is distinguished by the expression of 

selected G 
1
 -phase, S-phase and M-phase gene products (Jault et al. 1995; 

Bresnahan et al. 1996b; Lu and Shenk 1996; Dittmer and Mocarski 1997; Salvant 
et al. 1998; Wiebusch and Hagemeier 1999; Wiebusch and Hagemeier 2001; 
Challacombe et al. 2004; Hertel and Mocarski 2004) (see Fig. 1). The G 

1
 /S- and 

G 
2
 /M-phase cyclins E and B1, respectively, accumulate in infected cells with a 

concomitant increase in associated kinase activity (Jault et al. 1995; Wiebusch 
and Hagemeier 2001; Sanchez et al. 2003). In contrast, the steady-state levels of 
the S-phase cyclin A and G 

1
 -phase cyclin D1 are reduced (Jault et al. 1995; 

Bresnahan et al. 1996b; Salvant et al. 1998; Wiebusch and Hagemeier 2001). The 
effects of the virus on cyclins E, A, and D1, are at the level of transcription, while 
accumulation of cyclin B1 is associated with increased stability of the protein 
(Salvant et al. 1998; Sanchez et al. 2003).  

  Checkpoint Control and DNA Damage 

 The observation that HCMV infection during S phase induces breaks in chromo-
some 1 has prompted investigations into the effects of infection on DNA damage 
pathways (Fortunato et al. 2000). Infection of cells with HCMV causes signifi-
cant changes in proteins involved in G 

1
  and S phase checkpoint control. For 

example, the tumor suppressors Rb, p130, and p107, which inhibit the expression 
of E2F-responsive genes and the activity of cdk2 kinase complexes, are main-
tained in an inactivate phosphorylated state in infected cells (Jault et al. 1995; 
McElroy et al. 2000). Interestingly, it has also been reported that HCMV-infected 
cells express high levels of the p16 Ink4  tumor suppressor (Noris et al. 2002; 
Zannetti et al. 2006). p16 Ink4  is a marker for senescence and activator of Rb 
through binding and inactivation of Cdk4 and Cdk6 kinases. 



 Early cell cycle studies demonstrated the stabilization of p53 in HCMV-infected 
cells; p53 was sequestered into viral replication centers, thus contributing to its 
inability to activate the expression of downstream cellular target genes such as p21 
(Muganda et al. 1994; Bresnahan et al. 1996a; Fortunato and Spector 1998; Chen 
and Fang 2001). Later work by Rosenke and co-workers described the binding of 
p53 to viral promoters and showed that the DNA binding activity of the protein was 
required for sequestration into the viral replication center (Rosenke et al. 2006). 

 HCMV infection also activates the ATM and ATR kinases that regulate the 
double-stranded break and S phase checkpoints, respectively (Shen et al. 2004; 
Castillo et al. 2005; Gaspar and Shenk 2006; Luo et al. 2007). However, the initia-
tion of a damage response does not appear to be necessary for the infection, as 
virus replicates normally in cells deficient in ATM (Luo et al. 2007). In addition, 
a fully functional damage response does not occur due to inefficient relocalization 
of all of the required proteins (Gaspar and Shenk 2006; Luo et al. 2007). For 
example, several proteins that are involved in nonhomologous end-joining (NHEJ) 
response appear to be completely excluded from the viral replication centers (Luo 
et al. 2007). This may be necessary to prevent the rejoining of ends that are gener-
ated during the replication of the virus.  

  Inhibition of Cellular DNA Replication 

 In addition to downregulation of cyclin A observed during infection, the replication 
of cellular DNA is inhibited by several mechanisms during the licensing of the ori-
gins. Most importantly, the loading of MCM 2 and 7 (Biswas et al. 2003), as well 
as MCM 3, 4, 5, and 6 (Wiebusch et al. 2003), onto chromatin is inhibited in 
infected cells. This appears to be due to the premature accumulation of geminin, 
which, as discussed above, normally accumulates in S phase to ensure that there is 
no refiring of origins as the cells proceed through S and G 

2
 /M.  

  Regulation of Cellular RNA Transcription and Protein Stability 

 The advent of DNA microarrays provided a means to examine the global effects of 
HCMV infection on the accumulation of cellular RNAs (Zhu et al. 1997; Browne 
et al. 2001; Challacombe et al. 2004; Hertel and Mocarski 2004). While increases in 
the levels of RNA do not necessarily correlate with changes in the steady-state levels 
of protein, these analyses provide a foundation for defining infection-associated 
changes in transcription. The general picture that has emerged is that changes in the 
mRNA levels of key cell cycle proteins is mirrored in the corresponding protein 
 levels, although there are several exceptions. 

 One example of an exception is where the accumulation of the protein is due to 
the effects of the infection on protein stability rather than transcript level. For example, 
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cyclin B1 accumulates in infected cells due to stabilization of the protein, with only 
minimal changes in RNA levels (Salvant et al. 1998; Sanchez et al. 2003). The 
degradation of cyclin B1 is mediated by the anaphase-promoting complex (APC), 
an E3 ubiquitin ligase. Interestingly, other substrates of the APC also accumulate 
in infected cells, including securin, geminin, Aurora B, and cdc6 (Biswas et al. 
2003; Wiebusch et al. 2005). The increase in the steady-state levels of these pro-
teins suggests that the APC is inactivated during infection. Data from our lab and 
others suggest that this dysregulation is due to the dismantling of the APC early in 
infection (Wiebusch et al. 2005; Tran et al. 2008).   

  Importance of Subversion of the Cell Cycle 
for the Viral Infection 

  Cell Cycle Arrest 

 A surprising observation regarding the kinetics of HCMV replication was that the 
initiation of the viral gene expression requires that the cells be in G 

0
  or G 

1
  at the 

time of infection. When cells are infected near or during S phase, many cells are 
able to pass through S phase and undergo mitosis prior to the synthesis of IE and 
early gene products (Salvant et al. 1998; Fortunato et al. 2002). The process of cell 
cycle arrest appears to be important for the early phase of infection, and proteins 
carried in the virus particle as well as those expressed at immediate early times 
contribute to this process (see Fig.  2 ). 

  Proteins in the Virus Particle 

 Two virion proteins, pUL69 and pp71 (pUL82), have been shown to modulate cell 
cycle progression (see the chapter by R. Kalejta, this volume). As components of 
the virion tegument, they can function as soon as the virus enters the cells. In the 
case of pUL69, overexpression of this protein stimulates accumulation of cells in 
G 

1
  phase of the cell cycle (Lu and Shenk 1999). In addition, cells infected with a 

virus lacking functional pUL69 do not efficiently undergo cell cycle arrest (Hayashi 
et al. 2000). This mutant does not replicate to wild type levels, but the growth defect 
may be attributed to other functions of pUL69. 

 The deletion of pp71 also creates a virus that is severely impaired for growth. 
The growth defect can be complemented by expression of the protein in trans 
(Bresnahan and Shenk 2000; Dunn et al. 2003). pp71 has been shown to interact 
with the cell growth suppressors Rb, p107, and p130 and to target hypophosphor-
ylated forms of these pocket proteins for degradation by the proteasome (Kalejta 
et al. 2003). Consistent with this activity, pp71 expression in uninfected cells accel-
erates their progression through G1 phase, but does not change the overall doubling 
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time (Kalejta and Shenk 2003) . These results suggest that pp71 delivered to cells 
as part of the incoming virus particles may stimulate the cell cycle at the beginning 
of the infection before IE gene expression. The finding that pp71 also interacts with 
ND10-associated transcription repressor Daxx and promotes its proteasome-
 mediated degradation suggests an additional function for pp71 in initiating viral 
transcription at ND10 sites (Hofmann et al. 2002; Ishov et al. 2002; Marshall et al. 
2002; Cantrell and Bresnahan 2005; Saffert and Kalejta 2006). 

   Immediate Early Protein 1 

 HCMV encodes two IE proteins, IE1-72 and IE2-86, that have been shown to inter-
fere with cell cycle progression in heterologous systems in the absence of infection. 
Transient expression of IE1-72 in asynchronously cycling cells stimulates their 
accumulation in the S and G 

2
 /M phases of the cell cycle (Castillo et al. 2000). One 

possible explanation for this result is that it is due to the interaction of IE1-72 with 

  Fig. 2  Modulation of the cell cycle by proteins in the virus particle and immediate early proteins. 
The tegument proteins pUL69 and pp71 can exert their effects on the cell cycle upon entry of the 
virus particle into the cell. pUL69 causes accumulation of cells in G 

1
  phase, while pp71 targets 

the hypophosphorylated forms of the Rb family of proteins (Rb, p107, p130) and the transcrip-
tional inhibitor Daxx for proteasome-mediated degradation. This degradation of the Rb proteins 
along with their viral-mediated hyperphosphorylation lead to the release of the E2F/DP transcrip-
tion factors, which activate many genes involved in DNA replication and promotes S phase. The 
IE1 protein blocks the activity of p130/p107, and IE2 interferes with at least some functions of Rb 
and p53. Both IE proteins can prevent cells from passage through S phase 



250 V. Sanchez, D.H. Spector

the pocket protein p107 (Margolis et al. 1995; Poma et al. 1996; Woo et al. 1997; 
Castano et al. 1998; Hansen et al. 2001; Zhang et al. 2003). IE1-72 alleviates p107-
mediated repression of E2F-responsive promoters in transient transfection assays 
and thus may stimulate S-phase entry. Additionally, IE1-72 can reverse the 
 inhibitory effects of p107 on cdk2/cyclin E kinase activity, which may also facili-
tate the G 

1
 /S transition. It has been proposed that the formation of an IE1-72/p107 

complex mediates these effects (Poma et al. 1996; Johnson et al. 1999; Zhang et al. 
2003); however, the finding that IE1-72 can phosphorylate p107, p130, and E2F 
proteins (Pajovic et al. 1997) raises the possibility that some of the effects of IE1-72 
on transcription and the cell cycle result from its reported kinase activity. 

   Immediate Early Protein 2 

 Several studies have shown that transient expression of IE2-86 alters cell cycle 
progression, with a block at the G1/S boundary in a p53 +/+  cell or after entry into S 
phase in a p53 mutant cell (Murphy et al. 2000; Wiebusch and Hagemeier 2001; 
Noris et al. 2002; Wiebusch et al. 2003; Song and Stinski 2005) (see the chapter by 
M.F. Stinski and D.T. Petrik, this volume). In transient transfection assays, deletion 
of aa 451–579 abolished the ability of IE2-86 to induce G1 arrest in transient assays 
in U373 cells (Wiebusch and Hagemeier 1999). Perhaps the most convincing evi-
dence that IE2-86 plays a role in cell cycle arrest is a recent study showing that a 
mutation of aa 548 of IE2-86 from Q to R results in a growth-impaired virus that 
does not inhibit cellular DNA synthesis or the cell cycle (Petrik et al. 2006). The 
observation that this mutant IE2-86 could still autoregulate the MIE promoter and 
activate viral early genes provides further evidence that efficient viral replication 
also requires the inhibition of host cell DNA synthesis. 

 Early observations showing that IE2-86 interacts with several proteins regulat-
ing the cell cycle, including Rb and p53, made it reasonable to link some of its 
functions to cell cycle arrest (Hagemeier et al. 1994; Sommer et al. 1994; Speir 
et al. 1994; Bonin and McDougall 1997; Fortunato et al. 1997). p53 levels are 
stabilized in infected cells but the expression of its target gene p21 is repressed 
(Muganda et al. 1994; Bresnahan et al. 1996b; Fortunato and Spector 1998; Chen 
et al. 2001). In transient expression and in vitro systems ,  IE2-86 interacts with the 
C-terminus of p53, and the binding of p53 to target promoters is inhibited (Speir 
et al. 1994; Bonin and McDougall 1997; Hsu et al. 2004). IE2-86 expression also 
inhibits the acetylation of p53 and of histones in proximity to p53-dependent 
promoters (Hsu et al. 2004), and thus IE2-86 may regulate expression of p53 
 target genes by multiple mechanisms. These effects on protein acetylation may 
result from downregulation of p300/CBP histone acetyl transferase (HAT) activ-
ity, which was detected in a complex with p53 and IE2-86 (Hsu et al. 2004). It is 
possible that the inhibition of p300/CBP HAT activity is p53-promoter-specific, 
as IE2-86 did not suppress histone acetylation globally. The biological relevance 
of these experiments must be considered with caution, given that none were per-
formed in the context of the viral infection. 
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 In permissive cells, the early phase of the infection is associated with the 
stimulation of many genes encoding proteins that are required for host cell DNA 
synthesis and proliferation (Hirai and Watanabe 1976; Estes and Huang 1977; 
Isom 1979; Boldogh et al. 1991; Wade et al. 1992; Browne et al. 2001). Many 
of these genes are regulated by the E2F/DP transcription factors, which are 
inhibited by complex formation with the Rb family of proteins. A role for IE2-
86 has been suggested by work showing that there is an increase in the steady 
state levels of RNA from several E2F-responsive genes in human fibroblasts 
infected with an adenovirus expressing IE2-86 (Song and Stinski 2002). The key 
question, however, is what are the underlying mechanisms for the activation of 
these growth regulatory genes in the context of the infection? 

 Cyclin E expression is regulated by E2F, and the potential role of IE2-86 in its 
accumulation during the infection has been the focus of several studies (Bresnahan 
et al. 1998; McElroy et al. 2000; Wiebusch and Hagemeier 2001; Wiebusch et al. 
2003). The majority of the experiments have used transient expression assays to 
examine the regulation of the cyclin E promoter driving a reporter gene. In one 
study, it was shown that IE2-86 could bind to sequences in the cyclin E promoter 
in vitro and could activate expression of a cyclin E promoter-driven reporter con-
struct (Bresnahan et al. 1998). Work by Song and Stinski demonstrated that expres-
sion of IE2-86 induces synthesis of endogenous cyclin E mRNA, reinforcing the 
notion that IE2-86 expression upregulates cyclin E in infected cells (Song and 
Stinski 2002). In contrast, McElroy et al. reported that early viral gene expression, 
not IE2-86 expression, was necessary for accumulation of cyclin E protein 
(McElroy et al. 2000). These conflicting results suggest that cyclin E accumulation 
in infected cells is controlled by several pathways, and that the increase in cyclin E 
might be regulated at both the mRNA and protein level. 

 Besides E2F transcription factors, other proteins regulate the expression of 
cyclin genes. The finding that the architectural transcription factor HMGA2 (high 
mobility group AT-hook 2) regulates the transcription of cyclin A (Tessari et al. 
2003) prompted our lab to determine whether HCMV affects the expression of 
this protein. HMGA proteins are referred to as architectural transcription factors 
because of their ability to organize the assembly of nucleoprotein structures 
(enhanceosomes), resulting in enhancement or repression of transcription. In the 
case of cyclin A, HMGA2 activates its expression through derepression of the 
promoter. Our studies showed that the transcription of the HMGA2 gene is spe-
cifically inhibited at the RNA level during the infection (Shlapobersky et al. 
2006). To determine whether repression of HMGA2 was important for the HCMV 
infection, a recombinant virus expressing HMGA2 driven by the MIE promoter 
was constructed. High multiplicity infection with the HMGA2-expressing virus 
induced the synthesis of cyclin A mRNA and protein and inhibited virus replica-
tion. Furthermore, a role for IE2-86, but not IE1-72, in HMGA2 repression was 
suggested by additional experiments with HCMV recombinant viruses defective 
in either IE1-72 or IE2-86. We found that the IE1-72 deletion mutant virus CR208 
(Greaves and Mocarski 1998) inhibits HMGA2 transcription. In contrast, in cells 
infected with an IE2-86 mutant virus lacking aa 136–290 (referred to as delta SX) 
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(Sanchez et al. 2002), HMGA2 expression is not significantly reduced, suggesting 
that IE2 is involved in the regulation of the HMGA2 promoter. Cyclin A tran-
scription is also induced in cells infected with delta SX, although this effect is 
slightly delayed relative to HMGA2 expression. The mechanism involving the 
downregulation of HMGA2 RNA expression by IE2-86 has yet to be determined. 
An interesting possibility is that it is related to IE2 interaction with histone 
deacetylase (HDAC), as HMGA2 is an example of a gene that requires HDAC 
activity for its expression (Ferguson et al. 2003). Cyclin D1 expression also seems 
to require HDAC activity (Hu and Colburn 2005) and cyclin D1 and HMGA2 
exhibit a similar pattern of expression in the wt and delta SX infected cells 
(R. Sanders, M. Shlapobersky, and D.H. Spector, unpublished data). Since the 
levels of IE2-86 are significantly reduced in cells infected with delta SX, there may 
be less inhibition of HDAC activity in these cells.   

  Checkpoint Control 

 Recent studies have focused on the defining the roles of p53 and p16 Ink4  accumula-
tion during infection. As described above, work from Rosenke and colleagues 
determined that p53 is bound to viral promoters during infection (Rosenke et al. 
2006). This group has since shown that active p53 is required for the HCMV infec-
tion; p53-null cells infected with HCMV produced 10- to 20-fold less virus than 
controls (Casavant et al. 2006). The reduction in virus production was attributed to 
delays in viral DNA replication. Consistent with the binding of p53 to viral pro-
moters, they also observed delays in the expression of early and late proteins in p53 
null cells. Reintroduction of wild type but not mutant p53 partially rescued the 
phenotype, establishing a role for p53 in the viral lytic cycle. 

 A role for p16 Ink4  during infection was suggested by studies by Zannetti and co-
workers, showing that there was a reduction in viral early and late gene expression, 
DNA synthesis, and production of extracellular virus in cells lacking functional p16 
(Zannetti et al. 2006). In this case, p16 Ink4 -null cells and cells containing reduced 
levels of the protein as a result of treatment with siRNAs were used. The authors 
proposed that the ras-p16-Rb pathway is activated during the early phases of infec-
tion in order to establish an environment favorable for viral replication; however, the 
hyperphosphorylation of Rb in infected cells and the induction of E2F-responsive 
genes suggest that other proteins may be targets of p16 Ink4  activity.  

  Role of Cyclin-Dependent Kinases in Viral Replication 

 In order to establish the importance of cdk activity during infection, we and others 
have used cdk inhibitors such as the drug Roscovitine to treat infected cells 
(Bresnahan et al. 1997; Sanchez et al. 2004). This purine analog has been particularly 
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useful as it has high specificity for cdks 1, 2, 5, 7, and 9 and reversibly inhibits 
their activity by competing for binding of ATP (De Azevedo et al. 1997). While 
the inhibitor has provided several important insights, its broad effects on multiple 
cdks necessitates further experiments to determine the roles of individual cdk 
complexes during infection. Nevertheless, studies with such chemical inhibitors 
are a good starting place for understanding the impact of cellular kinase activity 
on virus replication. 

 Cdk activity appears to be required primarily at two distinct time intervals in the 
infection: one during the first 8 h and the second after the onset of viral DNA 
 replication (Bresnahan et al. 1997; Sanchez et al. 2004; Sanchez and Spector 2006). 
Studies from our lab showed a significant decrease in the expression of select early 
and late genes and a reduction in viral DNA replication when the drug was added 
at the time of infection. Notably, processing of IE transcripts was altered in the 
presence of the drug. However, these effects on IE transcript processing and the 
inhibition of gene expression and viral DNA replication were not detected if addi-
tion of the drug was delayed until 6–8 h postinfection (p.i.). In contrast, a reduction 
of virus titer was observed even if the drug was not added until 48 h p.i. 

 The effects on IE gene expression when Roscovitine is added at the beginning 
of the infection were particularly intriguing and provided the impetus for further 
studies. IE1-72 and IE2-86 are alternatively spliced transcripts that share their first 
three exons and differ in their 3′ terminal exon, with the 3′ exon of IE2-86 being 
most distal from the start site of transcription. At early phases of the infection, 
IE1-72 RNA accumulates preferentially compared to IE2-86 RNA; however, as the 
infection progresses, more IE2-86 transcripts accumulate, while there is only a 
slight increase in IE1-72 transcripts. If Roscovitine is added at the onset of infec-
tion, IE2-86 RNA accumulation is favored at early phases and there is little 
increase in the level of IE1-72 transcript (Sanchez et al. 2004). In fact, there is a 
decrease in IE1-72 RNA relative to untreated control samples. Given that the 
polyadenylation signals for IE1-72 and splicing signals for IE2-86 are juxtaposed, 
the most likely explanation for these results is that the differential splicing and 
polyadenylation of the UL122–123 transcript is altered by treatment with the drug. 
This results in enhanced utilization of the 3′ splice acceptor site that generates the 
IE2-86 transcript and a decrease in the cleavage/polyadenylation of the IE1-72 
transcript. Consistent with this hypothesis, the differential processing of the IE 
UL37 RNAs, which also have signals for polyadenylation and splicing in close 
proximity, is similarly affected by cdk inhibition. 

 The requirement for cdks at later times in the infection is directly related to 
formation of infectious viral particles. In a recent paper, we showed that addition 
of Roscovitine at 24 h p.i., after the onset of viral DNA synthesis, results in a 1- to 
2-log decrease in viral titer (Sanchez and Spector 2006). There is a corresponding 
decrease in the amount of viral DNA detected in the supernatant from drug-treated 
cells, indicating that there is a defect in the production or release of extracellular 
particles. Consistent with this result, we observed changes in the expression, post-
translational modification, and localization of virion structural proteins in 
Roscovitine-treated cells. The levels of the IE2-86 and pp150 (UL32) proteins 
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were significantly reduced, but there was not a corresponding decrease in the 
mRNAs. The pUL69 matrix protein accumulated in drug-treated cells and the pro-
tein was present in a hyperphosphorylated form. pUL69 localized to intranuclear 
aggregates that did not overlap with viral replication centers. The matrix protein 
pp65 was also retained in the nucleus (Sanchez et al. 2007). In contrast, the levels 
of capsid, envelope, and other tegument proteins were only moderately affected in 
that their expression was slightly delayed. Although preliminary, our recent data 
with the specific inhibitor of cdk1, RO-3306 (Vassilev et al. 2006), indicate that 
only some of these effects are due to inhibition of cdk1. We find that the titers are 
significantly reduced and pUL69 accumulates in a hyperphosphorylated form, 
but the expression of the IE2-86 and UL32 proteins is not significantly affected 
(V. Sanchez and D.H. Spector, unpublished data). Thus, there may be a later role 
for cdk2, cdk7, and cdk9. 

 Although limited, there have been some attempts to try to decipher the contribu-
tions of specific cdks during the infection by expressing dominant-negative forms of 
the catalytic subunits in infected cells. Work by Bresnahan and colleagues showed 
a decrease in the levels of some capsid proteins in infected cells transfected with a 
dominant-negative cdk2, suggesting that the activity of cdk2/cyclin E complexes is 
essential for viral replication (Bresnahan et al. 1997). In contrast, preliminary work 
by Hertel et al. suggests that cdk1 activity is dispensable for the infection, given that 
virus titer was not markedly reduced in cell cultures transduced with a retrovirus 
expressing a GFP-tagged dominant negative cdk1 (Hertel et al. 2007). The only 
effect that the dominant negative cdk1 had was to inhibit a pseudomitosis phenotype 
that they observed in some cells infected with a variant of the HCMV strain AD169 
(Hertel and Mocarski 2004). As noted above, however, our preliminary results with 
a specific inhibitor of cdk1 suggest that this kinase is required for production of 
infectious virus. Experiments involving expression of siRNAs directed against the 
individual cdks will likely provide more insight into their individual and combined 
roles in the infection.  

  Role of Cyclin-Dependent Kinases in Viral RNA Processing 

 Our hypothesis for the altered pattern of expression for the IE1-72/IE2-86 and 
UL37 IE RNAs in the presence of Roscovitine is based on the phosphorylation of 
the C-terminal domain (CTD) of the large subunit of RNA polymerase II (RNAP 
II) by cdk7/cyclin H and cdk9/cyclin T. Cdk7/cyclin H is responsible for activating 
cdks1, 2, and 4 and is also a part of TFIIH, which phosphorylates the carboxyl ter-
minal domain (CTD) of the large subunit of RNA polymerase II within the 52 
repeats of the heptapeptide YSPTSPS. Cdk9/cyclin T (P-TEFb) also phosphor-
ylates the CTD. The current consensus is that transcription and RNA processing are 
integrated events whereby the differential phosphorylation of the CTD repeats at 
Ser 2 and Ser 5 defines its affinity for various transcription factors, kinases, and 
RNA processing factors. When the transcription initiation complex is formed on a 
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promoter, the CTD of RNAP II is unphosphorylated (the polymerase is designated 
RNAP IIa). Cdk7 with cyclin H and MAT1 primarily phosphorylates Ser 5 on the 
CTD (the polymerase is now designated RNAP IIo), which leads to the recruitment 
of the RNA capping enzymes. Further phosphorylation of the CTD Ser 2 residues 
by cdk9/cyclin T occurs upon entry to elongation and is associated with recruitment 
of the cleavage/polyadenylation and splicing machinery. 

 Previously, our lab showed that infected cells contain more cdk7, MAT-1, 
cdk9, and cyclin T1 at 24 h p.i. than the uninfected cells, and the abundance and 
activity of these proteins increase as the infection proceeds (Tamrakar et al. 
2005). All of MAT-1 is complexed with cdk7, although free cdk7 is also present, 
and most of cdk9 and cyclin T1 are in complex. In accord with the increase in 
the activity of the cdk9 and cdk7 kinases, an increase in the phosphorylation of 
the RNAP II CTD, particularly on the Ser 2 and Ser 5 residues of the heptad 
repeats, was also noted. By immunofluorescence analysis, it was observed that 
cdk7 and hypophosphorylated RNAP II localize to replication centers. In con-
trast, cdk9 and ser2-phosphorylated RNAP II are distributed in a punctate pattern 
throughout the nucleus with some concentration at the periphery of the viral 
replication centers. Similarly, ser5-phosphorylated RNAP II appears in clusters 
at the rim of the viral replication centers. These results suggest that at late times 
in the infection, HCMV may commandeer the RNA polymerase machinery, with 
viral RNA synthesis initiated within the replication center and active viral tran-
scription occurring at the periphery. 

 Our lab has also demonstrated that addition of the cdk inhibitor Roscovitine at 
the time of infection results in decreased CTD phosphorylation in the infected cells 
and a decrease in the level of the hypophosphorylated RNAP II in both infected and 
mock-infected cells (Tamrakar et al. 2005). Consistent with our previous results 
regarding the effect of the cdk inhibitors on the processing and accumulation of the 
HCMV IE1/IE2 and UL37 IE transcripts, the decrease in CTD phosphorylation 
does not occur if the drug is added after 8 h p.i. One clue to explain this restricted 
interval in which cdk activity is required may be found in the differential localiza-
tion of cdk9 and cdk7 at the beginning of the infection. Upon cell entry, incoming 
HCMV genomes localize near ND10, where viral IE transcription begins (Ishov 
and Maul 1996; Ishov et al. 1997) (see the chapter by G. Maul, this volume). 
Following translation, the IE1-72 and IE2-86 proteins return to nucleus and concen-
trate near the ND10. IE1-72 mediates the dispersal of ND10 associated proteins and 
it also disperses, while IE2-86 persists at the site (Kelly et al. 1995; Korioth et al. 
1996; Ahn and Hayward 1997; Ishov et al. 1997; Ahn et al. 1998). We find that as 
early as 4 h p.i., several proteins involved in RNA transcription, including cdk9, 
cdk7, and Ser2-phosphorylated RNA polymerase II, colocalize with IE2-86 in dis-
tinct aggregates (referred to as viral transcriptosomes) adjacent to the ND10 that are 
undergoing dispersal (Tamrakar et al. 2005) (see Fig.  3 ). However, if Roscovitine 
is added at the beginning of the infection, IE2-86 is found in the transcriptosome, 
but cdk7 and cdk9 are not recruited (Kapasi and Spector 2008). In contrast, both 
cdks colocalize with IE2-86 in the transcriptosome if Roscovitine is added after 8 h 
p.i. These results suggest that the formation of a distinct viral transcriptosome at the 
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beginning of the infection serves as a specialized site for recruitment of cellular and 
viral proteins necessary for viral transcription and replication. The correct phospho-
rylation of the RNAP II CTD at these sites is essential for accurate processing of 
the IE transcripts and for transcription of early genes, and it appears that the 
required level of phosphorylation is established within the first 8 h.   

  Perspectives 

 For more than a decade, we have known that HCMV dramatically alters cell cycle 
regulatory pathways, leading to cell cycle arrest. These alterations begin as soon 
as the viral particle enters the cell, but sustained effects require early viral gene 
expression. The molecular mechanisms underlying the viral-mediated effects 
operate at multiple levels, including altered RNA transcription, changes in the 
levels and activity of cyclin-dependent kinases as well as other cellular kinases 
involved in cell cycle control, modulation of protein stability through targeted 
effects on the ubiquitin-proteasome degradation pathway, and movement of 

  Fig. 3  Model of the viral transcriptosome formed at the beginning of the infection. The input 
genome that is deposited at the POD structure functions as the template for IE RNA synthesis. 
Cellular hypophosphorylated RNAP IIa is recruited to the site along with cdk9 and cdk7, which 
hyperphosphorylate RNAP IIa to the transcriptionally active RNAP IIo that serves as a platform 
for RNA processing enzymes. The IE transcripts are synthesized and translated into the IE1-72 
and IE2-86 proteins, which return to this nuclear body. IE1-72 causes POD dispersal and it also 
disperses, while IE2-86 remains at the established transcription site, referred to as the transcripto-
some. The inset is an infected cell nucleus at 8 h p.i. and shows the accumulation of both cdk9 and 
IE2 at several transcriptosomes 
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 proteins to different cellular locations. A key question regarding all of these 
effects is which ones are actually important for viral replication? For example, are 
high levels of cyclin B needed for productive infection or is this simply a side 
effect of altering the ubiquitin-proteasome pathway to allow accumulation of 
some other cellular or viral protein that is required? Future experiments involving 
knockdown of gene expression through the use of siRNAs or induced overexpres-
sion with lentiviral vectors should provide some insight into these questions. It is 
clear, however, that the virus depends on the host cell being in the G 

0
 /G 

1
  phase to 

initiate the infection and subverts some G2/M phase activities of the cell for later 
stages of replication. At this point, only a few viral genes, primarily input virion 
proteins and IE gene products, have been implicated in these changes. It is critical 
to identify the other genes, particularly those expressed during the early phase just 
prior to initiation of viral DNA replication. It also should be recognized that most 
of the studies to date have been done in fibroblasts, and it will be important to 
examine the effects of the viral infection on host cell regulatory pathways in other 
relevant target cells such as endothelial cells and monocytes.   
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   Modulation of Host Cell Stress Responses 
by Human Cytomegalovirus 

   J.   C.   Alwine     

   Abstract   Human cytomegalovirus (HCMV) induces cellular stress responses during 
infection due to nutrient depletion, energy depletion, hypoxia and synthetic stress, 
e.g., endoplasmic reticulum (ER) stress. Cellular stress responses initiate processes 
that allow the cell to survive the stress; some of these may be beneficial to HCMV 
replication while others are not. Several studies show that HCMV manipulates stress 
response signaling in order to maintain beneficial effects while inhibiting detrimental 
effects. The inhibition of translation is the most common effect of stress responses 
that would be detrimental to HCMV infection. This chapter will focus on the mecha-
nisms by which cap-dependent translation is maintained during HCMV infection 
through alterations of the phosphatidylinositol-3′ kinase (PI3K)-Akt-tuberous scle-
rosis complex (TSC)-mammalian target of rapamycin (mTOR) signaling pathway. 
The emerging picture is that HCMV affects this pathway in multiple ways, thus 
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ensuring that cap-dependent translation is maintained despite the induction of stress 
responses that would normally inhibit it. Such dramatic alterations of this pathway 
lead to questions of what other beneficial effects the virus might gain from these 
changes and how these changes may contribute to HCMV pathogenesis.   

  Abbreviations    4E-BP :  eIF4E binding protein ;  AICAR :  5-Amino-4-imidazole-
carboxamide ribose ;  Akt :  The cellular homolog of the oncoprotein of the AKT8 
retrovirus ;  AMPK :  AMP-activated kinase ;  CaMKKβ :  Calcium/calmodulin-dependent 
protein kinase kinase-β ;  ER :  Endoplasmic reticulum ;  eIF :  Eucaryotic initiation 
factor ;  FKBP12 :  FK506 binding protein ;  HCMV :  Human cytomegalovirus ;  IR :  
Insulin receptor ;  IRS :  Insulin receptor substrates ;  mTOR :  Mammalian target of 
rapamycin ;  mTORC1 :  mTOR complex 1 ;  mTORC2 :  mTOR complex 2 ;  PDK1 :  
Phosphainositide-dependent protein kinase-1 ;  PI3K :  Phosphatidylinositol-3′ kinase ; 
 PIP2 :  Phosphatidylinositol-4,5-bisphosphate ;  PIP3 :  Phosphatidylinositol-3,4,5-
triphosphate ;  PP2A :  Protein phosphatase 2A ;  PTEN :  Phosphatase and tensin homolog ; 
 S6K :  p70S6 Kinase ;  TSC :  Tuberous sclerosis complex    

   Introduction 

 Human cytomegalovirus (HCMV) shares a general life cycle strategy with other 
mammalian double-stranded DNA viruses that replicate in the nucleus: it must 
adapt the cellular milieu so the host cell can accommodate the increased demand 
for nutrients, energy and macromolecular synthesis that accompanies viral infection. 
For example, successful viral replication requires (1) increased glucose uptake, 
metabolism and oxygen utilization; (2) abrogation of cellular growth controls; 
(3) manipulation of the cell cycle to a point that is optimal for virus growth; and (4) 
inhibition of apoptosis during the productive phase of replication. 

 These massive changes in the cell’s physiology induce cellular stress responses, 
due to nutrient depletion, energy depletion, hypoxia and synthetic stress, e.g., endo-
plasmic reticulum (ER) stress. Cellular stress responses are designed to signal the 
cell when it is in potential trouble and initiate conditions to allow the cell to survive 
the stress. As a last resort, when the efforts to abate stress fail, apoptosis is induced. 
Stress responses have many effects on cellular processes; among these some may 
be beneficial to HCMV replication while others may not. Existing data suggest that 
HCMV may be able to manipulate stress responses in order to maintain beneficial 
effects while inhibiting detrimental effects (Isler et al. 2005b; Hakki et al. 2006). 

 Inhibition of translation is among the most common consequences of cellular stress 
responses (Kaufman et al. 2002; Arsham et al. 2003; Holcik and Sonenberg 2005; 
Wouters et al. 2005; Wek et al. 2006). Since translation is an energy-intensive process, 
its inhibition results in decreased demand for ATP/GTP and decreases the load of pro-
teins entering the ER for processing, consequently relieving ER stress. Translation is 
well suited to respond to stress, since its inhibition can be accomplished rapidly and 
reversibly by altering the phosphorylation state of translation regulatory proteins. 
For example, cap-dependent translation, in which translation initiation depends on 
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recognition of the mRNA’s 5′-cap, is controlled through reversible phosphorylation of 
the eucaryotic initiation factor (eIF) 4E-binding protein (4E-BP) (reviewed in Mamane 
et al. 2006). This will be discussed in detail below in Sect. 3. 

 Although inhibition of translation may permit the cell to recover from stress, it 
would not benefit HCMV replication. The slow replicative cycle characteristic of 
HCMV requires the virus to maintain the host cell in a metabolically and translation-
ally active state for an extended period; thus HCMV is obliged to abrogate this type 
of cellular response. A number of studies have shown that HCMV infection induces 
several mechanisms to overcome the negative effects of stress responses and main-
tain translation (Child et al. 2004; Kudchodkar et al. 2004; Hakki and Geballe 2005; 
Isler et al. 2005a, 2005b; Walsh et al. 2005; Hakki et al. 2006; Kudchodkar et al. 
2006; Mohr 2006; Kudchodkar et al. 2007). In this chapter, we will concentrate on 
the mechanisms by which cap-dependent translation is maintained during HCMV 
infection by modulation of the phosphatidylinositol-3′ kinase (PI3K)-Akt-tuberous 
sclerosis complex (TSC)-mammalian target of rapamycin (mTOR) signaling path-
way. The emerging picture is that HCMV-mediated regulation of this pathway is 
multifaceted, thus ensuring that cap-dependent translation is maintained despite the 
induction of a variety of cellular stress responses. Such dramatic alterations of this 
pathway lead one to ask what other beneficial effects the virus might gain from these 
changes and how these changes may contribute to HCMV pathogenesis.  

  Background: PI3K-Akt-TSC-mTOR Signaling 

 Akt (PKB) is the cellular homolog of the oncoprotein of the AKT8 retrovirus 
(Bellacosa et al. 1991). Members of the mammalian Akt family, Akt1, 2 and 3, are 
activated by PI3K in response to tropic factors (e.g., insulin and other mitogens); 
other routes of activation are suspected (Datta et al. 1999; Plas and Thompson 
2005; Sarbassov et al. 2005b). In Fig.  1 , the binding of insulin to the insulin recep-
tor (IR) is used as an example of an Akt activator. IR activation results in tyrosine 
phosphorylation of insulin receptor substrates (IRSs), this allows binding of the p85 
regulatory subunit of PI3K to IRSs. Consequently, the PI3K catalytic subunit 
(p110) is activated and phosphorylates phosphatidylinositol (PI)-4,5-bisphosphate 
(PIP2) to PI-3,4,5-triphosphate (PIP3) on the plasma membrane. Both Akt and 
phosphoinositide-dependent protein kinase-1 (PDK1) bind PIP3, allowing PDK1 to 
be positioned to phosphorylate (activate) Akt on threonine 308 (T308). 

 Activated Akt affects multiple cellular targets that increase metabolism, growth 
and proliferation while suppressing apoptosis (Summers et al. 1998; Ueki et al. 
1998; Cass et al. 1999; Datta et al. 1999; Hill et al. 1999; Plas and Thompson 
2005). All of these are beneficial to HCMV lytic growth. Thus, it is not surprising 
that Akt is activated during HCMV infection (Johnson et al. 2001; Yu and Alwine 
2002; Kudchodkar et al. 2006). One of the downstream effects of activated Akt is 
the activation of mTOR kinase (also known as RAFT1 or FRAP) in mTOR com-
plex 1 (mTORC1, Fig. 1, described in detail in Sect. 3 below). Activation of 
mTORC1 is critical for the maintenance of cap-dependent translation. 
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 The link between Akt and mTORC1 is (1) the tuberous sclerosis complex (TSC; 
reviewed in Luo et al. 2005), made up of TSC1 [hamartin] and TSC2 [tuberin] and (2) 
Rheb-GTP, a member of the Ras superfamily which binds the N-terminal lobe of 
the mTOR kinases catalytic domain, allowing mTOR activation (Astrinidis and 
Henske 2005; Long et al. 2005a, 2005b). Regulation of Rheb-GTP levels is medi-
ated by the GTPase-activating function of the TSC, which stimulates the intrinsic 
GTPase activity of Rheb, converting it from Rheb-GTP to Rheb-GDP, the inactive 
form that cannot activate mTORC1. Thus Akt’s phosphorylation of the TSC inac-
tivates it, allowing Rheb-GTP levels to remain high in order to activate mTORC1.  

  Background: The Complexes of mTOR Kinase 
and Their Activities 

 mTOR kinase is found in two complexes that differ in their major binding partner 
(Fig. 1): raptor ( r egulatory  a ssociated  p rotein of  TOR ) in mTORC1 and rictor 
( r apamycin- i nsensitive  com panion of m TOR ) in mTORC2 (Kim et al. 2002; 
Sarbassov et al. 2004). Both complexes contain a small protein called GβL that binds 
to the kinase domain of mTOR kinase and stabilizes the interaction with raptor and 
rictor (Kim et al. 2003). An additional protein, SIN1, found in mTORC2, maintains 
the integrity of the complex and regulates activity and substrate specificity (Jacinto 
et al. 2006; Polak and Hall 2006; Yang et al. 2006a). It is important to note that under 
normal conditions the two complexes differ in their sensitivity to the drug rapamycin; 
mTORC1 is sensitive and mTORC2 is insensitive (Sarbassov et al. 2004). 

  Fig. 1  The PI3K-Akt-mTOR signaling pathway with emphasis on the control of cap- dependant 
translation via eIF4F. Details are discussed in the text 
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 The role of mTORC1 in the control of cap-dependent translation has been exten-
sively studied (Sarbassov et al. 2005a; Reiling and Sabatini 2006). Under condi-
tions of adequate nutrients and oxygen, mTORC1 is activated, permitting 
phosphorylation of key substrates, p70S6 kinase (S6K) and 4E-BP (Fig. 1). S6K 
phosphorylation triggers events that promote the formation of translation initiation 
complexes (reviewed in Mamane et al. 2006); among these is the phosphorylation 
of ribosomal protein S6, which is often used as a marker for S6K activity. To 
understand the role of 4E-BP phosphorylation in the control of cap-dependent 
translation, we must consider its binding partner, eIF4E, and the eIF4F translation 
initiation complex (Figs. 1 and  2 ), which binds to the 5′-cap of an mRNA (Fig. 2), 
the first step in initiation of cap-dependent translation. Functional eIF4F complex 
consists of the scaffolding protein eIF4G bound to (1) eIF4E, the protein in the 
complex that directly binds the 5′-cap; (2) Mnk1, a kinase which phosphorylates 
eIF4E; and (3) eIF4A, an RNA helicase. As indicated in Fig. 2, the functionality of 
eIF4F depends on eIF4E being bound to eIF4G. However, eIF4E can be removed 
from eIF4G by binding to 4E-BP, this inhibits cap-dependent translation. It is the 
role of mTORC1 to control whether or not eIF4E is bound to 4E-BP. Under posi-
tive growth conditions, mTORC1 is active and phosphorylates 4E-BP, making 4E-
BP unable to bind eIF4E. Thus eIF4E binds eIF4G and completes the eIF4F 
complex on the 5′-cap. Under these conditions, the polyA binding protein (PABP), 
bound to the 3′-poly A tail of the mRNA, can also interact with eIF4G (Fig. 2), 

  Fig. 2  The control of cap-dependent translation mediated by the activation or inactivation of 
mTORC1. Details are discusses in the text 
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 setting up conditions in which the 40S ribosome subunit can recognize the mRNA 
for translation (Mamane et al. 2006). Under negative growth conditions, mTORC1 
is inactive and 4E-BP becomes hypophosphorylated. Hypophosphorylated 4E-BP 
binds to eIF4E, retaining it from eIF4G and the eIF4F complex, thus inhibiting 
cap-dependent translation. 

 As discussed below, mTOR kinase activity in mTORC1 is inhibited by many 
cellular stress responses in order to inhibit phosphorylation of 4E-BP and cap-
dependent translation. The drug rapamycin can also do this through direct inhibi-
tion of mTOR kinase in mTORC1. It is clear that in order for HCMV to maintain 
cap-dependent translation, it must find means to maintain hyperphosphorylated 4E-
BP. In other words, it needs to circumvent the effects of any cellular stress response 
that might lead to the inhibition of mTOR kinase activity. 

 In contrast to the level of understanding of mTORC1, much less is known about 
the functions of mTORC2. However, RNAi-mediated depletion of rictor in cultured 
cells demonstrated that mTORC2 plays a role in actin cytoskeleton organization 
(Jacinto et al. 2004; Sarbassov et al. 2004). At present the only known mTORC2 
substrate is serine 473 (S473) of Akt (Sarbassov et al. 2005b; Fig. 1). The role of 
S473 phosphorylation in Akt activity is controversial, but it has been suggested that 
it precedes phosphorylation of T308 (the PDK1 site) and may be important for the 
recognition and phosphorylation of Akt by PDK1 (Sarbassov et al. 2005b) (Fig. 1). 
This suggests the potential for mTOR and Akt to be involved in an autoregulatory 
loop. The control of mTORC2 activity is not well understood; however, one study 
suggests that Rheb-GTP, the activator of mTORC1, does not activate mTORC2 and 
may inhibit it (Yang et al. 2006b).  

  HCMV and the Activation of the PI3K-Akt-TSC-mTORC1 
Pathway 

 HCMV infection has dramatic effects on the PI3K-Akt-TSC-mTORC1 pathway. 
HCMV infection activates Akt through stimulation of T308 phosphorylation via 
activation of PI3K (Johnson et al. 2001; Yu and Alwine 2002) and stimulation of 
S473 phosphorylation via activation of mTORC2 (Kudchodkar et al. 2006) (Fig. 1). 
This occurs by at least two mechanisms. First, transient activation occurs via HCMV 
attachment to cell receptors which mediate signaling to PI3K (Johnson et al. 2001). 
However, the identity of this receptor and the means of activating PI3K are under 
debate (Isaacson et al. 2007; see the chapter by M.K. Isaacson et al., this volume). 
Second, long-term activation results from the expression of HCMV encoded proteins 
(Yu and Alwine 2002; Kudchodkar et al. 2006); for example, transfection experi-
ments have shown that expression of the individual major immediate early proteins 
(either the 72-kDa IE1 or the 86-kDa IE2 proteins) can stimulate phosphorylation of 
Akt at both sites (Yu and Alwine 2002; Y. Yu and J.C. Alwine, unpublished data). 

 The HCMV-induced activation of Akt leads to the activation of mTORC1, as 
indicated by phosphorylation of 4E-BP and S6K, beginning 8-12 h postinfection 
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(Kudchodkar et al. 2004). Although Akt activation is necessary to maintain 
cap-dependent translation, it is not sufficient. The virus must do more since mTOR 
kinase activity can be inhibited by many stress responses which exert their effects 
at points downstream of Akt in the signaling pathway (Fig.  3 ). Stress responses that 
do this are induced by the following conditions: 

  Hypoxia 

 Hypoxia may occur during the highest rates of metabolic and synthetic activity in 
HCMV-infected cells. Hypoxia inhibits mTORC1 (Arsham et al. 2002; Brugarolas 
et al. 2004; Cai et al. 2006) due to the induction of REDD1 (Brugarolas et al. 2004), a 
protein which activates the TSC (reviewed in van den Beucken et al. 2006). This mecha-
nism is dependent on the induction of hypoxia inducing factor-1 (HIF-1), since the  
redd1  gene is a HIF-1 transcriptional target (Schwarzer et al. 2005). A HIF-independent 
oxygen sensing mechanisms for activation of the TSC involves activation of the AMP-
activated kinase (AMPK, Figs. 1 and 3) (Corradetti et al. 2004; Shaw et al. 2004).  

  Fig. 3  The effects of stress inducers and HCMV infection on the PI3K-Akt-mTOR pathway, its 
associated substrates and the components of the eIF4F complex. Stress inducers ( green ) are shown 
at sites where they affect the PI3K-Akt-mTOR pathway. The points shown in  red  indicate where 
HCMV infection exerts its effects; Table 1 presents a synopsis of each, see text for details 
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  Energy Depletion 

 AMPK activation of the TSC is most often associated with energy depletion 
(reviewed in Luo et al. 2005; Kimble 2006), which can occur during the highest 
metabolic and synthetic periods of an HCMV infection. Binding of AMP to 
AMPK is thought to alter its conformation, permitting subsequent phosphorylation 
by upstream protein kinases. In contrast, ATP binding prevents phosphorylation 
and maintains AMPK in its inactive state. Thus, AMPK responds not only to 
changes in AMP concentration but also to changes in the ratio of AMP to ATP. 
This means of activating AMPK can be mimicked using the AMP mimetic 
5-amino-4-imidazolecarboxamide ribose (AICAR). Under conditions of an 
increased AMP/ATP ratio or in the presence of AICAR, the tumor suppressor 
LKB1 phosphorylates AMPK. In addition, the calcium/calmodulin-dependent 
protein kinase kinase-β (CaMKKβ) also phosphorylates and activates AMPK in 
response to changes in intracellular calcium concentrations (Hardie 2007). 

 Both LKB1 and CaMKKβ-mediated mechanisms for activating AMPK could 
occur during HCMV infection. The increased energy utilization in actively infected 
cells would increase the AMP:ATP ratio, thus activating AMPK. In addition, it has 
been shown that the HCMV UL37×1 protein mobilizes calcium from the endoplasmic 
reticulum into the cytosol (Sharon-Friling et al. 2006); this could potentially activate 
CaMKKβ.   

  Amino Acid Depletion 

 Amino acid depletion inhibits mTORC1 through a mechanism that interferes with 
the binding of Rheb-GTP to mTOR kinase (reviewed in Avruch et al. 2006). Amino 
acid depletion, resulting in mTORC1 inhibition, could occur during HCMV infec-
tion at times of the greatest viral protein synthesis.  

  Rapamycin 

 Direct inhibition of mTOR kinase activity in mTORC1 can be achieved using the 
drug rapamycin, a macrolide antifungal agent isolated from  Streptomyces hygro-
scopicus  (Vezina et al. 1975). It is used clinically as an immunosuppressant in 
organ transplantation, an inhibitor of restenosis of arteries after angioplasty, and an 
anti-cancer drug (Bjornsti and Houghton 2004). Rapamycin forms a complex with 
a 12-kDa immunophilin called the FK506 binding protein 12 (FKBP12) and can 
also bind a 100-amino acid domain (E2015 to Q2114) of mTOR kinase known as 
the FKBP-rapamycin binding domain (Brown et al. 1994; Sabatini et al. 1994; 
Chen et al. 1995). The affinity of mTOR’s FKBP-rapamycin binding domain for 



Modulation of Host Cell Stress Responses by Human Cytomegalovirus 271

rapamycin in the absence of FKBP12 is modest, but when rapamycin is bound to 
FKBP12, the affinity is increased by 2,000-fold (Banaszynski et al. 2005). 
FKBP12-rapamycin bound to the FKBP-rapamycin binding domain is believed to 
prevent association between mTOR and raptor (Halford et al. 2001; Hara et al. 
2002; Kim et al. 2002). The difference in rapamycin sensitivity between mTORC1 
and mTORC2 may be due to structural variations that result from the different 
binding partners in the complexes. In this model, the mTOR-raptor interaction 
leaves the FKBP-rapamycin binding domain available while the mTOR-rictor 
interaction occludes it, thus affording rapamycin insensitivity. 

 These examples of mTORC1 inhibition by stress responses and drugs highlight 
the need for HCMV to counteract inhibitory mechanisms at multiple points in the 
PI3K-Akt-TSC-mTOR pathway. That HCMV can do this has been demonstrated 
in studies showing that HCMV infection can proceed under conditions of hypoxia 
(Kudchodkar et al. 2004), under conditions where AMPK is activated (Kudchodkar 
et al. 2007; N.J. Moorman et al., personal communication) and can overcome the 
inhibitory effects of rapamycin (Kudchodkar et al. 2006). In addition, preliminary 
data suggest that HCMV can grow, with reduced kinetics, under conditions of 
glucose and amino acid depletion (our preliminary data). Indeed, a growing body 
of evidence shows that HCMV infection may affect many aspects of the pathway 
downstream of Akt. Known points of interaction between the pathway and 
HCMV are shown in red in Fig. 3. In the following sections we will highlight 
HCMV’s effects on AMPK, TSC, the mTOR complexes and mTOR’s down-
stream effectors.   

  The Effects of HCMV Downstream of Akt 

 Experiments using the AMP mimetic AICAR to activate AMPK have been utilized to 
analyze the effects of activated AMPK during HCMV infection (Kudchodkar et al. 
2007; N.J. Moorman et al., personal communication). Addition of AICAR at 4 h 
p.i. completely inhibits the viral infection due, at least in part, to the AMPK-mediated 
inhibition of mTORC1 and translation. Under these conditions, the HCMV immediate 
early proteins are not expressed and the infection cannot be established. However, 
if immediate early proteins are expressed before the addition of AICAR (e.g., 
AICAR addition at 12 h p.i.), there is little to no effect on mTORC1 activity, as 
indicated by the phosphorylation of 4E-BP and S6K. This observation suggests that 
the expression and action of the immediate early proteins establishes conditions 
that are resistant to the effects of activated AMPK. This may involve direct effects 
on AMPK or downstream at the TSC or Rheb-GTP (Fig. 1). Existing data suggest 
that HCMV targets AMPK and the TSC (Kudchodkar et al. 2007; N.J. Moorman 
et al., personal communication); no studies have been reported examining 
Rheb-GTP. 

 HCMV infection appears to induce a means to limit the level of phosphorylated 
AMPK in the infected cell, possibly by dephosphorylation (Kudchodkar et al. 
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2007). However, this mechanism seems to be of marginal effectiveness since it is 
overwhelmed by the extensive phosphorylation of AMPK caused by the addition of 
AICAR. However, under conditions of high levels of phosphorylated AMPK, 
HCMV inhibits its downstream effects by inactivating the TSC. It has been shown 
that the HCMV protein pUL38 binds to and inactivates the TSC (N.J. Moorman 
et al., personal communication), thus protecting mTORC1 from inhibition. This 
function of pUL38, an early protein, may explain why mTORC1-mediated phos-
phorylation of 4E-BP and S6K became resistant to the effects of AICAR by 12 h 
p.i. It is important to note that the inhibition of the TSC by pUL38 may not only 
block the effects of activated AMPK, but also the effects of other stress responses 
such as hypoxia that function through activating the TSC. 

 One question that arises is why would HCMV maintain a limited ability to 
dephosphorylate AMPK as well as inhibit the TSC with pUL38? It would seem 
that the inhibition of the TSC would be sufficient to protect mTORC1 from 
inactivation caused by AMPK activity. A putative answer arises from the obser-
vation that HCMV strives to maintain beneficial aspects of cellular stress 
responses while inhibiting disadvantageous ones. The beneficial aspects of hav-
ing phosphorylated, activated AMPK are that it activates pathways that 
increase: (1) ATP production, (2) glucose transport and glycolysis, and (3) fatty 
acid oxidation (Luo et al. 2005). Thus, HCMV’s limited ability to dephosphor-
ylate AMPK may provide a situation where some activated AMPK is maintained 
during infection. In this regard, data suggest that the different effects of AMPK 
are activated differentially, requiring different levels of phosphorylated AMPK 
(Jones et al. 2005). For example, the amount of phosphorylated AMPK needed to 
increase ATP production, glucose transport, glycolysis and fatty acid oxidation is 
thought to be much less than the amount needed to activate the TSC and inhibit 
translation. Hence it would be to the virus’s advantage to be able to maintain lev-
els of phosphorylated AMPK capable of inducing beneficial effects but below the 
level needed to activate the TSC. However, under conditions where this mecha-
nism is overwhelmed, and high levels of phosphorylated AMPK accumulate, the 
pUL38-mediated inhibition of the TSC would still protect mTOR kinase activ-
ity and circumvent translation inhibition.  

  HCMV Effects on the mTOR Complexes and Their Substrates 

 One might think that the inhibition of the TSC would be sufficient to assure the 
maintenance of mTORC1 activity and cap-dependent translation in the infected 
cell. However, HCMV infection also targets the mTOR complexes and functionally 
alters them in order to maintain 4E-BP phosphorylation and cap-dependent transla-
tion. The first indication of such a mechanism was the observation that in the pres-
ence of rapamycin, which directly inhibits mTORC1, translation was maintained in 
infected human fibroblasts (Kudchodkar et al. 2004). Rapamycin causes a 12- to 
24-h delay in the first appearance of progeny virions when compared to a normal 
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viral growth curve; however, once viral production initiates, it proceeds with 
normal kinetics to produce near normal levels of progeny (Kudchodkar et al. 2004). 
Thus the normal rapamycin sensitivity of mTORC1 had been altered; the delay of 
12-24 h in viral growth indicated a period in which the viral infection adapted 
to rapamycin. Indeed, the establishment of rapamycin resistance of viral growth 
correlated with the development of rapamycin-insensitive phosphorylation of 4E-BP 
(Kudchodkar et al. 2004, 2006). Interestingly, the phosphorylation of mTORC1’s 
other substrate, S6K, does not become rapamycin-insensitive (Kudchodkar et al. 
2004, 2006). Thus HCMV’s effect on mTOR kinase activity is substrate-specific, 
suggesting that HCMV either (1) targets and alters the mTOR complexes directly 
for the purpose of facilitating 4E-BP phosphorylation or (2) it induces an mTOR-
independent mechanism for 4E-BP phosphorylation. 

 Present data suggest that HCMV alters the mTOR complexes. Experiments 
using shRNAs to deplete rictor or raptor have shown that HCMV infection alters 
the substrate specificity of the rictor-containing complex (Kudchodkar et al. 2006). 
Under normal conditions in uninfected cells, only the raptor-containing complex 
uses 4E-BP and S6K as substrates; thus depletion of raptor with shRNA results in 
a severe inhibition of 4E-BP and S6K phosphorylation while depletion of rictor has 
little effect (Sarbassov et al. 2006b). However, in HCMV-infected cells similar 
depletion of raptor or rictor caused only about 50% inhibition of 4E-BP and S6K 
phosphorylation. This suggests that 4E-BP and S6K can be phosphorylated by 
either the rictor- or the raptor-containing complex; this was confirmed by other 
experiments (Kudchodkar et al. 2006). Thus the substrate specificity of the rictor-
containing complex is expanded, most likely by structure/function modification, 
during HCMV infection. 

 An additional indication of HCMV-induced structural modification of the rap-
tor- and rictor-containing complexes is the observation that the rapamycin sensitivity 
of 4E-BP phosphorylation is altered in infected cells. The raptor-containing complex, 
normally sensitive to rapamycin, is insensitive in infected cells; and the rictor-con-
taining complex, normally insensitive for the phosphorylation of Akt, is rapamycin-
sensitive with respect to 4E-BP phosphorylation (Kudchodkar et al. 2006). How the 
viral infection mediates these changes remains to be determined; however, virally 
induced structural modifications of each complex could account for them. Just as 
structural modifications could alter the substrate specificity of the rictor-containing 
complexes, they could also change the accessibility of mTOR’s FKBP-rapamycin 
binding domain such that it becomes accessible in rictor-containing complexes and 
occluded in raptor-containing complexes, thus altering rapamycin sensitivity.  

  HCMV Effects on eIF4E and Mnk-1 

 While the HCMV-induced phosphorylation of 4E-BP may seem sufficient to allow 
eIF4E to be in the eIF4F complex to promote cap-dependent translation, HCMV 
maintains an additional mechanism. During HCMV infection, the phosphorylation of 
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eIF4E by Mnk-1 is enhanced to maintain translation; moreover, the levels of eIF4E 
are increased in infected cells (Walsh et al. 2005). Increasing the amount of eIF4E 
would be predicted to titrate out hypophosphorylated 4E-BP while still maintaining 
sufficient free eIF4E to bind eIF4G and preserve the integrity of the eIF4F complex. 
This is again a situation where HCMV appears to use redundant mechanisms: (1) 
hyperphosphorylation of 4E-BP to lower its affinity for eIF4E and (2) increased 
levels of eIF4E to titrate out hypophosphorylated 4E-BP. Such redundancy indi-
cates the importance of maintaining cap-dependent translation during HCMV 
infection. In addition, the two different mechanisms may be required to maintain 
cap-dependent translation in different cell types and under different growth 
conditions.  

  Conclusions, Questions, Speculations 

 The points shown in red in Fig. 3 indicate where HCMV infection exerts its effects 
on the PI3K-Akt-TSC-mTOR pathway, its associated substrates and the components 
of the eIF4F complex; Table  1  presents a synopsis of each. The striking feature is 
the number of ways the virus has evolved to manipulate this pathway and thereby 
manipulate the effects of cellular stress responses. The effects of stress responses 
that would be inhibitory to viral growth are circumvented, while potentially beneficial 
effects may be maintained. It is also striking that in more than one case the virus 
has introduced multiple means to circumvent inhibitory effects of stress responses: 
for example, the phosphorylation of 4E-BP plus the increased levels of eIF4E and 
the inhibition of the TSC plus the dephosphorylation of AMPK. The maintenance 
of redundant mechanisms suggests that they provide the virus with additional 
capabilities yet to be discovered and understood. 

  Table 1  Effects of HCMV infection on the PI3K-Akt-TSC-mTOR pathway, its associated sub-
strates and the components of the eIF4F complex 

 Target HCMV-mediated mechanism
PI3K Activated by viral attachment, MIEPs and possible other viral or induced 

  cellular proteins
Akt Phosphorylated by HCMV activated PI3K-PDK1 and mTORC2
AMPK Inactivated by dephosphorylation
TSC Inactivated by HCMV UL38
mTORC1 Activated by HCMV infection
  Altered producing rapamycin insensitivity
mTORC2 Activated by HCMV infection
  Altered producing rapamycin sensitivity and gaining 4E-BP and 

  S6K as substrates 
eIF4E Level increased during HCMV infection
Mnk1 Phosphorylation of eIF4E increased by HCMV infection
S6  Phosphorylated by an HCMV-induced mechanism that does not involve S6K 

  (Kudchodkar et al. 2004) 
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 A number of important and exciting questions remain: 

 1. How does HCMV infection activate PI3K? Initially, viral attachment to receptors 
may transiently activate PI3K but later in the infection viral protein synthesis is 
required. The observation that the major immediate early proteins (IE1 and IE2) 
can mediate PI3K activation suggests a mechanism involving transcriptional activa-
tion of viral or cellular genes, the products of which may activate PI3K. 
However, IE1 and IE2, being complex proteins, may mediate functions, such as 
the activation of PI3K, which do not depend on transcriptional mechanisms. 

 2. How are mTORC1 and mTORC2 altered such that their rapamycin sensitivities 
are reversed and mTORC2 gains 4E-BP and S6K as substrates? Structural modi-
fications of the complexes have been discussed above. It is clearly possible that 
a cellular protein, induced or misplaced by the viral infection, or a viral protein, 
becomes part of the complexes and alters their specificities and functions. 
Indeed, it is conceivable that mTOR is not the only kinase associated with raptor 
and rictor in infected cells. The shRNA-mediated depletion of mTOR kinase in 
HCMV infected cells significantly decreases but does not eliminate 4E-BP and 
S6K phosphorylation (Kudchodkar et al. 2006), thus another kinase could be 
active with rictor and raptor in infected cells. 

 3. What mechanism is HCMV using to trigger mTORC2-mediated phosphoryla-
tion of Akt S473? As mentioned above in Sect. 3, the control of mTORC2 activ-
ity is not well understood. One study suggests that Rheb-GTP, the activator of 
mTORC1, may inhibit mTORC2 (Yang et al. 2006b). If this is correct, the inhibi-
tion of the TSC by pUL38 would be expected to increase Rheb-GTP levels and 
potentially inhibit mTORC2. However, this does not happen: the rapamycin 
insensitive phosphorylation of Akt S473 by mTORC2 is activated during an 
HCMV infection (Kudchodkar et al. 2006). Hence there is still much to learn 
about HCMV’s effects of mTORC2 and the phosphorylation of Akt. 

 In the above discussion, we have not considered the potential role of phos-
phatases in the control of the PI3K-Akt-mTOR pathway. PTEN (phosphatase and 
tensin homolog) is the phosphatase that counteracts PI3K (Baker 2007); its inhibi-
tion during infection could account, in part, for the activation of Akt. In human 
fibroblasts, PTEN levels do not change during infection (Y. Yu and J.C. Alwine, 
unpublished observations), but it has not been determined whether its activity is 
altered. One report suggests that PTEN activity may be increased in primary human 
aortic endothelial cells infected with HCMV (Shen et al. 2006). This could reduce 
Akt activation and slow the growth of HCMV in these specialized cells, possibly 
resulting in specific pathogenesis. Protein phosphatase 2A (PP2A) is believed to be 
the phosphatase that counteracts mTOR kinase by dephosphorylating 4E-BP and 
S6K. Indeed, PP2A is a central controlling factor in many cellular processes 
(Mumby 2007). Little is known about the HCMV’s interactions with PP2A, but it 
is likely to be an HCMV target. 

 Finally, our discussion has largely used the maintenance of cap-dependent 
translation as the main reason for HCMV targeting the PI3K-Akt-mTOR pathway. 
However, this is a narrow view. The many interactions that HCMV has with this 



276 J.C. Alwine

pathway (Fig. 3 and Table 1) opens the possibility for vast effects on cellular physiology. 
The resulting pathogenic effects could implicate HCMV as a subtle, and unex-
pected, cofactor in many maladies. For example, nearly every one of the targets 
listed in Table 1 can be an oncoprotein when mutated, inappropriately activated or 
inappropriately expressed. While not suggesting that HCMV is a frank transforming 
agent, it is possible that the virus serves as a co-factor with other agents/mutations 
to promote transformation. The effects of HCMV on oncoproteins such as PI3K, 
Akt, mTOR, mTOR’s effectors and eIF4E could increase the oncogenic potential 
of a cell, serving as one factor among several which cause transformation, as 
suggested by the Knudson multi-hit hypothesis (Knudson 1988). The understanding 
of the means by which HCMV adapts cellular stress response signaling will provide 
new insight into HCMV pathogenesis.   
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   Control of Apoptosis by Human 
Cytomegalovirus 

   A.   L.   McCormick    

    Abstract   Caspase-dependent apoptosis has an important role in controlling 
viruses, and as a result, viruses often encode proteins that target this pathway. 
Caspase-dependent apoptosis can be activated from within the infected cell as an 
intrinsic response to replication-associated stresses or through death-inducing sig-
nals produced extrinsically by immune cells. Cytomegaloviruses (CMVs) encode 
a mitochondria-localized inhibitor of apoptosis, vMIA, and a viral inhibitor of 
caspase activation, vICA, the functional homologs of Bcl-2 related and c-FLIP 
proteins, respectively. Evidence from viral mutants deleting either vMIA or vICA 
suggests that each is necessary and sufficient to promote survival of infected cells 
undergoing caspase-dependent apoptosis. Additional proteins, including pUL38, 
IE1 

491aa
 , and IE2 

579aa
 , can prevent apoptosis induced by various stimuli, while 

viruses with deletions of UL38, M45, or m41 undergo apoptosis. The viral RNA, 
β2.7, binds mitochondrial respiratory complex I, maintains ATP production late 
in infection, and prevents death induced by a mitochondrial poison. Thus, CMV 
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alters cell intrinsic defenses employing apoptosis, and multiple viral gene products 
together control death-inducing stimuli to promote survival.    

   Introduction 

 Apoptosis is an evolutionarily conserved process that removes cells during 
development and homeostasis and that can limit viral replication (Roulston et al. 
1999). Apoptosis results from the hierarchical activation of a family of cysteine 
proteases, the caspases, that follows extrinsic or intrinsic pro-death signaling 
(Festjens et al. 2006). Extrinsic signals engage death receptors, a subset of the 
TNF superfamily, promoting the recruitment of cytoplasmic proteins and activa-
tion of initiator caspase-8. This caspase is highly regulated, including by c-FLIP 
proteins that can prevent proteolytic activation (Barnhart et al. 2003). Intrinsic 
signals following DNA damage, ER stress, or other stresses alter mitochondria 
membrane permeability, promote release of cytochrome c and additional  pro-
death factors, and activate initiator caspase-9 (Festjens et al. 2006). Both extrin-
sic and intrinsic pathways converge on downstream executioner caspase-3, 
which targets specific proteins. For most types of cells, extrinsic signals are also 
amplified by way of mitochondrial alterations and caspase-9 activation (Barnhart 
et al. 2003). The cellular Bcl-2 family proteins tightly regulate the mitochondria 
membrane permeability transition (Kuwana and Newmeyer 2003; Green and 
Kroemer 2004; Sharpe et al. 2004; Antignani and Youle 2006). Proteins in this 
family include one of four distinct amino acid sequence domains, known as Bcl-
2 homology (BH) domains that are important to function (Petros et al. 2004). 
The balance of pro- and antiapoptotic Bcl-2 proteins determines whether a cell 
undergoes apoptosis (Kuwana and Newmeyer 2003; Green and Kroemer 2004; 
Sharpe et al. 2004; Antignani and Youle 2006). The proapoptotic proteins Bax 
and Bak are directly linked to the release of pro-death factors from mitochon-
dria. While still controversial, one suggested mechanism employs the inherent 
pore-forming properties of these proteins. The actions of the proapoptotic Bcl-
2-related proteins are balanced by antiapoptotic Bcl-2 and Bcl-x 

L
 . Likewise, 

pro-death signals can be balanced by more global pro-survival signals. Sensors 
located in various organelles, including the nucleus, endoplasmic reticulum, 
lysosomes, and the Golgi apparatus can promote death through apoptosis (Ferri 
and Kroemer 2001); thus, events leading to death can occur from multiple cellu-
lar sites. Many viral factors that counteract caspase-dependent apoptosis are 
homologs of key cellular regulatory proteins, including the Bcl-2 related pro-
teins and the c-FLIP proteins (Irusta et al. 2003; Polster et al. 2004). 

 CMV genes that impact apoptosis have been identified by three different strate-
gies. In the first, the antiapoptotic designation followed transient expression and 
increased cell survival in well-defined models of apoptosis. A random search employ-
ing this strategy uncovered the viral mitochondria-localized inhibitor of apoptosis 
(vMIA) encoded by UL37×1 and the viral inhibitor of caspase-8 activation (vICA), 



encoded by UL36 (Goldmacher et al. 1999; Skaletskaya et al. 2001). Both functions 
increase infected cell resistance to apoptosis (Skaletskaya et al. 2001; Menard et al. 
2003; Reboredo et al. 2004; McCormick et al. 2005). A direct assessment of IE1 

491aa
  

and IE2 
579aa

  lead to observed impacts on pro-survival signaling mediated by the kinase 
Akt (Lukac and Alwine; Yu and Alwine 2002). The mechanisms and direct impact of 
these pro-survival activities on viral growth remain unexplored. Viral genetics high-
lighted the contributions of UL38, M45, and m41 to survival from apoptosis induced 
by replication (Brune et al. 2001, 2003; Terhune et al. 2007). Although the antiapop-
totic mechanism remains unknown, pUL38 is sufficient to increase survival in apop-
tosis models (Terhune et al. 2007). Lastly, interaction studies revealed the RNA, β2.7, 
binds mitochondrial complex I and as a result, controls mitochondrial function and 
cell survival following death induced by respiration poisons. Thus, multiple CMV 
genes encode pro-survival or antiapoptotic factors. The phenotypes of viral mutants 
combined with results of exogenous expression analyses, suggest the UL36-38 
genomic region is a cell death suppression locus.  

  vMIA Controls Mitochondria-Dependent Death 

 The UL37×1 ORF encoding vMIA is included on multiple viral transcripts. (Tenney 
and Colberg-Poley 1990, 1991a, 1991b; Goldmacher et al. 1999) (Fig.  1 ). The 
predominant, unspliced transcript yields the 163 aa vMIA, while splicing to UL37×2 
and UL37×3 yields the larger antiapoptotic glycoprotein gpUL37 and pUL37 

M
  

(Goldmacher et al. 1999). Additional less abundant spliced transcripts are predicted to 
encode antiapoptotic proteins as well, but have not yet been tested for function (Adair 
et al. 2003). vMIA localizes to mitochondria and prevents the release of pro-death 
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  Fig. 1  A map of the HCMV UL36-UL38 cell death suppression locus indicating the relative 
positions of open reading frames (ORFs) and major transcripts of the region.  Rectangles  represent 
the ORFs and include an  arrowhead  to denote the direction of transcription.  Arrows  represent the 
3′ nontranslated regions. A  raised line  connecting ORFs indicates splicing. Splicing events pro-
ducing minor transcripts of the UL37 gene (Adair et al. 2003) are not shown 
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factors similar to Bcl-2 or Bcl-x 
L
  (Goldmacher et al. 1999). To date, vMIA is the most 

broadly antiapoptotic CMV protein known and analogous to the cellular Bcl-2 
proteins, is highly effective against a myriad of stimuli including intrinsic stresses as 
well as extrinsic, immune-regulated signals (Goldmacher et al. 1999; Belzacq et al. 
2001; Vieira et al. 2001; Jan et al. 2002; Roumier et al. 2002; Boya et al. 2003; 
Andreau et al. 2004; Arnoult et al. 2004; Boya et al. 2005; McCormick et al. 2005). 
However, vMIA does not encode any BH-domains that characterize the cellular pro-
teins (Goldmacher et al. 1999). 

 vMIA function requires an amino terminal mitochondrial-targeting domain (aa 
2-34) and a carboxyl-terminal antiapoptotic domain (AAD, aa 118-147) (Hayajneh 
et al. 2001) that together are sufficient for function. The mitochondrial-targeting 
domain includes an amino-terminal hydrophobic signal followed by highly con-
served basic residues, and both are required for mitochondrial trafficking 
(Mavinakere and Colberg-Poley 2004). Evidence suggests a mitochondrial mem-
brane association with the targeting domain spanning the membrane and the 
AAD exposed to the cytoplasm (Mavinakere et al. 2006). The carboxyl-terminal 
AAD includes a predicted amphipathic α-helix motif (aa 126-140) critical to 
function (Smith and Mocarski 2005). Point mutations predicted to disrupt an 
α-helical structure alter amphipathicity or place charge on the hydrophobic face 
of the AAD α-helix, each completely abrogate vMIA function. In contrast, 
the hydrophilic face of the AAD α-helix tolerates significant substitutions with as 
many as five or six amino acid substitutions required to disrupt function (Smith 
and Mocarski 2005). 

 The growth arrest and DNA damage 45 alpha (GADD45α) protein interacts 
directly with vMIA in yeast and mammalian cells, fails to bind vMIA mutant pro-
teins, and is essential for vMIA-mediated antiapoptotic activity (Smith and 
Mocarski 2005). Targeted knockdown of GADD45α, GADD45β, and GADD45γ 
reduced vMIA activity, and each GADD45 family protein individually enhanced 
vMIA activity. GADD45α increased both the overall amount of vMIA and that 
associated with mitochondrial fractions. Thus, the DNA damage response pathway 
is directly linked to vMIA-mediated cell death suppression. Further, vMIA was 
shown to bind the antiapoptotic Bcl-2 family protein Bcl-x 

L
  in mammalian cells. 

Collectively, these data suggest that vMIA acts together with Bcl-x 
L
  and GADD45 

to regulate the mitochondrial release of proapoptotic factors (Fig.  2 ). 
 In addition to GADD45 proteins, vMIA also binds the proapoptotic Bcl-2 

family protein Bax (Arnoult et al. 2004), which has more recently been con-
nected to mitochondrial morphogenesis during life (Karbowski et al. 2006). 
In most instances, Bax is distributed in the cytoplasm, but Bax oligomerization 
and relocalization to mitochondria mediates the release of proapoptotic factors 
from the organelle (Antonsson et al. 2001). In the presence of vMIA, however, 
oligomerized Bax at mitochondria fails to promote apoptosis, suggesting 
sequestration as a component of the antiapoptotic mechanism (Arnoult et al. 
2004; Poncet et al. 2004). Thus, the vMIA-dependent antiapoptotic mechanism 
is distinct from that of cellular and viral Bcl-2 proteins that prevent Bax relo-
calization and oligomerization at mitochondria. Recruitment and sequestration 
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of Bax at mitochondria has also been suggested as the mechanism (Karbowski 
et al. 2006) for vMIA-dependent disruption of reticular mitochondrial networks 
(McCormick et al. 2003b); however, more recent evidence of vMIA mutants 
that disrupt networks but fail to bind Bax (Pauleau et al. 2007) suggests other 
factors may also be important. 

 vMIA prevents apoptosis during infection; however, vMIA is not required for 
replication, and replication in the absence of vMIA does not induce caspase-
dependent apoptosis (McCormick et al. 2005). A vMIA deletion mutant made in 
the laboratory-propagated strain, Towne var ATCC, produces yields nearly equiva-
lent to parental virus. In contrast, vMIA is more critical for efficient replication of 
the laboratory strain AD169 var ATCC (Reboredo et al. 2004). These strain-
dependent variations may suggest that the quantity or quality of intrinsic stresses 

  Fig. 2  A representation of the apoptosis pathway and CMV-mediated alterations preventing 
death, as described in the text.  Dashed arrows  indicate events prevented by the viral proteins, 
vICA or vMIA, as indicated. The  solid arrow  indicates vMIA-dependent relocalization of Bax to 
mitochondria. At mitochondria, a complex(s) of proteins including Bax as an oligomer, vMIA, 
GADD45, and Bcl-x 

L
  prevents the release of mitochondrial protein cytochrome c. vICA binds 

procaspase-8 and is depicted as a complex that prevents procaspase-8 activation following addi-
tion of extrinsic death signals. The mechanisms and/or direct physical interactions that promote 
survival in the presence of the remaining viral proteins, pUL38, IE1 

491aa
 , IE2 

579aa
 , M45, and m41 

are unclear, and these are placed according to the anticipated site of localization within the cell. 
For simplicity, many important regulatory components have not been included 
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produced by individual strains varies because evidence suggests vMIA is an 
important regulator of the viral response to stress (McCormick et al. 2005). The 
phenotype produced by disruption of vMIA in AD169 var ATCC is highly variable 
(Brune et al. 2003; Yu et al. 2003; Sharon-Friling et al. 2006), perhaps due to other 
factors that prevent vMIA-dependent release of calcium from the endoplasmic 
reticulum (Sharon-Friling et al. 2006) or increase ATP levels (Poncet et al. 2006), 
and further analyses are needed to resolve the role of vMIA in that strain. 

 Although of limited impact on replication in HFs, the Towne var ATCC mutant 
revealed a role for vMIA in regulating caspase-independent death. Caspase-3 
activation underlies caspase-dependent apoptosis; however, this protease is not 
required for other cell death pathways that are considered to be apoptosis-like 
(Leist and Jaattela 2001; Lockshin and Zakeri 2002; Jaattela 2004). Thus, 
UL37×1 deletion can promote CMV-induced caspase-3-dependent cell death in 
the case of AD169 var ATCC (Reboredo et al. 2004), or a caspase-3-independent 
cell death in the case of Towne var ATCC (McCormick et al. 2005), and vMIA 
regulates both forms of death during infection (McCormick et al. 2005). From 
studies so far, the context where caspase-3-independent cell death is a significant 
obstacle to the virus is unknown. 

 Chimpanzee CMV, rhesus macaque CMV, and African green monkey CMV 
each retain a vMIA homolog that could be identified through computer analysis 
(McCormick et al. 2003a). Each of these proteins share sequence similarity with 
the mitochondrial-targeting and AAD domains of vMIA. Rhesus macaque CMV 
vMIA retains similarity only to the amino- and carboxyl-terminal domains of 
human CMV (HCMV) vMIA and functions as an antiapoptotic protein. It is 
expected that all primate CMVs encode functional homologs. In contrast, the 
identification of rodent CMV functional homologs encoded by ORFs, m38.5 and 
r38.5, required more extensive analyses due to limited sequence homology 
(McCormick et al. 2003a, 2005; Brocchieri et al. 2005). Initial searches for 
murine CMV (MCMV) mitochondrial localized proteins with vMIA function 
were executed in HeLa cells utilizing methods that revealed vMIA (Goldmacher 
et al. 1999; McCormick et al. 2003a). Increasing the repertoire of stimuli 
revealed that m38.5 prevents proteasome inhibitor-induced, intrinsic apoptosis 
but not extrinsic, Fas-mediated apoptosis in HeLa cells (McCormick et al. 2005) 
or a telomerase-immortalized retinal epithelial cell line of human origin (Jurak 
and Brune 2006). Thus, MCMV m38.5 encodes an antiapoptotic protein that 
localizes to mitochondria (McCormick et al. 2005). The rodent CMV ORFs map 
to positions on the viral genomes analogous to UL37×1 (McCormick et al. 
2003a; Brocchieri et al. 2005), indicating that rodent and primate CMVs each 
encode vMIA and vICA homologs. 

 Limited sequence similarity and differences in protective function in human 
cells suggest the human and rodent vMIA homologs retain elements that are 
specific to function in the appropriate host (McCormick et al. 2005). Identification 
of additional MCMV proteins localized to mitochondria may also suggest the 
potential for synergism or even replacement of m38.5 function in specific cells 
(Tang et al. 2006). Interestingly, vMIA apparently protects from specific apoptotic 
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stimuli in a species-dependent fashion as well. Thus, vMIA fails to prevent 
mitochondrial damage induced by staurosporine in wild type murine fibroblasts, 
apparently due to the role of murine Bak in that setting (Arnoult et al. 2004) but 
prevents staurosporine-induced death in HeLa cells (Andreau et al. 2004). Thus, 
properties of the antiapoptotic proteins encoded by these viruses reflect the 
evolutionary divergence of the host. In fact, one aspect of the species barrier 
that restricts CMVs is reportedly due to functions that for MCMV can be pro-
vided by vMIA (Jurak and Brune 2006). Given the genomic organization and 
studies thus far, it is likely that m38.5 will retain vMIA functions relevant to 
survival in the host and that all CMVs rely on vMIA function.  

  vICA Controls Caspase-8 

 vICA, the UL36 gene product, interferes with caspase-8-dependent apoptosis by 
binding procaspase-8 and preventing proteolytic activation (Skaletskaya et al. 
2001) (Fig. 2). The role of caspase-8 as an initiator protease activated by extrinsic, 
immune-regulated signals implies vICA is important to survival in the host 
(Skaletskaya et al. 2001). vICA is highly conserved among mammalian betaherpes-
viruses both in sequence and function, suggesting a conserved biologic role 
(McCormick et al. 2003a; Menard et al. 2003). In contrast, passage in tissue culture 
has promoted adventitious mutations that impact antiapoptotic function (Skaletskaya 
et al. 2001). Although early work employed a recombinant virus made in 
AD169 var ATCC, a laboratory strain that had already acquired mutations in vICA 
(Patterson and Shenk 1999; Skaletskaya et al. 2001), deletion of the gene from 
Towne-BAC, a viral strain that retains vICA function, confirmed that both the 
UL36 gene and vICA function can be altered without impacting replication in cul-
tured fibroblasts (Dunn et al. 2003). MCMV mutants impacting M36 also grow in 
fibroblasts; however, this gene is required for growth in cultured macrophages 
(Menard et al. 2003) and in mice (Cicin-Sain et al. 2005). Importantly, infected 
macrophages elevated caspase-8 activity only in the absence of M36 (Menard et al. 
2003). These observations are consistent with the expectation that vICA prevents 
caspase-8 activation, thereby performing a critical role for survival in the host.  

  IE1 491aa , IE2 579aa , and Akt-Dependent Pro-survival Pathways 

 Pathways leading to death are balanced by pro-survival pathways, including those 
regulated by trophic factors that signal through phosphatidylinositide 3′-OH kinase 
(PI3K)/Akt kinase (Datta et al. 1999). Evidence suggests CMV requires the PI3K/
Akt pathway for replication (Johnson et al. 2001). The IE1 

491aa
  and IE2 

579aa
  are 

nuclear proteins that regulate transcription and have important roles in viral repli-
cation (see the chapter by M.F. Stinski and D.T. Petrik, this volume and Stinski and 
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Meier 2007; White and Spector 2007). Each has been connected to the PI3K/Akt 
pro-survival pathway through the following. Initially, antiapoptotic roles for 
IE1 

491aa
  and IE2 

579aa
  were suggested from results of transient and stable expression 

in HeLa cells (Zhu et al. 1995). Here, either protein protects from short exposure 
(8 h) to TNF or infection by E1B-19-kDa-deficient adenovirus, but not from UV 
irradiation. Mechanisms are suggested to differ because antiapoptotic activity 
maps to unique sequences. In comparison with vMIA, neither IE1 

491aa
  nor IE2 

579aa
  

protect HeLa cells undergoing TNF- or Fas-mediated apoptosis when evaluated in 
a more rigorous assay (24 h) (Goldmacher et al. 1999). Thus, these proteins present 
challenges for mechanistic studies. 

 One experimental approach that has suggested the mechanism of IE1 
491aa

  and 
IE2 

579aa
  antiapoptotic function employed the temperature-sensitive ( ts ) BHK-21 

cell line  ts 13 (Lukac et al. 1997; Lukac and Alwine 1999; Yu and Alwine 2002). 
At the nonpermissive temperature, a mutation in TAF 

II
 250 produces transcription 

alterations in specific genes that results in a block to cell cycle progression and the 
induction of apoptosis in these hamster cells (Talavera and Basilico 1977; Sekiguchi 
et al. 1988, 1995). When expressed from a genomic construct, IE1 

491aa
  and IE2 

579aa
  

prevent apoptosis and rescue promoter-specific transcription through independent 
mechanisms that do not rescue cell cycle defects (Lukac et al. 1997; Lukac and 
Alwine 1999). Further, IE rescue of transcription is primarily due to IE2 

579aa
  (Lukac 

et al. 1997), while either IE protein rescues apoptosis (Yu and Alwine 2002). Protein 
domains required for protective function remain unidentified. Although the protec-
tive mechanism in this setting relies on PI3K activation of Akt, how IE1 

491aa
  and 

IE2 
579aa

  promote this activation is unknown, as is the significance of these results to 
infection. Nevertheless, these studies suggest hypotheses that may elucidate IE1 

491aa
  

and IE2 
579aa

  contributions to survival of infected cells.  

  UL38 Decreases Intrinsic Stress 

 The UL38 ORF maps to an intron of the UL37 gene (Tenney and Colberg-Poley 
1990, 1991a, 1991b) (Fig. 1). The UL38 sequence is included on the unspliced 
vMIA transcript and on a unique transcript with early kinetics. During infection, 
pUL38 initially localizes to the nucleus but is well distributed between the nucleus 
and cytoplasm by 24 h (Terhune et al. 2007). Mutagenesis of the UL38 ORF in 
either Towne-BAC (Dunn et al. 2003) or pAD/Cre (Yu et al. 2002; Terhune et al. 
2007) reduces yield by approximately 100-fold during a single round of replication 
(Terhune et al. 2007). 

 The premature death induced by the UL38-null mutant virus and rescue by 
addition of the pan-caspase inhibitor zVAD-fmk prompted further analysis of 
pUL38 as an antiapoptotic factor (Terhune et al. 2007). Replication of the UL38 
deletion mutant is also largely restored by zVAD-fmk. Death initiates very early 
(24 h) and reaches more than 50% by 72 h, suggesting pUL38 is required very 
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early. Consistently, TUNEL labeling, expected to reflect caspase-3-mediated acti-
vation of nucleases, occurs by 48 h. In contrast, detection of active caspase-3 or 
cleaved substrate (PARP) is apparently variable and occurs consistently only by 
96 h. Thus, evaluation of specific steps along the apoptosis pathway may highlight 
important viral controls. Nevertheless, a deletion mutant of UL38 in pAD/Cre 
induces an apoptotic death that is repaired by growth on pUL38-expressing cells. 
pUL38 is sufficient to inhibit death induced by E1B-19-kDA-deficient adenovirus 
or thapsigargin, but is ineffective against Fas-mediated apoptosis. Thus, pUL38 
protects from intrinsic but not extrinsic death signals. Thus far, little is known of 
the pUL38-dependent antiapoptotic mechanism or protein domains required for 
function, but these studies will likely be included in future endeavors.  

  M45 Is a Cell Type-Specific Survival Factor 

 Betaherpesviruses, including HCMV, encode the UL45 genes that are related by 
sequence but not function to ribonucleotide reductase (Chee et al. 1990; Patrone 
et al. 2003; Lembo et al. 2004). Viral mutants that disrupt the MCMV M45 gene 
induce apoptosis and are growth-restricted in endothelial cells and macrophages 
but not fibroblasts, bone marrow stromal cells, or hepatocytes (Brune et al. 2001). 
Although early and late genes are expressed, infection induces apoptosis and 
infectious progeny are not produced. Assays predictive of apoptosis, including 
nuclease activity and phosphatidylserine exposure, implicate this pathway; how-
ever, a direct link between decreased apoptosis and rescued growth has not been 
established. Further, M45-dependent survival in apoptosis models or viral repli-
cation has not been demonstrated, and it is unclear how the phenotype of the 
mutant virus relates to apoptosis pathways and M45. However, disruption of M45 
produces a nonpathogenic virus (Lembo et al. 2004), and further studies will 
likely answer these important questions. 

 Neither replication in endothelial cells or resistance to induced intrinsic 
stress requires HCMV UL45 (Hahn et al. 2002). Thus, the intrinsic stresses 
revealed by deletion of MCMV M45 are apparently controlled by other viral 
factors in HCMV. In contrast, UL45 does increase viral production of the labo-
ratory strain AD169 var ATCC in fibroblasts following a low multiplicity infec-
tion (Patrone et al. 2003). However, decreased yield does not result from 
increased apoptosis. The resistance of HCMV to extrinsic but not intrinsic 
apoptosis is also halved, but the contribution of UL45 is unknown and UL45-
expressing fibroblasts remain sensitive to Fas-mediated apoptosis. Considerable 
effort has been required to evaluate the potential of UL45 as a ribonucleotide 
reductase (Patrone et al. 2003; Lembo et al. 2004). Future studies that define the UL45 
function that increases low multiplicity growth and the M45 function that 
permits replication in endothelial cells will likely clarify the role of this 
perplexing gene.  
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  m41, Late Infection, and the Golgi Apparatus 

 The CMV ORFs m41 and r41 are apparently unique to rodent CMVs and, as such, 
do not share sequence homology with HCMV ORFs (Chee et al. 1990; Rawlinson 
et al. 1996; Mocarski et al. 1997; Vink et al. 2000; Brocchieri et al. 2005). Expression 
constructs produce a single protein of 19 kDa while polypeptides of 19 and 21-kDa 
polypeptides are produced during infection, suggesting splicing to upstream or 
downstream ORFs (Brune et al. 2003). Recombinants that disrupt the m41 ORF 
induce apoptosis very late in infection, as suggested both by apoptosis-induced 
molecular changes, including phosphatidylserine exposure and nuclease-driven 
chromatin alterations, and increased survival in the presence of caspase inhibitors. 
A more dramatic impact on replication occurs in endothelial cells where viral yields 
are reduced 50-fold. Thus far, neither yield nor death has been directly related to 
pm41, but Golgi localization is likely important to pm41 function.  

  β2.7 and Mitochondrial Respiratory Complex I 

 The highly abundant early transcript β2.7 (McDonough and Spector 1983; 
McDonough et al. 1985) is polysome-associated (Wathen and Stinski 1982); how-
ever, sequence analyses suggest a noncoding RNA (McSharry et al. 2003). 
Although the gene is conserved in both laboratory-adapted viral strains and clinical 
isolates, the RL4 ORF is not. Northwestern screening suggested β2.7 binds proteins 
of the nicotinamide adenine dinucleotide-ubiquinone oxidoreductase (mitochon-
drial respiration complex I) (Reeves et al. 2007). β2.7 also increases survival from 
the mitochondrial poison rotenone and maintains ATP production late in infection. 
The importance of continued mitochondrial function during CMV infection has 
been suggested from several studies that have evaluated mitochondrial DNA 
 synthesis, mitochondrial protein expression profiles, and ATP production (Furukawa 
et al. 1976; Hertel and Mocarski 2004; Reeves et al. 2007). β2.7 contributes to viral 
production by maintaining ATP production (Reeves et al. 2007), and in addition, 
prevents death that follows intrinsic stresses associated with decreased ATP.  

  Summary and Perspectives 

 Several CMV gene products that impact apoptosis have already been identified. vMIA 
and vICA are the most extensively characterized with regard to proposed mechanism 
and antiapoptotic roles during infection. pUL38, M45, and m41 remain largely 
uncharacterized with regard to mechanism, and the contributions of IE1 

491aa
  and 

IE2 
579aa

  antiapoptotic functions during replication remain to be addressed. Additional 
genes like β2.7, which increase survival in response to stress, are likely to be identified 
through efforts that determine viral control of cellular stress responses (see the chapter 
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by A.L. Alwine, this volume) and these genes will also impact viral control of apop-
tosis. Three types of cell death- apoptosis, necrosis, and autophagy-have been well 
characterized by morphology, biochemical events, and host responses (Leist and 
Jaattela 2001; Jaattela 2004; Lockshin and Zakeri 2004; Vandenabeele et al. 2006; 
Golstein and Kroemer 2007). Given overlapping regulation and expectations from 
cellular homologs with cross-inhibitory properties, future efforts will undoubtedly 
reveal as yet unappreciated connections between CMV antiapoptotic proteins and 
other cell death pathways. In summary, the cell tropism of CMV (Mocarski et al. 
2006) likely means the virus must be armed against multiple forms of death and the 
combination of all suppressors encoded by the virus likely balances the apoptotic 
threshold in a direction supporting replication.   
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   Aspects of Human Cytomegalovirus 
Latency and Reactivation 

   M.   Reeves    ,   J.   Sinclair     (*ü )

   Abstract   Primary infection of healthy individuals with human cytomegalovirus 
(HCMV) is usually asymptomatic and results in the establishment of a lifelong 
latent infection of the host. Although no overt HCMV disease is observed in healthy 
carriers, due to effective immune control, severe clinical symptoms associated with 
HCMV reactivation are observed in immunocompromised transplant patients and 
HIV sufferers. Work from a number of laboratories has identified the myeloid lineage 
as one important site for HCMV latency and reactivation and thus has been the 
subject of extensive study. Attempts to elucidate the mechanisms controlling viral 
latency have shown that cellular transcription factors and histone proteins influence 
HCMV gene expression profoundly and that the type of cellular environment virus 
encounters upon infection may have a critical role in determining a lytic or latent 
infection and subsequent reactivation from latency. Furthermore, the identification 
of a number of viral gene products expressed during latent infection suggests a 
more active role for HCMV during latency. Defining the role of these viral proteins 
in latently infected cells will be important for our full understanding of HCMV 
latency and reactivation in vivo.    
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   Introduction 

 The ability of human cytomegalovirus (HCMV), like all herpes viruses, to establish 
a lifelong persistent infection plays a crucial role in the long-term carriage of this 
opportunistic pathogen in the human host. It is likely that HCMV persistence, in 
vivo, involves sites in the host which continually produce low levels of virus. 
However, it is now clear that it also involves sites which carry the viral genome 
latently in the absence of any productive infection. 

 Although HCMV causes few overt symptoms following primary infection of 
healthy individuals, significant morbidity and mortality is observed in the immu-
nonaïve, immunocompromised and immunosuppressed (Ho 1990; Zaia 1990). 
Primary infection is an important factor in HCMV-mediated disease (see the 
chapter by W. Britt, this volume), particularly following congenital infection 
(Griffiths and Walter 2005). However, reactivation from latency is a major cause of 
disease in certain transplant patients (both solid organ and bone marrow transplan-
tation) and also in late-stage HIV patients suffering from AIDS (Adler 1983; Rubin 
1990; Sissons and Carmichael 2002). Consequently, developing an understanding 
of the mechanisms that regulate latency and reactivation in vivo is of paramount 
importance for future clinical intervention. 

 In order to do this, a number of fundamental questions about the basic biology 
of HCMV need to be addressed: Firstly, in which cells does the latent virus reside? 
Secondly, in which cells does the virus reactivate. Thirdly, what regulates this 
latency and reactivation? 

 The ability to detect latent HCMV, particularly prior to the development of highly 
sensitive techniques such as the polymerase chain reaction (PCR), is in contrast to 
the ease of detecting productive HCMV infection during disease. Acute HCMV 
infection is manifest in numerous tissues (Rubin 1990; Sissons and Carmichael 
2002). Epithelial, endothelial, smooth muscle, stromal, fibroblast and neuronal cells 
all support lytic HCMV replication in vivo (Sinzger et al. 1995; Plachter et al. 1996; 
see the chapter by C. Sinzger et al., this volume) and, consequently, HCMV pathology 
can be seen in a diverse range of organs throughout the body. In contrast, HCMV 
latency appears to be restricted to subpopulations of cell types.  

  Latency, Carriage and Reactivation of HCMV 
in the Cells of the Myeloid Lineage 

 Some of the first instructive observations regarding HCMV latency came from clinical 
studies. Although it was extremely difficult to detect infectious virus in the blood of 
normal healthy individuals, it was evident that blood transfusions from healthy sero-
positive donors often resulted in the transmission of HCMV to blood donor recipients 
(Adler 1983). However, the incidence of this transmission was significantly reduced 
if leukocyte-depleted blood products were used (Yeager et al. 1981; Tolpin et al. 



1985; Gilbert et al. 1989), which strongly suggested that viral transmission was 
cell-based and not mediated by free virus. Consequently, one of the cellular sites of 
latency was believed to be in the peripheral blood compartment. 

 We now know that the latent load of HCMV in healthy carriers is around 1 
genome-positive cell per 10,000 peripheral blood mononuclear cells (PBMCs) 
(Slobedman and Mocarski 1999), clearly below the detection limits of Northern, 
Southern and Western analyses. However, the use of a highly-sensitive PCR 
approach finally permitted the analysis of HCMV latency in vivo and defined the 
myeloid lineage as an important site of HCMV latency (Fig.  1 ). An experimental 
approach that isolated different fractions of cells from the blood of healthy seroposi-
tives showed that carriage of HCMV DNA occurred predominantly in the leukocyte 
fraction of peripheral blood - particularly in the CD14 +  monocyte population (Fig. 
1a). HCMV was not found in the lymphocyte fraction or the polymorphonuclear 
cells (Fig. 1b) (Bevan et al. 1991; Taylor-Wiedeman et al. 1991, 1993; Stanier et al. 
1992). Monocytes, however, represent a short-lived continually renewable population 
of cells that arise from haematopoietic cell precursors (CD34 +  cells) present in the 
bone marrow (Metcalf 1989). These cells were also shown to be HCMV genome-
positive, suggesting that the bone marrow represents one latent reservoir of virus 
(Mendelson et al. 1996; Sindre et al. 1996). Although CD34 +  cells are sites of 
latency for HCMV and are a common precursor of both lymphoid and myeloid cells, 
the carriage of virus appears to be restricted to cells of the monocyte/myeloid lineage 
by, as yet, undefined mechanisms (for review see Sinclair and Sissons 2006). 
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  Fig. 1  HCMV latency is established in bone marrow progenitors and is carried in the myeloid 
lineage. During natural latency, HCMV DNA can be detected in bone marrow progenitor cells that 
give rise multiple lineages. However, the carriage of viral genomes is detected in the myeloid line-
age ( a ) and not the lymphoid lineage ( b ). A third endothelial lineage ( c ) has been proposed, but 
not proven ( ? ), which may also provide another site of HCMV latency in aortic, and not venous, 
endothelial cells 
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 One major difference between viral latency and reactivation is characteristically 
defined by the absence of lytic gene transcription during latent carriage of virus. 
Although transcripts arising from the major IE region of HCMV have been 
detected during latency (Kondo and Mocarski 1995; Kondo et al. 1996) (see Sect. 
4 below), the major IE transcripts IE72 or IE86 are not expressed in naturally 
latent CD34 +  cells or monocytes (Taylor-Wiedeman et al. 1994; Mendelson et al. 
1996). Indeed, it is only upon terminal differentiation of these cells to mature 
macrophage or dendritic cell phenotypes that viral lytic gene expression is 
observed, which, under certain conditions, can result in complete reactivation and 
release of infectious virus (Taylor-Wiedeman et al. 1994; Soderberg-Naucler 
et al. 1997; Soderberg-Naucler et al. 2001; Reeves et al. 2005b). However, 
attempts to dissect the mechanisms of HCMV latency and reactivation have 
been hampered by the frequency of seropositive cells in vivo and a lack of a 
robust tissue culture model which allows a more thorough, large-scale analysis of 
natural latency.  

  Models of HCMV Latency Using Experimental Infection 

 The low frequency of latently infected cells in vivo has resulted in a number of 
studies of HCMV latency which have been used in experimental infection of cord 
blood CD34 +  cells, fetal liver CD34 +  cells (GM-Ps), G-CSF mobilised CD34 +  
cells and CD34 +  cells isolated from bone marrow aspirates (Kondo et al. 1994; 
Minton et al. 1994; Hahn et al. 1998; Maciejewski and St Jeor 1999; Goodrum 
et al. 2002; Slobedman et al. 2002; Reeves et al. 2005a). These experimentally 
infected latent model systems can result in 20%-90% of cells carrying latent virus 
depending on the cell type, virus strain and multiplicity of infection used. 
Consequently, such experimental latency model systems result in an increase in 
the level of latently infected cells in the experimental population and have made 
it possible to perform more comprehensive analyses which can then be tested in 
naturally latently infected cells. 

 Although it is not possible to fully review the wealth of data obtained from these 
studies here (for reviews see Streblow and Nelson 2003; Bego and St Jeor 2006; 
Sinclair and Sissons 2006), a number of instructive observations have been made. 
In general, they suggest that long-term carriage of viral genomes during latency 
occurs in the absence of any significant viral gene expression and the carriage of 
latent genomes appears to be specific to certain cell populations which include the 
precursors of monocytes (CD34/CD33/CD14) and dendritic cells (CD34/CD33/
CD1a) (Hahn et al. 1998). Furthermore, reactivation of lytic gene expression 
requires terminal differentiation of such progenitors to macrophages or dendritic 
cells (Maciejewski and St Jeor 1999; Reeves et al. 2005a). Thus, there is good 
agreement between studies on experimental and natural latency and, consequently, 
these experimental models have been used extensively to address one of the more 
intriguing aspects of HCMV latency: latent viral gene expression.  



  Viral Gene Expression Associated with HCMV Latency 

 Using an experimental latent model system involving in vitro infection of GM-Ps, 
Kondo et al. first identified cytomegalovirus latency-expressed transcripts (CLTs) 
from both strands of the MIE region of the genome (Kondo and Mocarski 1995; 
Kondo et al. 1996). Subsequently, some of the CLTs were identified in the cells of 
healthy seropositives’ bone marrow aspirates and antibodies to these six ORFs were 
detected in infected individuals (Kondo et al. 1996; Landini et al. 2000). However, 
their specific role, if any, in latency is unclear as they are expressed during produc-
tive infection and deletion of one CLT (pORF94) had no impact on the ability of 
the virus to establish latency or to reactivate in vitro (White et al. 2000). 

 Using the same experimentally latent GM-P model, another putative latency-
associated transcript has been identified (Jenkins et al. 2004): the UL111a transcript, 
also expressed during lytic infection (Kotenko et al. 2000). UL111a encodes a viral 
homologue of interleukin-10 (vIL-10). Unlike its cellular counterpart, vIL-10 
encodes only the immunosuppressive functions associated with cellular IL-10 
(Spencer et al. 2002) and thus may play a role in avoiding immune surveillance (see 
the chapter by C. Powers et al., this volume). This provides an attractive mechanism 
for the increased survival of latently infected cells in vivo. However, detection of 
the transcript in vivo did not correlate with HCMV serostatus: monocytes from 
some seronegative individuals were also positive for the v-IL10 transcript. Whether 
such seronegative donors were DNA-positive or were, perhaps, sero-converting at 
the time of the analysis was never determined. 

 More comprehensive analyses of viral gene expression associated with experi-
mental latency have also been carried out using microarrays (Goodrum et al. 2002; 
Cheung et al. 2006). These detected a large number of viral RNAs, including IE 
transcripts that were expressed transiently following infection of CD34 +  cells or 
GM-Ps. Consequently, whether all these viral RNAs represent truly latent transcripts 
requires more in depth analysis. The possibility that some of these viral RNAs may 
reflect detection of low-level persistent infection in some cells of the experimental 
latent cultures needs to be completely ruled out. Although the possibility that 
expression of these virals RNAs are required to establish latent infection, which are 
progressively switched off during long-term latency, needs consideration (Cheung 
et al. 2006). 

 One transcript, however, initially identified by Goodrum et al. with their microarray 
analysis (Goodrum et al. 2002), has also been shown to be expressed during natural 
latency in some seropositive monocytes and CD34 +  cells (Goodrum et al. 2007). 
This transcript, encoded by UL138 of the viral genome, may be required for HCMV 
latency as recombinant viruses lacking UL138 have an impaired ability to establish 
a latent infection in an experimental model system (Goodrum et al. 2007). However, 
the exact role of this transcript during latency will require further investigation. 

 Another recently identified putative latency-associated transcript encoded by 
HCMV is the LUNA (also known as latency-associated nuclear antigen) transcript 
(Bego et al. 2005). Identified in a screen of a monocyte cDNA library prepared 
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from RNA isolated from a healthy HCMV-seropositive individual, this transcript is 
partially anti-sense to the viral UL81 and UL82 genes. Although a protein product 
is expressed during productive infection, it has been suggested that LUNA could 
function as an anti-sense RNA during latency, perhaps mediating the inhibition of 
pp71 expression from the UL82 ORF. As pp71 is a potent transactivator of the 
MIEP (major immediate-early promoter) (Bresnahan and Shenk 2000), such 
suppression of the MIEP could help maintain latency.  

  Key Aspects of HCMV Latency and Reactivation 

 Although RNAs expressed in experimentally infected latent models do need to be 
carefully interpreted, these model systems have also been used extensively to 
attempt to address other key aspects of viral latency, namely latency establishment 
and maintenance as well as reactivation. 

  The Establishment of HCMV Latency 

 One of the critical steps for establishing latency is likely to include the silencing 
of the viral MIEP: such control of viral major IE gene expression is a credible 
mechanism by which all subsequent viral lytic gene expression will be regulated 
(Fig.  2 ). Thus, what regulates the MIEP? The MIEP appears to be regulated by 
multiple cellular transcription factors and higher-order chromatin structure 
during both lytic (Meier and Stinski 1996; Nevels et al. 2004; Ioudinkova et al. 
2006; Reeves et al. 2006) and latent infection (Sinclair and Sissons 2006). 
Promoter transfection assays have identified a number of factors that repress the 
MIEP: including YY1 (ying yang 1) (Liu et al. 1994), ERF (ets-2 repressor 
factor) (Bain et al. 2003) and Gfi-1 (growth factor independent-1) (Zweidler-
Mckay et al. 1996). These factors are expressed at high levels in nonpermissive 
cells and, interestingly, ERF and YY1 are known to interact with chromatin-
modifying enzymes (Thomas and Seto 1999; Wright et al. 2005). Consistent with 
this, during both experimental and natural latency, the transcriptionally inactive 
MIEP is associated with markers of repressed chromatin, such as Heterochromatin 
protein 1 (HP1), and is responsive to the histone deacetylase inhibitor Trichostatin 
A (TSA) providing a model for silencing of the MIEP during experimental 
(Meier 2001; Murphy et al. 2002; Reeves et al. 2005a) and natural latency 
(Reeves et al. 2005b). Interestingly, during experimental latency in GM-Ps, 
cellular factors associated with the formation of repressive chromatin (i.e. AML-1b) 
are known to be upregulated (Slobedman et al. 2004). Therefore, such cellular 
responses to latent infection, coupled with a cellular environment already high in 
levels of repressors of the MIEP, may be critical determinants for the establishment 
and maintenance of latent carriage of viral genomes. 
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 To date, there is a good consensus that HCMV infects CD34 +  haematopoietic 
stem cells and establishes a latent infection in them. Whilst this is demonstrably 
true, it has also been suggested that subsets of CD34 +  cells may show susceptibility 
for HCMV productive infection. A study by Goodrum et al. (2004) that analysed 
differential outcomes of HCMV infection in sorted populations of haematopoietic 
CD34 +  stem cells concluded that infection of one subset of CD34 +  cells (CD34 +  
but CD38 - ) established the hallmarks of a latent infection (Goodrum et al. 2004), 
i.e. no detectable virus production but the ability to reactivate upon cellular differ-
entiation. In contrast, other CD34 +  cell subpopulations were fully productive for 
HCMV infection, whilst more mature CD34 +  stem cell subpopulations appeared to 
undergo abortive infection and failed to maintain latent viral genomes. This sug-
gests that the outcome of infection of different CD34 +  stem cell subpopulations 
could depend on the exact phenotype of each stem cell subpopulation. Indeed, there 
is increasing evidence of early lineage commitment in the haematopoietic stem cell 
compartment such that a dendritic cell fate, although not irreversible (O’Garra and 
Trinchieri 2004), is thought to be determined at earlier stages of progenitor cell 
development (Olweus et al. 1997; Monji et al. 2002). Taken together, these observa-
tions could support the hypothesis that HCMV infection of CD34 +  stem cells, 
resulting in latent viral carriage, is restricted to certain subpopulations of CD34 +  
stem cells. These cells are restricted to specific myeloid cell fates and this mecha-
nism may explain why the carriage of HCMV genomes occurs in some but not all 
cell types of the myeloid lineage. 

  Fig. 2  The establishment of HCMV latency is promoted by chromatin structure. Following infection 
( a ), HCMV infects the cells of the bone marrow ( b ) and establishes a latent infection of the CD34 +  
cells resident therein ( c ). High levels of cellular transcriptional repressors such as ERF and YY1 
( d ) repress the MIEP. As well as transcription factor binding, histone proteins are recruited to the 
MIEP which become targets for histone deacetylases and histone methyltransferases that are 
recruited by YY1 and ERF ( e ). These methylated histones become targets for the recruitment of 
HP-1, which augments repression and the establishment of latency ( f ). Whether any viral products 
expressed during latency that are important for the repression of the MIEP in this model is, to 
date, unknown 
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 Alternatively, infection of CD34 +  stem cells could, in itself, promote lineage 
commitment of the latently infected cell to specific myeloid cell types. Although 
there is no direct evidence for this, differences in the cellular transcriptome of 
experimentally latently infected GM-Ps compared with uninfected GM-Ps suggest 
that such changes in cellular gene expression upon latent infection could, hypo-
thetically, promote lineage commitment of these myeloid progenitor cells 
(Slobedman et al. 2004). Thus, whether viral genome carriage in only certain myeloid 
cells is a consequence of HCMV initially infecting specific CD34 +  subpopulations 
which are already committed to different lineages or is due to the latent infection 
itself, promoting lineage commitment to specific myeloid cell types, is unclear, but 
both are plausible. 

 It is clear that a critical determinant of whether the outcome of an infection is 
productive or latent is dependent on the regulation of IE gene expression: if repres-
sion of the MIEP prevails, latency will probably be established (Sinclair and 
Sissons 1996). However, whether this also involves expression of other specific 
viral genes is not clear. As stated previously, experimental latency models have 
identified a wide range of viral transcripts which appear to be expressed during 
latency. However, many of these are not exclusive to latent infection (Lunetta and 
Wiedeman 2000; Bego et al. 2005; Goodrum et al. 2007) and their expression has 
not been confirmed in natural latency (Beisser et al. 2001; Goodrum et al. 2002; 
Cheung et al. 2006). Consequently, they may simply represent noise from abortive 
or productive infection in certain subpopulations of progenitor cell types or they 
may represent a class of viral gene products required to establish latent infection 
(see Sect. 4, above).  

  The Maintenance of HCMV Latency 

 Latency is established within myeloid cells, a cell type with substantial proliferative 
capacity (Metcalf 1989). Between two and ten copies (Slobedman and Mocarski 
1999) of the HCMV genome are carried in an episomal form in mononuclear cells 
in the peripheral blood of healthy seropositive individuals (Bolovan-Fritts et al. 
1999). How the viral genome is maintained in these dividing progenitor cells is 
unclear. Contrast this with the gamma herpesvirus Epstein-Barr Virus (EBV), 
which has a defined latent origin of replication (Yates et al. 1984; Adams 1987) and 
encodes a number of latently expressed genes. Some of these viral genes have 
defined roles in viral latent genome maintenance in B cells (Leight and Sugden 
2000; Young et al. 2000). HCMV does not have similar genes and does not have a 
known latent origin of replication. Genome replication does not appear to be due to 
any low-level persistence in the cells in which HCMV is carried in vivo. Recently, 
Mocarski et al. reported the identification of a segment of genome with proximity 
to the IE region of HCMV that appears to be important for carriage of the viral 
genome in an experimentally infected GM-Ps (Mocarski et al. 2006). Since the 
carriage of viral genomes in these cells occurs without lytic gene expression (Hahn 
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et al. 1998), and presumably without lytic DNA replication, this region of the viral 
genome may act as a latent origin of replication or encode a viral gene product 
essential for maintenance of the viral genome. Characterisation of this region 
awaits further study. 

 If latent replication of HCMV genomes does occur, how is segregation of viral 
genomes to the daughter cells accomplished? This is achieved in EBV and KSHV 
by using chromatin tethering proteins such as EBNA-1 (Leight and Sugden 2000) 
and LANA (Cotter and Robertson 1999), respectively. In the absence of an identified 
homologue in HCMV, how the viral genomes are replicated and segregated during 
latent carriage is not known. 

 One alternative, which needs to be considered, is that there is actually no latent 
replication of HCMV DNA. Instead, CD34 +  haematopoietic cells exiting the bone 
marrow are continually infected from a low level subclinical persistent infection in, 
for instance, surrounding stromal cells. Once these CD34 +  cells enter the blood-
stream, they are relatively short-lived and quite quickly differentiate, which results 
in virus reactivation and virus production from these terminally differentiated 
myeloid cells. Whether or not any of these models are true will require further 
study, in perhaps more tractable model systems than we have at present. 

 The maintenance of HCMV latency is likely to require the continued repression 
of viral gene expression - particularly IE gene expression - to prevent the virus from 
re-entering the lytic cycle. In experimentally latent cells, the MIEP is associated 
with repressed chromatin upon infection (Murphy et al. 2002) and throughout 
long-term culture as CD34 +  cells (Reeves et al. 2005a). Similarly, in naturally latent 
cells from healthy individuals the MIEP is associated with repressed chromatin 
(Reeves et al. 2005b). This suggests that virus is kept latent, at least in part, by the 
recruitment of repressive chromatin factors to the MIEP. However, chromatin is a 
highly dynamic structure and thus it may be a possibility that yet undefined viral 
functions have a role in the maintenance of the MIEP in a repressed form, which 
may also impact on the carriage of the viral genome in a latent state.  

  Reactivation of HCMV from Latency 

 Latency is operationally defined as the persistence of the viral genome in the 
absence of viral lytic gene expression, but importantly, with the capacity of the 
virus to re-enter its lytic life cycle. The ease and rapidity with which HCMV 
reactivates in vivo, causing severe disease, is in stark contrast to the ability to reactivate 
in vitro. 

 Observations from both experimentally and naturally latent cells suggest that the 
cellular environment is a key factor in HCMV reactivation: changes in the cellular 
environment result in the induction of viral lytic gene expression and, hence, virus 
reactivation (Fig.  3 ). A number of functions associated with virus infection are 
known to augment viral IE gene expression. Virus binding on the surface of the cell 
results in significant changes to the cellular environment by targeting a number of 
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signaling pathways (Fortunato et al. 2000; Simmen et al. 2001; Johnson and Hegde 
2002; see the chapters by A. Yurochko and M.K. Isaacson et al., this volume). Viral 
tegument proteins are also delivered to the cell which can target cellular functions 
(Everett 2006; see the chapter by G. Maul, this volume). Finally, some of these viral 
tegument proteins delivered by the virion particle are known to transactivate gene 
expression to promote high levels of viral IE transcription (Liu and Stinski 1992; 
Bresnahan and Shenk 2000; Schierling et al. 2004; see the chapter by R; Kaletja, 
this volume). However, none of these are likely to be involved in reactivation from 
latency as no virions will be present in the apparent absence of these events during 
latency; the switch from a latent to a reactivating phenotype requires a latency 
breaking step. Whether this is a virally encoded latent function or is a consequence 
of changes to the cellular environment is presently under intense investigation in a 
number of laboratories. 

 In our laboratory, we have shown that reactivation of viral gene expression and 
productive infection in natural (Reeves et al. 2005b) or experimental latency 
(Murphy et al. 2002; Reeves et al. 2005a) is associated with differentiation of 
CD34 +  cells to a DC phenotype. Histone acetylation at the MIEP facilitates an open 
chromatin conformation which is permissive for MIEP transcription (Reeves et al. 
2005b). Consequently, the implication is that normal changes in cellular transcrip-
tional regulators which occur upon terminal differentiation of myeloid cells could 
be enough to trigger reactivation of virus IE gene expression. 

 The likelihood that reactivation from latency occurs in the absence of virally 
encoded transactivators of IE gene expression implies that the viral genome senses 
reactivation signals from cellular mediators. The first report of reactivation in vitro 
from myeloid cells involved the stimulation of monocytes with cytokines derived 
from allogeneically stimulated T cells (Soderberg-Naucler et al. 1997), including 
TNF-alpha, interferon-gamma, interleukins and GM-CSF (Soderberg-Naucler et al. 
2001). Pro-inflammatory factors or induction of myeloid cell differentiation have 
been responsible for promoting reactivation of viral major IE gene expression. This 
scenario may have strong clinical relevance, considering the known association of 
virus reactivation and CMV disease with transplantation (Sissons et al. 2002). 
Attempts to further characterise the role of the cytokines have, so far, proved 
inconclusive and await further study. 

 Besides the basic regulation of viral IE expression, it is also clear that the interplay 
between the host immune system and reactivating virus has a profound role in 
HCMV reactivation in vivo (Sissons et al. 2002; Peggs and Mackinnon 2004). 
Possibly, HCMV reactivation is a sporadic event, occurring infrequently when 
certain inflammatory conditions are encountered locally in the host. Alternatively, 
it could be a more common event, occurring whenever latently infected myeloid 
cells naturally differentiate. In both cases, any reactivation and virus dissemination, 
which could result in severe disease, is efficiently controlled by a robust immune 
response. This may be the reason for the unprecedented number of memory T cells 
that recognise lytic HCMV antigens from healthy carriers in vivo (Riddell et al. 
1991; McLaughlin-Taylor et al. 1994; Wills et al. 1996; Sylwester et al. 2005). Both 
scenarios are possible and it is likely that that the exact mechanism could lay some-
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where between these two extremes; either could account for the success of this 
virus as an opportunistic pathogen. 

 In contrast, during transplantation and likely accompanying immune suppres-
sion, the cytokine storm induced by transplantation could drive virus reactivation 
which is uncontrollable in the absence of a good cytotoxic T cell (CTL) response. 
However, studies to address these types of questions are extremely difficult, requir-
ing analyses with naturally, latently infected cells and homologous or nonhomolo-
gous CTLs. Given the frequency of HCMV DNA-positive cells, this would be a 
challenging exercise. It is becoming increasingly clear that conducting these and 
other analyses pertinent to HCMV latency will require a system for enriching for 
HCMV-positive cells in cell populations from naturally infected individuals.   

  Other Sites of HCMV Latency 

 Whilst most analyses of HCMV latency have focused on the myeloid lineage, it 
must be acknowledged that there may be other cellular sites of HCMV latency in 
vivo. Upon virus reactivation, a diverse number of tissues become infected very 
rapidly. Whilst this could be attributed to mononuclear cell-mediated dissemination 
of the virus, it could also equally be attributed to other sites of reactivation 
(Fig. 1c). 

 CD34 +  stem cells are also believed to be the precursors of some endothelial cells 
(Quirici et al. 2001), and latent carriage and/or reactivation in these cells has been 
suggested to be involved in atherosclerotic disease (Epstein et al. 1996; see the 
chapter by D.N. Streblow et al., this volume). Although the data linking atherosclerosis 
and HCMV is circumstantial and contentious (Danesh et al. 1997), HCMV reacti-
vation in endothelial cells (ECs) could result from changes in cellular gene expres-
sion (Maussang et al. 2006; Reinhardt et al. 2006). Countering this interpretation is 
the observation that latent HCMV genomes have not been detected in ECs isolated 
from saphenous vein tissue of seropositive donors (Reeves et al. 2004). Although 
all ECs are likely to arise from the same progenitor, such an analysis does not pre-
clude the possibility that aortic ECs are sites of latent carriage of HCMV (Jarvis 
and Nelson 2007). Alternatively, the possibility that a selective segregation of viral 
genomes also occurs between venous and aortic ECs, as appears to be the case in 
the myeloid linage, cannot be ruled out (Fig. 1c). 

 Another possibility is that ECs are sites of low-level persistent HCMV infection, 
in vivo, rather than sites of true viral latency. Some studies have shown that infected 
ECs are sites of virus production which show little sign of cell lysis (Fish et al. 
1995, 1998). However, other studies have suggested that the infection of ECs is 
fully cytopathic, resulting in complete cell lysis (Kahl et al. 2000). Whether these 
differences result from different types of ECs used in the studies or virus strain 
variation is unclear. What is clear, though, is that the difficulty in obtaining aortic 
tissue from healthy individuals means it is almost impossible to analyse directly 
whether these cells are latently or persistently infected.  
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  Conclusion 

 Fully understanding the establishment and maintenance of HCMV latent infection 
as well as reactivation from latency remains a weighty problem. As molecular tech-
niques continue to progress, it is likely that global analyses of the effects of HCMV 
infection on the cellular transcriptome and proteome will become even more possi-
ble. As our understanding of the functional heterogeneity of populations of CD34+ 
haematopoietic precursors increases, it may become possible to further clarify the 
mechanisms which promote viral latency in only specific cell types. Why the main-
tenance of HCMV genomes occurs only in particular subsets of cells derived from 
a common ancestor is unknown. As a consequence, what conditions in these cells 
facilitate virus reactivation is also unknown.   

    Acknowledgements   We thank the many members of the laboratory, past and present, whose 
work has contributed to the studies presented here. We also apologise to colleagues in the field 
whose work has not been cited due to space limitations. Work from our laboratory which has con-
tributed to these studies was supported by the United Kingdom Medical Research Council and the 
Wellcome Trust.   

  References 

 Adams A (1987) Replication of latent Epstein-Barr virus genomes in Raji cells. J Virol 
61:1743-1746 

 Adler SP (1983) Transfusion-associated cytomegalovirus infections. Rev Infect Dis 5:977-993 
 Bain M, Mendelson M, Sinclair J (2003) Ets-2 repressor factor (ERF) mediates repression of the 

human cytomegalovirus major immediate-early promoter in undifferentiated non-permissive 
cells. J Gen Virol 84:41-49 

 Bego MG, St Jeor S (2006) Human cytomegalovirus infection of cells of hematopoietic ori-
gin: HCMV-induced immunosuppression, immune evasion, and latency. Exp Hematol 
34:555-570 

 Bego M, Maciejewski J, Khaiboullina S, Pari G, St Jeor S (2005) Characterization of an antisense 
transcript spanning the UL81-82 locus of human cytomegalovirus. J Virol 79:11022-11034 

 Beisser PS, Laurent L, Virelizier JL, Michelson S (2001) Human cytomegalovirus chemokine 
receptor gene US28 is transcribed in latently infected THP-1 monocytes. J Virol 
75:5949-5957 

 Bevan IS, Daw RA, Day PJ, Ala FA, Walker MR (1991) Polymerase chain reaction for detection 
of human cytomegalovirus infection in a blood donor population. Br J Haematol 78:94-99 

 Bolovan-Fritts CA, Mocarski ES, Wiedeman JA (1999) Peripheral blood CD14(+) cells from 
healthy subjects carry a circular conformation of latent cytomegalovirus genome. Blood 
93:394-398 

 Bresnahan WA, Shenk TE (2000) UL82 virion protein activates expression of immediate early viral 
genes in human cytomegalovirus-infected cells. Proc Natl Acad Sci USA 97:14506-14511 

 Cheung AK, Abendroth A, Cunningham AL, Slobedman B (2006) Viral gene expression during 
the establishment of human cytomegalovirus latent infection in myeloid progenitor cells. 
Blood 108:3691-3699 

 Cotter MA 2nd, Robertson ES (1999) The latency-associated nuclear antigen tethers the Kaposi’s 
sarcoma-associated herpesvirus genome to host chromosomes in body cavity-based lymphoma 
cells. Virology 264:254-264 



310 M. Reeves, J. Sinclair

 Danesh J, Collins R, Peto R (1997) Chronic infections and coronary heart disease: is there a link? 
Lancet 350:430-436 

 Epstein SE, Speir E, Zhou YF, Guetta E, Leon M, Finkel T (1996) The role of infection in resteno-
sis and atherosclerosis: focus on cytomegalovirus. Lancet 348 [Suppl 1]:s13-s17 

 Everett RD (2006) Interactions between DNA viruses, ND10 and the DNA damage response. Cell 
Microbiol 8:365-374 

 Fish KN, Stenglein SG, Ibanez C, Nelson JA (1995) Cytomegalovirus persistence in macrophages 
and endothelial cells. Scand J Infect Dis Suppl 99:34-40 

 Fish KN, Soderberg-Naucler C, Mills LK, Stenglein S, Nelson JA (1998) Human cytomegalovirus 
persistently infects aortic endothelial cells. J Virol 72:5661-5668 

 Fortunato EA, McElroy AK, Sanchez I, Spector DH (2000) Exploitation of cellular signaling and 
regulatory pathways by human cytomegalovirus. Trends Microbiol 8:111-119 

 Gilbert GL, Hayes K, Hudson IL, James J (1989) Prevention of transfusion-acquired cytomegalo-
virus infection in infants by blood filtration to remove leucocytes. Neonatal Cytomegalovirus 
Infection Study Group. Lancet 1:1228-1231 

 Goodrum FD, Jordan CT, High K, Shenk T (2002) Human cytomegalovirus gene expression dur-
ing infection of primary hematopoietic progenitor cells: a model for latency. Proc Natl Acad 
Sci USA 99:16255-16260 

 Goodrum F, Jordan CT, Terhune SS, High K, Shenk T (2004) Differential outcomes of human 
cytomegalovirus infection in primitive hematopoietic cell subpopulations. Blood 
104:687-695 

 Goodrum F, Reeves M, Sinclair J, High K, Shenk T (2007) Human cytomegalovirus sequences 
expressed in latently infected individuals promote a latent infection in vitro. Blood 110:937-945 

 Griffiths PD, Walter S (2005) Cytomegalovirus. Curr Opin Infect Dis 18:241-245 
 Hahn G, Jores R, Mocarski ES (1998) Cytomegalovirus remains latent in a common precursor of 

dendritic and myeloid cells. Proc Natl Acad Sci USA 95:3937-3942 
 Ho M (1990) Epidemiology of cytomegalovirus infections. Rev Infect Dis 12 [Suppl 7]: 

S701-S710 
 Ioudinkova E, Arcangeletti MC, Rynditch A, De Conto F, Motta F, Covan S, Pinardi F, Razin SV, 

Chezzi C (2006) Control of human cytomegalovirus gene expression by differential histone 
modifications during lytic and latent infection of a monocytic cell line. Gene 384:120-128 

 Jarvis MA, Nelson JA (2007) Human cytomegalovirus tropism for endothelial cells: not all 
endothelial cells are created equal. J Virol 81:2095-2101 

 Jenkins C, Abendroth A, Slobedman B (2004) A novel viral transcript with homology to human 
interleukin-10 is expressed during latent human cytomegalovirus infection. J Virol 
78:1440-1447 

 Johnson DC, Hegde NR (2002) Inhibition of the MHC class II antigen presentation pathway by 
human cytomegalovirus. Curr Top Microbiol Immunol 269:101-115 

 Kahl M, Siegel-Axel D, Stenglein S, Jahn G, Sinzger C (2000) Efficient lytic infection of human 
arterial endothelial cells by human cytomegalovirus strains. J Virol 74:7628-7635 

 Kondo K, Mocarski ES (1995) Cytomegalovirus latency and latency-specific transcription in 
hematopoietic progenitors. Scand J Infect Dis Suppl 99:63-67 

 Kondo K, Kaneshima H, Mocarski ES (1994) Human cytomegalovirus latent infection of granu-
locyte-macrophage progenitors. Proc Natl Acad Sci USA 91:11879-11883 

 Kondo K, Xu J, Mocarski ES (1996) Human cytomegalovirus latent gene expression in granulo-
cyte-macrophage progenitors in culture and in seropositive individuals. Proc Natl Acad Sci 
USA 93:11137-11142 

 Kotenko SV, Saccani S, Izotova LS, Mirochnitchenko OV, Pestka S (2000) Human cytomegalovirus 
harbors its own unique IL-10 homolog (cmvIL-10). Proc Natl Acad Sci USA 97:1695-1700 

 Landini MP, Lazzarotto T, Xu J, Geballe AP, Mocarski ES (2000) Humoral immune response to 
proteins of human cytomegalovirus latency-associated transcripts. Biol Blood Marrow 
Transplant 6:100-108 

 Leight ER, Sugden B (2000) EBNA-1: a protein pivotal to latent infection by Epstein-Barr virus. 
Rev Med Virol 10:83-100 



Aspects of Human Cytomegalovirus Latency and Reactivation 311

 Liu B, Stinski MF (1992) Human cytomegalovirus contains a tegument protein that enhances transcrip-
tion from promoters with upstream ATF and AP-1 cis-acting elements. J Virol 66:4434-4444 

 Liu R, Baillie J, Sissons JG, Sinclair JH (1994) The transcription factor YY1 binds to negative 
regulatory elements in the human cytomegalovirus major immediate early enhancer/promoter 
and mediates repression in non-permissive cells. Nucleic Acids Res 22:2453-2459 

 Lunetta JM, Wiedeman JA (2000) Latency-associated sense transcripts are expressed during in 
vitro human cytomegalovirus productive infection. Virology 278:467-476 

 Maciejewski JP, St Jeor SC (1999) Human cytomegalovirus infection of human hematopoietic 
progenitor cells. Leuk Lymphoma 33:1-13 

 Maussang D, Verzijl D, van Walsum M, Leurs R, Holl J, Pleskoff O, Michel D, van Dongen GA, 
Smit MJ (2006) Human cytomegalovirus-encoded chemokine receptor US28 promotes 
tumorigenesis. Proc Natl Acad Sci USA 103:13068-13073 

 McLaughlin-Taylor E, Pande H, Forman SJ, Tanamachi B, Li CR, Zaia JA, Greenberg PD, Riddell 
SR (1994) Identification of the major late human cytomegalovirus matrix protein pp65 as a 
target antigen for CD8+ virus-specific cytotoxic T lymphocytes. J Med Virol 43:103-110 

 Meier JL (2001) Reactivation of the human cytomegalovirus major immediate-early regulatory 
region and viral replication in embryonal NTera2 cells: role of trichostatin A, retinoic acid, and 
deletion of the 21-base-pair repeats and modulator. J Virol 75:1581-1593 

 Meier JL, Stinski MF (1996) Regulation of human cytomegalovirus immediate-early gene expression. 
Intervirology 39:331-342 

 Mendelson M, Monard S, Sissons P, Sinclair J (1996) Detection of endogenous human cytomega-
lovirus in CD34+ bone marrow progenitors. J Gen Virol 77:3099-3102 

 Metcalf D (1989) The molecular control of cell division, differentiation commitment and maturation 
in haemopoietic cells. Nature 339:27-30 

 Minton EJ, Tysoe C, Sinclair JH, Sissons JG (1994) Human cytomegalovirus infection of the 
monocyte/macrophage lineage in bone marrow. J Virol 68:4017-4021 

 Mocarski ES, Hahn G, White KL, Xu J, Slobedman B, Hertel L, Aguirre SA, Noda S (2006) 
Myeloid cell recruitment and function in pathogenesis and latency. In: Reddehase MJ (ed) 
Cytomegaloviruses: molecular biology and immunology. Caister, Wymondon, UK, pp 465-481 

 Monji T, Petersons J, Saund NK, Vuckovic S, Hart DN, Auditore-Hargreaves K, Risdon G (2002) 
Competent dendritic cells derived from CD34+ progenitors express CMRF-44 antigen early in 
the differentiation pathway. Immunol Cell Biol 80:216-225 

 Murphy JC, Fischle W, Verdin E, Sinclair JH (2002) Control of cytomegalovirus lytic gene expression 
by histone acetylation. EMBO J 21:1112-1120 

 Nevels M, Paulus C, Shenk T (2004) Human cytomegalovirus immediate-early 1 protein facili-
tates viral replication by antagonizing histone deacetylation. Proc Natl Acad Sci USA 
101:17234-17239 

 O’Garra A, Trinchieri G (2004) Are dendritic cells afraid of commitment? Nat Immunol 
5:1206-1208 

 Olweus J, BitMansour A, Warnke R, Thompson PA, Carballido J, Picker LJ, Lund-Johansen F 
(1997) Dendritic cell ontogeny: a human dendritic cell lineage of myeloid origin. Proc Natl 
Acad Sci USA 94:12551-12556 

 Peggs KS, Mackinnon S (2004) Cytomegalovirus: the role of CMV post-haematopoietic stem cell 
transplantation. Int J Biochem Cell Biol 36:695-701 

 Plachter B, Sinzger C, Jahn G (1996) Cell types involved in replication and distribution of human 
cytomegalovirus. Adv Virus Res 46:195-261 

 Quirici N, Soligo D, Caneva L, Servida F, Bossolasco P, Deliliers GL (2001) Differentiation and expan-
sion of endothelial cells from human bone marrow CD133(+) cells. Br J Haematol 115:186-194 

 Reeves MB, Coleman H, Chadderton J, Goddard M, Sissons JG, Sinclair JH (2004) Vascular 
endothelial and smooth muscle cells are unlikely to be major sites of latency of human cytome-
galovirus in vivo. J Gen Virol 85:3337-3341 

 Reeves MB, Lehner PJ, Sissons JG, Sinclair JH (2005a) An in vitro model for the regulation of 
human cytomegalovirus latency and reactivation in dendritic cells by chromatin remodelling. 
J Gen Virol 86:2949-2954 



312 M. Reeves, J. Sinclair

 Reeves MB, MacAry PA, Lehner PJ, Sissons JG, Sinclair JH (2005b) Latency, chromatin remodeling, 
and reactivation of human cytomegalovirus in the dendritic cells of healthy carriers. Proc Natl 
Acad Sci USA 102:4140-4145 

 Reeves M, Murphy J, Greaves R, Fairley J, Brehm A, Sinclair J (2006) Autorepression of the human 
cytomegalovirus major immediate-early promoter/enhancer at late times of infection is mediated 
by the recruitment of chromatin remodeling enzymes by IE86. J Virol 80:9998-10009 

 Reinhardt B, Winkler M, Schaarschmidt P, Pretsch R, Zhou S, Vaida B, Schmid-Kotsas A, Michel D, 
Walther P, Bachem M, Mertens T (2006) Human cytomegalovirus-induced reduction of 
extracellular matrix proteins in vascular smooth muscle cell cultures: a pathomechanism in 
vasculopathies? J Gen Virol 87:2849-2858 

 Riddell SR, Rabin M, Geballe AP, Britt WJ, Greenberg PD (1991) Class I MHC-restricted 
cytotoxic T lymphocyte recognition of cells infected with human cytomegalovirus does not 
require endogenous viral gene expression. J Immunol 146:2795-2804 

 Rubin RH (1990) Impact of cytomegalovirus infection on organ transplant recipients. Rev Infect 
Dis 12 [Suppl 7]:S754-S766 

 Schierling K, Stamminger T, Mertens T, Winkler M (2004) Human cytomegalovirus tegument 
proteins ppUL82 (pp71) and ppUL35 interact and cooperatively activate the major immediate-early 
enhancer. J Virol 78:9512-9523 

 Simmen KA, Singh J, Luukkonen BG, Lopper M, Bittner A, Miller NE, Jackson MR, Compton T, 
Fruh K (2001) Global modulation of cellular transcription by human cytomegalovirus is 
initiated by viral glycoprotein B. Proc Natl Acad Sci USA 98:7140-7145 

 Sinclair J, Sissons P (1996) Latent and persistent infections of monocytes and macrophages. 
Intervirology 39:293-301 

 Sinclair J, Sissons P (2006) Latency and reactivation of human cytomegalovirus. J Gen Virol 
87:1763-1779 

 Sindre H, Tjoonnfjord GE, Rollag H, Ranneberg-Nilsen T, Veiby OP, Beck S, Degre M, Hestdal K 
(1996) Human cytomegalovirus suppression of and latency in early hematopoietic progenitor 
cells. Blood 88:4526-4533 

 Sinzger C, Grefte A, Plachter B, Gouw AS, The TH, Jahn G (1995) Fibroblasts, epithelial cells, 
endothelial cells and smooth muscle cells are major targets of human cytomegalovirus infec-
tion in lung and gastrointestinal tissues. J Gen Virol 76:741-750 

 Sissons JG, Carmichael AJ (2002) Clinical aspects and management of cytomegalovirus infection. 
J Infect 44:78-83 

 Sissons JG, Bain M, Wills MR (2002) Latency and reactivation of human cytomegalovirus. 
J Infect 44:73-77 

 Slobedman B, Mocarski ES (1999) Quantitative analysis of latent human cytomegalovirus. J Virol 
73:4806-4812 

 Slobedman B, Mocarski ES, Arvin AM, Mellins ED, Abendroth A (2002) Latent cytomegalovirus 
down-regulates major histocompatibility complex class II expression on myeloid progenitors. 
Blood 100:2867-2873 

 Slobedman B, Stern JL, Cunningham AL, Abendroth A, Abate DA, Mocarski ES (2004) Impact 
of human cytomegalovirus latent infection on myeloid progenitor cell gene expression. J Virol 
78:4054-4062 

 Soderberg-Naucler C, Fish KN, Nelson JA (1997) Reactivation of latent human cytomegalovirus 
by allogeneic stimulation of blood cells from healthy donors. Cell 91:119-126 

 Soderberg-Naucler C, Streblow DN, Fish KN, Allan-Yorke J, Smith PP, Nelson JA (2001) 
Reactivation of latent human cytomegalovirus in CD14(+) monocytes is differentiation 
dependent. J Virol 75:7543-7554 

 Spencer JV, Lockridge KM, Barry PA, Lin G, Tsang M, Penfold ME, Schall TJ (2002) Potent 
immunosuppressive activities of cytomegalovirus-encoded interleukin-10. J Virol 
76:1285-1292 

 Stanier P, Kitchen AD, Taylor DL, Tyms AS (1992) Detection of human cytomegalovirus in 
peripheral mononuclear cells and urine samples using PCR. Mol Cell Probes 6:51-58 



Aspects of Human Cytomegalovirus Latency and Reactivation 313

 Streblow DN, Nelson JA (2003) Models of HCMV latency and reactivation. Trends Microbiol 
11:293-295 

 Sylwester AW, Mitchell BL, Edgar JB, Taormina C, Pelte C, Ruchti F, Sleath PR, Grabstein KH, 
Hosken NA, Kern F, Nelson JA, Picker LJ (2005) Broadly targeted human cytomegalovirus-
specific CD4+ and CD8+ T cells dominate the memory compartments of exposed subjects. 
J Exp Med 202:673-685 

 Taylor-Wiedeman J, Sissons JG, Borysiewicz LK, Sinclair JH (1991) Monocytes are a major site 
of persistence of human cytomegalovirus in peripheral blood mononuclear cells. J Gen Virol 
72:2059-2064 

 Taylor-Wiedeman J, Hayhurst GP, Sissons JG, Sinclair JH (1993) Polymorphonuclear cells are not 
sites of persistence of human cytomegalovirus in healthy individuals. J Gen Virol 
74:265-268 

 Taylor-Wiedeman J, Sissons P, Sinclair J (1994) Induction of endogenous human cytomegalovirus 
gene expression after differentiation of monocytes from healthy carriers. J Virol 
68:1597-1604 

 Thomas MJ, Seto E (1999) Unlocking the mechanisms of transcription factor YY1: are chromatin 
modifying enzymes the key? Gene 236:197-208 

 Tolpin MD, Stewart JA, Warren D, Mojica BA, Collins MA, Doveikis SA, Cabradilla C Jr, Schauf V, 
Raju TN, Nelson K (1985) Transfusion transmission of cytomegalovirus confirmed by restriction 
endonuclease analysis. J Pediatr 107:953-956 

 White KL, Slobedman B, Mocarski ES (2000) Human cytomegalovirus latency-associated protein 
pORF94 is dispensable for productive and latent infection. J Virol 74:9333-9337 

 Wills MR, Carmichael AJ, Mynard K, Jin X, Weekes MP, Plachter B, Sissons JG (1996) The 
human cytotoxic T-lymphocyte (CTL) response to cytomegalovirus is dominated by structural 
protein pp65: frequency, specificity, and T-cell receptor usage of pp65-specific CTL. J Virol 
70:7569-7579 

 Wright E, Bain M, Teague L, Murphy J, Sinclair J (2005) Ets-2 repressor factor recruits histone 
deacetylase to silence human cytomegalovirus immediate-early gene expression in non-
permissive cells. J Gen Virol 86:535-544 

 Yates J, Warren N, Reisman D, Sugden B (1984) A cis-acting element from the Epstein-Barr viral 
genome that permits stable replication of recombinant plasmids in latently infected cells. Proc 
Natl Acad Sci USA 81:3806-3810 

 Yeager AS, Grumet FC, Hafleigh EB, Arvin AM, Bradley JS, Prober CG (1981) Prevention of 
transfusion-acquired cytomegalovirus infections in newborn infants. J Pediatr 98:281-287 

 Young LS, Dawson CW, Eliopoulos AG (2000) The expression and function of Epstein-Barr virus 
encoded latent genes. Mol Pathol 53:238-247 

 Zaia JA (1990) Epidemiology and pathogenesis of cytomegalovirus disease. Semin Hematol 
27:5-10; discussion 28-19 

 Zweidler-Mckay PA, Grimes HL, Flubacher MM, Tsichlis PN (1996) Gfi-1 encodes a nuclear zinc 
finger protein that binds DNA and functions as a transcriptional repressor. Mol Cell Biol 
16:4024-4034     



         Murine Model of Cytomegalovirus Latency 
and Reactivation 
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  N.   K.   A.   Grzimek      

   Abstract   Efficient resolution of acute cytopathogenic cytomegalovirus infection 
through innate and adaptive host immune mechanisms is followed by lifelong 
maintenance of the viral genome in host tissues in a state of  replicative latency , 
which is interrupted by episodes of virus reactivation for transmission. The estab-
lishment of latency is the result of aeons of co-evolution of cytomegaloviruses and 
their respective host species. Genetic adaptation of a particular cytomegalovirus to 
its specific host is reflected by  private  gene families not found in other members 
of the cytomegalovirus group, whereas basic functions of the viral replicative cycle 
are encoded by  public  gene families shared between different cytomegaloviruses or 
even with herpesviruses in general. Private genes include genes coding for immu-
noevasins, a group of glycoproteins specifically dedicated to dampen recognition 
by the host’s innate and adaptive immune surveillance to protect the virus against 
elimination. Recent data in the mouse model of cytomegalovirus latency have 
indicated that viral replicative latency established in the immunocompetent host is 

T.E. Shenk and M.F. Stinski (eds.), Human Cytomegalovirus. 315
Current Topics in Microbiology and Immunology 325.
© Springer-Verlag Berlin Heidelberg 2008

 M.J.   Reddehase 
        Institute for Virology ,  Johannes Gutenberg-University ,   Obere Zahlbacher Strasse 67, 
Hochhaus am Augustusplatz,   55131 ,  Mainz ,  Germany  
  Matthias.Reddehase@uni-mainz.de  

Contents

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  316
Definitions and Caveats: The Difference Between Latency and Persistence  . . . . . . . . . . . . .  317
Latent Viral Genome Load Defining the Risk of Recurrence. . . . . . . . . . . . . . . . . . . . . . . . .  320
Bidirectional Gene Pair Architecture of the Regulatory Major Immediate Early Locus  . . . .  321
Stochastic Desilencing of the Major Immediate Early Locus During Latency  . . . . . . . . . . .  323
Extrinsic Signals Triggering Transcriptional Reactivation and Recurrence . . . . . . . . . . . . . .  323
Role of Viral Chromatin Remodeling  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  324
Dynamic Control of Latency at Immunological Checkpoints: 

The Immune Sensing Hypothesis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  325
Concluding Thoughts and Perspectives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  328
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  328



316 M.J. Reddehase et al.

a dynamic state characterized by episodes of viral gene desilencing and immune 
sensing of reactivated presentation of antigenic peptides at immunological check-
points by CD8 T cells. This sensing maintains viral replicative latency by triggering 
antiviral effector functions that terminate the viral gene expression program before 
infectious viral progeny are assembled. According to the  immune sensing hypoth-
esis of latency control , immunological checkpoints are unique for each infected 
individual in reflection of host MHC (HLA) polymorphism and the proteome(s) of 
the viral variant(s) harbored in latency.    

   Introduction 

 Cytomegalovirus (CMV) disease is an accident for both the virus and its host, and 
occurs only if the intricate balance between them is disrupted in an immunologi-
cally immature or immunocompromised individual. Disease is obviously harmful 
for the host, but self-limiting replication by lethal infection of the host was appar-
ently also not a successful survival strategy in the evolutionary selection of virus 
strains, at least not for the members of the herpesvirus family, including the 
CMVs. The establishment of latent infection after resolution of the acute infection 
by the host’s innate and adaptive immune mechanisms is a hallmark of herpesvirus 
biology. Resolution of acute infection implies that productively infected cells are 
recognized by cells of the immune system, resulting in an interruption of the 
viral productive replication cycle by cytolytic or noncytolytic immune effector 
mechanisms. Ideally, this occurs at a stage prior to completion of the replicative 
cycle and to virion exit. On the other hand, establishment of a latent infection 
implies that the virus escapes elimination through mechanisms of immune 
 evasion, which may be manifold. 

 CMVs are host-specific and the adaptation to their respective host species 
appears to be particularly highly evolved, as is suggested by a very significant 
number of  private  genes not shared between different species of CMVs. In the case 
of murine CMV (mCMV), the nomenclature introduced by Rawlinson and 
 colleagues (1996), who have greatly expedited the field by sequencing the Smith 
strain, is instructive, as mCMV’s private genes are marked by lowercase letter “m”, 
whereas genes with homology to genes of human CMV (hCMV) are marked by 
capital letter “M”. As a rule of thumb, we expect that private genes are  host 
 adaptation genes , and, indeed, viral open reading frames (ORFs) encoding 
 proteins involved in the modulation of the murine host’s innate and adaptive 
immune surveillance usually belong to the group of private genes. For most genes 
of this category, however, the function is still unknown; moreover, most of them 
appear to be dispensable for virus replication in cell culture (Brune et al. 2006). 
It is predictable that for many of the private genes a function will be revealed only 
by in vivo studies, and a great deal of scientific intuition and creativity will be 
necessary to design the proper experiments. In our view, every viral gene has its 
role in virus biology, the problem only is to find it! An intriguing example presenting 
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us with riddles is  m128 , also known as mCMV  ie2 , which is part of a bidirectional 
gene pair constituting the major immediate early (MIE) locus (see Sect. 4), a 
 regulatory locus thought to be of key importance for kick-starting viral gene 
expression in acute infection and reactivation from latency; nevertheless, no in 
vivo function could so far be attributed to  m128  ( ie2 ) in acute infection or latency 
(Cardin 1995). As latency and reactivation are events in virus biology that are 
closely linked to host cell functions such as cell cycle, gene silencing, and nucle-
otide metabolism, one may propose that currently unknown functions of at least 
some of the viral private genes will be involved in the establishment, maintenance, 
and breaking of latency. 

 By definition, due to the lack of homology, the function of mCMV private 
genes gives no direct prediction for the function of hCMV private genes. Although 
this might be considered a weakness of the murine model, there is good reason to 
anticipate that principles of virus-host interactions in latency and reactivation are 
analogous between different virus-host pairs. This hope is justified from the 
 previous experience with mCMV private genes  m152  and  m06 , which interfere 
with the MHC class I pathway of antigen presentation. Specifically, m152/gp40 
was the first CMV immunoevasin to be described and has greatly stimulated the 
search for a similar function in hCMV. As in the co-evolution between mCMV 
and its host species mouse, co-evolution of hCMV and the human species has 
indeed led to gene functions interfering with the MHC class I pathway of antigen 
presentation, namely  US2/US11 ,  US3 , and  US6  (for a review, see Reddehase 
2002). This  example indicates that analogous selective forces, in this case exerted 
by the respective hosts’ immune systems, can lead to convergent results, albeit the 
 solutions may differ in the molecular details. The value of the murine model is 
that the consequences of mutations in private genes—consequences that we 
expect to occur only upon interaction with host functions in the context of host 
tissues and organs—can be tested systematically in vivo. 

 Complete gene silencing in a viral episome with closed higher-order  chromatin-
like structure, that is, immune evasion by  hiding , appears to be a reasonable 
mechanism for maintenance of the viral genome in the face of fully developed 
host immunity. Although this is probably true for the vast majority of latent viral 
genomes in host tissues at any particular time point, recent data have indicated 
that latency is not static, but is highly dynamic, involving a permanent  immune 
surveillance  by CD8 T cell-mediated sensing of early stages of transcriptional 
reactivation.  

  Definitions and Caveats: The Difference Between Latency 
and Persistence 

 There is some semantic confusion in the field regarding the terms  latency  and  
persistence , which are sometimes used as synonyms to describe the situation that 
an infection is not cleared but persists in the host for an extended period of time. 
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Without claiming to be right, in this review we would like to reserve the term 
latency for the maintenance of the viral genome in the absence of productive 
infection, that is, without assemblage of infectious virions. In contrast, the term 
persistence is used to describe a situation of enduring or at least long-lasting 
virus production, which may occur at a low level. In the past there was a debate 
whether low-level productive infection can ever be excluded to meet the strict 
definition of latency. Improved assays for detecting infectious virus combined 
with highly-sensitive RT-PCRs specific for transcripts of essential genes, such as  
M122  ( ie3 ) and  M55  ( gB ), have provided reasonable evidence allowing the 
 conclusion that the viral genome can indeed be maintained without completion 
of the productive cycle (Kurz et al. 1997; 1999; Pollock and Virgin 1995). 
In accordance with this, conditionally replication-incompetent, temperature-
 sensitive mutants of mCMV were shown to establish and maintain latency, and 
to reactivate gene expression up to the mutation, at which point the reactivation 
stopped (Bevan et al. 1996). 

 Whereas most host organs can be sites of mCMV latency, mCMV persistence 
occurs at a privileged site, namely the tissue of the salivary glands and, therein, 
specifically the glandular epithelial cell, which is a polarized cell type specializ-
ing in secretion. Virion morphogenesis in this cell type is special in that huge 
numbers of monocapsid virions gather in secretory vacuoles and are released into 
the salivary duct, which is an important route for virus host-to-host transmission 
via saliva. Persistence in glandular epithelial cells occurs despite a vigorous 
immune response in salivary gland tissue (Cavanaugh et al. 2003), although it 
eventually ceases, unless the host is depleted of CD4 T cells (Jonjic et al. 1989), 
indicating that CD4 T cells function as antiviral effector cells and clear salivary 
gland infection in the long run. Recent work by Humphreys and colleagues (2007) 
has suggested that mCMV exploits the privileged mucosal environment, which 
favors the development of interleukin (IL)-10-expressing CD4 T cells and disfa-
vors the development of antiviral interferon (IFN)-γ-expressing effector CD4 T 
cells. In fact, these authors demonstrated that systemic blockade of IL-10-receptor 
signaling leads to accumulation of IFN-γ-expressing CD4 T cells in the salivary 
glands associated with control of salivary gland infection, though it remained 
open to question whether the virus failed to disseminate to the salivary glands or 
was controlled there locally. 

 Viral functions, however, appear to be actively involved, since several viral 
genes have been implicated in persistent infection of the salivary glands.  M33 ,  
M43 , and  sgg1  mutants, competent for replication in cell culture as well as in 
various organs, showed a defect specifically in salivary gland replication (Davis-
Poynter et al. 1997; Lagenaur et al. 1994; Xiao et al. 2000). Interestingly, such a 
specific effect on salivary gland tropism, and thus on mCMV persistence, was 
also recently attributed to a noncoding 7.2-kb RNA ortholog of the hCMV 5-kb 
RNA, which is a stable intron (Kulesza and Shenk 2006). 

 Persistence in the salivary glands can occur, logically, only when the virus 
 disseminates to the salivary glands and infects the glandular epithelial cells. 
As a consequence, deletion of or mutations in viral genes involved in replicative 
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fitness, in cell-to-cell spread, in long-distance dissemination, or in peripheral 
immune  control, are likely to show also a phenotype in persistence. This has to 
be considered before viral genes are claimed to be specifically involved in the 
regulation of  persistence. This caveat likewise applies also to genes thought to 
regulate latency and reactivation. A virus mutant that fails to disseminate to a 
particular site is  trivially also unable to establish latency at that site and to 
 reactivate from that site. 

 The classical definition of latency is based on an organismal point of view, 
demanding the absence of productive virus replication from the whole organism. 
According to this definition, latency is established only after cessation of 
 persistence in the salivary glands. Although such a definition is helpful to define 
the end of the risk of virus transmission through saliva, which is relevant from an 
epidemiologist’s perspective, linking latency in other organs to the termination of 
persistence in the very particular mucosal environment of the salivary glands 
makes little sense for a molecular understanding of latency. As we have discussed 
in greater detail recently (Simon et al. 2006b), from a molecular viewpoint, virus 
latency may be established in a particular organ, while virus replication is still 
going on in another organ; moreover, latency may even be established in a partic-
ular cell type within an organ, while virus replication is still going on in another 
cell type of the very same organ. 

 It is currently understood that the phenomena of latency and reactivation are 
closely linked to gene silencing and desilencing, to closed and open viral chromatin 
structure, respectively (see the chapter by M. Reeves and J. Sinclair, this volume). 
Sometimes, the term  molecular latency  is used to indicate the proposed latent state 
of the viral genome. Although we have used this term in previous publications, it 
may be misleading in that it suggests that all viral genes need to be in a silenced 
state. As we will discuss in greater detail below, not all viral genomes are transcrip-
tionally silent during latency. CMV genomes encompass many essential genes that 
all need to be desilenced for completion of the productive cycle. Thus, limited 
desilencing of only some essential genes or desilencing of nonessential genes leads 
to transcriptional activity from the viral genome without breaking latency. It is our 
understanding that latency is not a  transcriptional latency  but is better described as 
a  replicative latency . Sensitivity problems have so far precluded a microarray 
 analysis of the latent viral transcriptome; moreover, there exists the fundamental 
problem that patterns of silenced and desilenced genes may differ between individ-
ual viral genomes at any particular time point and may fluctuate with time. As a 
consequence, even if one would find transcripts from all essential viral genes in an 
infected tissue representing a statistical ensemble of numerous viral genomes, this 
would not prove that virus replication is occurring in any single cell. On the other 
hand, even if the most sensitive RT-PCR fails to detect transcripts from any of the 
many essential genes, from  M55  ( gB ) as only one example, this is reasonable but 
not firm evidence for replicative latency. Theoretically at least, a desilencing event 
may have led to the synthesis of the essential protein, which may remain present in 
the cell while the corresponding mRNA is degraded and the respective gene 
silenced again. In the case of the MIE locus genes, however, the corresponding 
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mRNAs are fairly stable with half-lives of more than 24 h and of approximately 6 
h determined for IE1 and IE2, respectively (Simon et al. 2007). Thus, absence of 
MIE locus transcripts, of IE1 mRNA in particular, is a good negative marker for 
latency. We have recently proposed to use the term  MIE locus latency  to characterize 
the state of viral genomes that are silenced at this essential regulatory gene locus 
(Simon et al. 2006b).  

  Latent Viral Genome Load Defining the Risk of Recurrence 

 Epidemiologically, CMV infections can occur at any age, but frequently, CMVs 
are acquired by their respective hosts perinatally or during early childhood. 
Regardless of the time of virus acquisition, latency is eventually established. 
A CMV-specific immune status, i.e., the presence of CMV-specific memory CD4 
and CD8 T cells as well as of antibodies, testifies for a resolved acute infection 
in the past, which may have been years or decades ago. Importantly, clinicians 
use CMV-antibody status to define donor-recipient risk constellations for CMV 
recurrence and disease in solid organ and hematopoietic stem cell transplanta-
tions. The individual infection history of donor and recipient, however, is usually 
unknown. Although it is clear that presence of latent CMV in either the donor or 
the recipient, or in both, indicates a risk in a qualitative sense, the incidence of 
CMV reactivation is difficult to predict. 

 The mouse model has revealed that infection history matters (Reddehase et al. 
1994). Mice infected as neonates within 24 h after birth showed delayed clear-
ance of acute, productive infection in organs and prolonged persistence in the 
salivary glands, whereas fully immunocompetent mice infected as adults rapidly 
controlled acute infection in all organs and showed a shortened persistence in the 
salivary glands. Months later, during replicative latency, this different history of 
primary infection was reflected by high or low load of viral genomes, respec-
tively, in organs including lungs, spleen, heart, kidney, adrenal glands, and 
 salivary glands. Importantly, viral DNA load is a predictor of the risk of virus 
recurrence after hematoablative total-body γ-irradiation, with high or low load 
predicting high or low incidence of recurrence, respectively. Recurrence turned 
out to be a focal and stochastic event occurring independently in different latently 
infected organs, thus leading to all possible combinations of virus detection in 
single or multiple organs. These findings indicate that recurrence is a generally 
rare event emerging from a minority of the latent viral genomes, and they provide 
an immediate explanation for the causal relationship between the number of 
latent virus genomes in tissues and the probability of reactivation. In accordance 
with such a causal relationship, limitation of acute infection by CD8 T cells in a 
mouse model of adoptive immunotherapy of CMV infection resulted in a dose-
dependent reduction of both latent viral genome load and incidence of virus 
recurrence (Steffens et al. 1998). 



Murine Model of Cytomegalovirus Latency and Reactivation 321

 This, again, shows the difficulty in identifying virus genes specifically 
 implicated in the molecular control of latency and reactivation. Mutations of any 
viral gene that directly or indirectly influences the latent viral genome load can 
have a phenotype in latency and reactivation. This includes genes directly involved 
in viral replicative fitness and spread, but also genes involved in the immune con-
trol of virus replication and spread either by encoding an antigen or by encoding 
an immunomodulatory protein. Clearly, this is not what we look upon as being a 
true  latency gene .  

  Bidirectional Gene Pair Architecture of the Regulatory 
Major Immediate Early Locus 

 It is widely accepted that the MIE locus of CMVs, which includes an essential 
enhancer region (Dorsch-Häsler et al. 1985; Ghazal et al. 2003; for a review, see 
Meier and Stinski 2006), is a key regulatory unit that kick-starts the viral 
 transcriptional program in acute infection as well as in reactivation from latency 
(see the chapters by G. Maul; M.F. Stinski and D.T. Petrik, this volume). An open 
viral chromatin structure at the MIE locus appears to be a primary condition for 
reactivation to be initiated (Bain et al. 2006; see the chapter by M. Reeves and 
J. Sinclair, this volume). The MIE locus in mCMV is unique in that it is structurally 
organized as a  bidirectional gene pair . Bidirectional gene pair architecture is 
defined as two neighboring genes arranged head-to-head on opposite strands of 
the DNA and regulated by a shared  cis -acting regulatory unit. It has long been 
known that this organization applies to the mCMV MIE locus (Fig.  1 ) (for a 
review see Simon et al. 2006b). Interest in this structural feature of the mCMV 
MIE locus (Chatellard et al. 2007; Simon et al. 2007) results from the recent 
finding that bidirectional gene pairs are common in the human genome, often 
conserved among mouse orthologs and thought to provide a unique mecha-
nism of regulation for a significant number of mammalian genes, in particular 
of genes involved in DNA repair (Adachi and Lieber 2002; Li et al. 2006; 
Trinklein et al. 2004). That such an architecture is used by mCMV just for the 
MIE locus, a locus of outstanding regulatory importance, is intriguing and 
underlines the close host-relatedness of this highly host-adapted virus. In this 
context, it is of interest to note that hCMV uses a bidirectional promoter 
 element within oriLyt, another locus with a key function in acute infection and 
reactivation (Xu et al. 2004). 

 Recent data suggest that the mCMV MIE enhancer region is actually a 
 tandem of two bona fide enhancers E 1/3  and E 2  (Chatellard et al. 2007) driving 
the transcription from genes  m123/M122  ( ie1/ie3 ) and  m128  ( ie2 ), respec-
tively, in opposite directions. Alternative splicing of the IE1/IE3 precursor 
RNA leads to IE1 mRNA (coding exons 2, 3, and 4) and IE3 mRNA (coding exons 
2, 3, and 5); splicing of IE2 precursor RNA leads to IE2 mRNA (coding exon 3). 
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The 76/89-kDa IE1 protein is involved in breaking epigenetic host cell defense 
by early disruption of nuclear domains (ND)10 (see the chapter by G. Maul, this 
volume); it co-transactivates the expression of viral early (E)-phase genes and 
autostimulates its own promoter. Interestingly, it also acts as a transactivator of 
cellular genes involved in dNTP biosynthesis, such as  thymidylate synthase 
(Gribaudo et al. 2000) and ribonucleotide reductase (Lembo et al. 2000), a prop-
erty thought to facilitate virus replication in resting cells (for reviews, see 
Simon et al. 2006b; Tang and Maul 2006). Clearly, efficient provision of dNTPs 
could possibly be a key parameter in virus reactivation from latently infected 
cells, which are most likely resting cells, and it will be intriguing to test this 
idea. The importance of the 88- to 90-kDa IE3 protein for virus reactivation is 
undoubted, as IE3 is the essential transactivator of viral E gene expression 
(Angulo et al. 2000). Thus, beyond MIE locus  transcription initiation, differen-
tial splicing generating IE3 mRNA is a crucial second molecular checkpoint 
in the transition from mCMV latency to reactivation. Strikingly, no essential 
function could so far be identified for the 43-kDa IE2 protein (Cardin et al. 
1995; Messerle et al. 1991). It remains an open question whether IE2 is really 
dispensable or whether we just failed to ask the correct questions, to design the 
proper experiments, and to look at the right place and time. In this context, it is 
of interest that recent work by Ishiwata et al. (2006) has localized IE2 protein 
in the brain of neonatally infected mice at a stage of prolonged infection selec-
tively in neurons of the cortex and hippocampus, while the IE3 protein was 
preferentially expressed in glial cells only at an early stage of the infection. It is 
a challenge to identify the function of IE2 and to understand why its expression 

  Fig. 1  Bidirectional gene pair architecture of the mCMV MIE locus.  Arrows  indicate the  direction 
of transcription. Numbered cylindrical boxes represent exons.  C , complementary strand.  M  and  m  
indicate mCMV ORFs homologous to hCMV ORFs and mCMV private ORFs, respectively, 
according to the nomenclature used by Rawlinson et al. (1996).  P  promoter,  E  enhancer 
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is paired with IE1 and IE3 in bidirectional gene organization, a gene architecture 
adopted from the mammalian host.  

  Stochastic Desilencing of the Major Immediate Early Locus 
During Latency 

 In a model of latency established in the lungs, highly sensitive RT-PCRs detected 
IE1 and IE2 transcripts in absence of any infectivity (Grzimek et al. 2001). For a 
statistical analysis of the frequency of MIE locus transcription, the lungs were 
 subdivided into 18 pieces that were tested individually. This approach resulted in 
patterns of transcript-positive and transcript-negative lung tissue pieces and allowed 
calculation of transcription frequencies from the fraction of negative pieces by 
using the Poisson distribution equation. Such a variegated expression, also referred 
to as mosaic expression, is reminiscent of transgene expression (Fiering et al. 2000) 
and indicates stochastic desilencing of an otherwise silenced MIE locus. It is 
important to emphasize that MIE gene expression is not a constitutive, latency-
associated feature of latent mCMV genomes. MIE locus activity in latently infected 
lungs was found to be approximately 10-20 events per 10 6  viral genomes. Therefore, 
most viral genomes are in a state of MIE locus latency at any one time, with a minor 
fraction moving a first step toward reactivation. We propose that all latent viral 
genomes may be desilenced at the MIE locus some time. Unfortunately, this predic-
tion is difficult to test in a living organism. 

 Notably, desilencing of the bidirectional gene pair was found to be not coordi-
nated, indicating an independent regulation of the genes that flank the enhancer 
region (Grzimek et al. 2001). This was true also after extrinsic signaling to the 
enhancer, which showed that the enhancer does not synchronize transcription from 
the bidirectional gene pair but rather operates as a switch (Simon et al. 2007). It is 
currently open to question whether this feature is related to the tandem structure of 
the mCMV enhancer region. According to our current understanding, isolated IE2 
expression should not be able to initiate the replicative cycle. Interestingly, how-
ever, in the absence of extrinsic signaling to the enhancer, stochastic desilencing at 
the  ie1 / ie3  promoter did not initiate the replicative cycle either, as IE3 transcripts 
were absent (Kurz et al. 1999). This identified IE3 splicing as a second molecular 
checkpoint of latency and explained why replicative latency was maintained despite 
MIE locus transcription.  

  Extrinsic Signals Triggering Transcriptional Reactivation 
and Recurrence 

 Classical and more recent review articles have dealt in greater detail with extrinsic 
signals and conditions, such as immune cell depletion, allogeneic transplantation, 
ischemia/reperfusion injury, polymicrobial sepsis, inflammatory disease states in 
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general, and experimental tissue explantation, which apparently all trigger mCMV 
transcriptional reactivation and recurrence (Hummel and Abecassis 2002; Jordan 
1983; Reddehase et al. 2002). All these conditions are multifactorial and many 
involve a cytokine storm and deprivation of immune control. Attempts to dissect 
these multifactorial conditions on a molecular level have recently focused on tumor 
necrosis factor (TNF)-α, which is known to signal to CMV MIE enhancers through 
transcription factors NF-κB and AP-1 (Hummel et al. 2001; Prösch et al. 1995) (for 
enhancer mechanics, see the review by Meier and Stinski 2006). 

 Although the canonical NF-κB-dependent pathway of MIE enhancer activation 
appears to be dispensable for virus replication in cultured fibroblasts (Benedict 
et al. 2004), TNF-α signaling clearly enhanced the prevalence of mCMV MIE gene 
expression as well as the amount of MIE transcripts per transcriptional event in 
latently infected lungs within 24 h after intravenous administration of the cytokine 
(Simon et al. 2005). Notably, this signaling also helped to overcome the splicing 
checkpoint, which resulted in the expression of the transactivator IE3 mRNA, but 
transcriptional reactivation did not proceed to expression of the essential gene  Μ55  
( gB ), thus predicting the existence of further checkpoints beyond MIE locus gene 
expression. As a consequence, although TNF-α may play an important role in 
enhancing the initiation of virus reactivation, additional conditions must be met for 
completion of the productive cycle. Notably, intraperitoneal administration of 
TNF-α or IL-1β triggered mCMV recurrence in latently infected lungs with a delay 
of 3 weeks (Cook et al. 2006). Likewise, as a correlate for the sepsis model of 
mCMV reactivation (Cook et al. 2002), lipopolysaccharide was found to reactivate 
latent mCMV through a TLR-4-dependent pathway (Cook et al. 2006). 

 These findings are not in conflict with the direct effects of TNF-α on the MIE 
enhancer but may rather indicate that TNF-α as well as other proinflammatory 
mediators can trigger a cascade of events that eventually provide all the conditions 
for virus recurrence. As mCMV recurrence in the study by Cook et al. (2006) was 
achieved with near-lethal doses of TNF-α, the question arises of whether the 
cytokine’s effects on the endothelia, causing microvascular injury, may be involved 
in a pathogenetic process facilitating virus reactivation.  

  Role of Viral Chromatin Remodeling 

 There exists reasonable evidence to suggest that the latent hCMV genome is main-
tained as an episome associated with cellular histones in a nucleosome-like but not 
nucleosome-identical higher-order chromatin-like structure, and remodeling of 
viral chromatin is considered to have a critical role in regulating MIE locus activity 
(for a review see Bain et al. 2006; see the chapter by M. Reeves and J. Sinclair, this 
volume). Although little is known about the physical state of the latent mCMV 
genome, analogy suggests that it also exists as an episome associated with cellular 
histones. Obviously, MIE locus desilencing by local opening of the viral chromatin 
is a prerequisite for MIE gene transcription, and completion of the productive cycle 
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for virus recurrence requires desilencing of all essential genes, at least temporarily. 
In theory, an essential locus does not need to remain open all the time, as transcripts 
and proteins are often quite stable. For instance, IE1 and IE2 mRNAs were found 
to have half-lives of more than 24 h and of 6 (5-7) h, respectively (Simon et al. 
2007), so that a single window of open chromatin conformation at the MIE locus 
could possibly provide MIE mRNA sufficient for the whole productive cycle of 
approximately 24 h. Hummel et al. (2007) have used the spleen explant model 
of mCMV reactivation to show that inhibition of DNA methylation and inhibition 
of the histone deacetylase, the latter of which favors hyperacetylated loose 
 chromatin, act synergistically in inducing  ie1  gene expression as well as virus recur-
rence. These findings support the conclusion that gene silencing and chromatin 
structure, as in hCMV, are also involved in the regulation of mCMV latency. 
Notably, at least under the conditions of tissue explant cultures, TNF-α signaling did 
not appear to play a crucial role (Hummel et al. 2007).  

  Dynamic Control of Latency at Immunological Checkpoints: 
The Immune Sensing Hypothesis 

 Besides epigenetic control of latency, it is likely that the host immune system will 
take note of antigens presented on the cell surface of latently infected cells following 
reactivated gene expression. An immune response may terminate reactivation at 
various steps prior to virion morphogenesis and release. Thus, although the immune 
system may not recognize latently infected cells in a state of complete transcrip-
tional latency, it contributes to the maintenance of replicative latency by stopping the 
reactivation. An involvement of the host immune system in latency control was 
indicated early on by the clinically relevant hCMV reactivation and recurrence in the 
immunocompromised patient. Proof of concept was provided in the mouse model 
by mCMV recurrence after depletion of lymphocyte subsets involved in innate and 
adaptive immunity, with a hierarchy pointing to a pivotal role for CD8 T cells (Polic 
et al. 1998). Likewise, global ablation of cellular immunity by total-body γ-irradia-
tion was found to facilitate virus recurrence in vivo (Balthesen et al. 1993; Kurz and 
Reddehase 1999; Kurz et al. 1997; Reddehase et al. 1994; Steffens et al. 1998). 

 Astoundingly, although virus recurrence became detectable in literally all lungs 
of latently infected mice after total-body γ-irradiation, detailed and quantitative 
statistical analysis of the patterns of transcriptional reactivation and virus recur-
rence revealed that by far most of the viral genomes still remained in a state of MIE 
locus latency, indicating that epigenetic control dominates over immune control. 
Loss of immune control, however, led to an increased number of progressing 
 transcriptional reactivations with prevalences of IE1 transcripts > IE1 plus IE3 
transcripts > IE1 plus IE3 plus M55 (gB) transcripts, but only a few transcriptional 
reactivations culminated in the recurrence of infectious virus (Kurz and Reddehase 
1999). Thus, even in the absence of cellular immune control, recurrence is a rare 
end point of transcriptional reactivation. 
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 The observation of recurrence after lymphocyte subset depletion or after 
γ- irradiation is not a formal proof for an immune control of latency, since in vivo 
cell depletion is associated with a cytokine storm, and since γ-irradiation represents 
genotoxic stress inducing DNA repair, which both could trigger virus recurrence by 
pathways unrelated to the ablation of cellular immune control. 

 That immune sensing of early stages of virus reactivation, specifically the 
 recognition of MHC class I-presented antigenic peptides by CD8 T cells, may 
indeed be involved in the control of latency was first suggested in the BALB/c 
mouse model of pulmonary latency by the finding that activated, CD62L low  
 effector-memory CD8 T cells (CD8-T 

EM
 ) specific for the immunodominant L d -

 presented IE1 protein-derived peptide 168-YPHFMPTNL-176 expand in latently 
infected lungs and  accumulate there over time (Holtappels et al. 2000). This 
immunological finding in combination with the molecular finding of MIE locus 
gene expression during  pulmonary latency (Kurz et al. 1999; Grzimek et al. 
2001) led to the idea that  presentation of the IE1 peptide in cells with desilenced 
MIE locus iteratively restimulates IE1 epitope-specific CD8-T 

EM
 , which then 

terminate the reactivation event by virtue of their effector functions. This is 
called the  immune sensing hypothesis of latency control  (Fig.  2 ) (Holtappels 
et al. 2000; Simon et al. 2006a, 2006b). 

 Evidence in support of this hypothesis was provided recently with recombinant 
virus mCMV-IE1-L176A, in which antigenicity and immunogenicity of the IE1 
peptide are specifically wiped out by the amino acid point mutation Leu replaced 
with Ala at the C-terminal MHC class I anchor residue. When compared with the 
corresponding revertant virus mCMV-IE1-A176L, the mutant virus showed a pro-
nounced transcriptional phenotype in latently infected lungs in that the prevalence 
of IE1 transcripts was fivefold increased in accordance with the lack of IE1 epitope-
specific antiviral effector cells (Simon et al. 2006a). This clearly implies that the 
true incidence of MIE locus desilencing is underestimated in lungs latently infected 
with wild type or epitope-rescued mCMVs due to the termination of a large fraction 
of MIE locus reactivation events by the IE1 epitope-specific CD8-T 

EM
 .  

Fig. 2 (continued) which terminate the transcription and expand clonally. This defines the first 
immunological checkpoint.  b  Viral gene transcription and immune sensing during latency of mutant 
virus mCMV-IE1-L176A. Replacing Leu with Ala at the C-terminal MHC anchor position of the IE 
peptide eliminates IE1 antigenicity and thereby inactivates this checkpoint. Transcription/splicing 
proceeds to IE3 (which does not contain a CD8 T cell epitope for  H-2   d  ) and to the E-phase transcript 
m164, which specifies the MHC class I D d -restricted peptide 257-AGPPRYSRI-265 defining a pro-
posed second immunological checkpoint.  c  Transcriptional reactivation and virus recurrence after 
global immune cell depletion. Absence of immune sensing by CD8 T cells allows desilencing of 
viral genomes to proceed to open viral chromatin structure at all essential loci, including the origin 
of replication, OriLyt, which leads to recurrence of infectious virions ( virion symbol ).  NC  nuclear 
compartment,  CYC  cytoplasmic compartment,  ECC  extracellular compartment.  Black arrowhead , 
position of ORF  m01 .  Green, yellow, blue, and red wavy lines  symbolize IE1, IE3, m164, and down-
stream further transcripts, respectively. The mutation in the IE1 transcript is marked by a  red dot .  
Green, blue, and red triangles  symbolize the corresponding antigenic peptides presented by the 
respective MHC class I molecules to cognate T cell receptors 
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  Fig. 2  Immune sensing hypothesis of cytomegalovirus latency control illustrated for pulmonary 
latency in the BALB/c ( H-2   d   haplotype) mouse model.  a  Viral gene transcription and immune 
sensing during latency of wild type mCMV. Most viral genomes, symbolized as episomes associ-
ated with cellular histones in a closed higher-order chromatin-like structure, are in a state of MIE 
locus silencing. Stochastic episodes of open viral chromatin structure at the MIE locus result in 
IE1 transcription, IE1 protein processing, and MHC class I L d -restricted presentation of the IE1 
peptide 168-YPHFMPTNL-176 to IE1 epitope-specific effector-memory CD8 T cells (IE1-T 

EM
 ),
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  Concluding Thoughts and Perspectives 

 Although transition to IE3 was observed with the mutant virus, reactivation did 
not proceed to M55 (gB) transcripts and virus recurrence. It is proposed that 
immunological checkpoints in series, defined by presentation of antigenic pep-
tides, exist downstream of IE1. Expansion in latently infected lungs of CD8-T 

EM
  

specific for the D d -presented peptide 257-AGPPRYSRI-265 (Holtappels et al. 
2002; Simon et al. 2006a), which is derived from the E-phase protein m164/
gp36.5, predicts a second immunological checkpoint, and further checkpoints may 
wait in line in case the first two checkpoints fail due to mutations in virus variants. 
Simultaneous expansion of IE1-specific and m164-specific CD8-T 

EM
  during 

latency of wild type mCMV (Holtappels et al. 2002) predicted a leakiness of the 
IE1 checkpoint; nevertheless, we were so far unable to detect m164 mRNA during 
latency. This paradox might be explained by effective elimination of cells present-
ing the m164 epitope, which limits the chance for detection. A mutant virus with 
engineered deletion of both the IE1 and the m164 epitope, i.e., the recombinant 
virus mCMV-IE1-L176A+m164-I265A, should confirm the proposed second 
immunological checkpoint and might reveal the existence of a third one. 
Experiments in progress have shown that CD8 T cells specific for a newly defined 
epitope in ORF  m145  are expanded in the memory pool after ablation of epitopes 
IE1 and m164 (Holtappels et al., unpublished data), and viral transcription during 
pulmonary latency of this mutant is currently under investigation. 

 It is important to note that number and type of viral ORFs determining immu-
nological checkpoints are not fixed but vary between individuals in reflection of 
MHC polymorphism in the population, depending upon the usually diploid set of 
peptide-presenting MHC class I molecules specified by the individual host’s 
genome as well as on the proteome(s) of the latent virus variant(s) specifying the 
repertoire of potentially antigenic peptides. Thus, the model proposes a private 
pattern of immunological checkpoints for each latently infected individual. 

 A putative role for viral immunoevasins in canceling immunological check-
points and facilitating virus recurrence is an intriguing aspect for future research in 
this field.   
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   Abstract   Human cytomegalovirus (HCMV) has become a paradigm for viral 
immune evasion due to its unique multitude of immune-modulatory strategies. 
HCMV modulates the innate as well as adaptive immune response at every step of its 
life cycle. It dampens the induction of antiviral interferon-induced genes by  several 
mechanisms. Further striking is the multitude of genes and strategies devoted to 
modulating and escaping the cellular immune response. Several genes are independ-
ently capable of inhibiting antigen presentation to cytolytic T cells by downregulating 

Contents

The Type I Interferon System and Its Effects on CMV Replication. . . . . . . . . . . . . . . . . . . .  334
 Induction of IFN  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  334
 CMV Interference with the Induction of IFN and ISGs  . . . . . . . . . . . . . . . . . . . . . . . . . . .  335
 CMV Interference with JAK/STAT Signal Transduction  . . . . . . . . . . . . . . . . . . . . . . . . . .  336
 CMV Interference with ISG Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  337
Interference with Antigen Presentation by Cytomegalovirus . . . . . . . . . . . . . . . . . . . . . . . . .  337
 Inhibition of Antigen Presentation to CD8+ T Lymphocytes. . . . . . . . . . . . . . . . . . . . . . . .  337
 MCMV as a Model System for CMV Interference with MHC-I Expression  . . . . . . . . . . .  340
 CMV Interference with T Cell Costimulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  341
Escaping the Natural Killer Cell Response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  342
 MHC Class I Homologs and NK Cell Evasion Proteins  . . . . . . . . . . . . . . . . . . . . . . . . . . .  343
 The UL40 Protein  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  344
 NK Cell Modulation by UL14 and UL141  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  345
 Retention of NKG2D Ligands by UL16  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  345
 Downregulation of the NKG2D Ligand MICA by UL142  . . . . . . . . . . . . . . . . . . . . . . . . .  346
 Downregulation of Murine NKG2D Ligands by m138, m145, m152, and m155. . . . . . . .  346
 Activation of Ly49H by m157 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  347
 The Rat Cytomegalovirus RCTL Protein. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  348
Perspectives  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  348
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  349

T. E. Shenk and M. F. Stinski (eds.), Human Cytomegalovirus. 333
Current Topics in Microbiology and Immunology 325.
© Springer-Verlag Berlin Heidelberg 2008



334 C. Powers et al.

MHC class I. Recent data revealed an astounding variety of methods in triggering or 
inhibiting activatory and inhibitory receptors found on NK cells, NKT cells, T cells as 
well as auxiliary cells of the immune system. The multitude and complexity of these 
mechanisms is fascinating and continues to reveal novel insights into the host–patho-
gen interaction and novel cell biological and immunological concepts.    

   The Type I Interferon System and Its Effects on CMV Replication 

  Induction of IFN 

 Interferons (IFNs) are powerful antimicrobial cytokines that induce the expression 
of numerous IFN-stimulated genes (ISGs). The actual antiviral effects are conferred 
by ISG products that target different stages of virus replication (Samuel 2001). 
CMV replication is susceptible to the effects of ISGs and IFN-induced cellular 
states in vitro (Gribaudo et al. 1993; Torigoe et al. 1993; Chin and Cresswell 2001; 
Sainz et al. 2005; DeFilippis et al. 2006) and in vivo for murine CMV (MCMV) 
(Yeow et al. 1998; Cull et al. 2002; Salazar-Mather et al. 2002). 

 IFN-dependent ISG transcription is induced by signal transduction triggered by IFNα 
or β binding to the type I IFN receptor, resulting in phosphorylation of tyrosine kinase 2 
(Tyk2) and Janus kinase 1 (JAK1) that subsequently phosphorylate STAT (signal trans-
ducers and activators of transcription) 2 (Fig. 1). STAT2 phosphorylation leads to its 
heterodimerization with STAT1, association with IFN regulatory factor 9 (IRF9), and 
nuclear accumulation of the complex (termed IFN-stimulated gene factor 3; ISGF3). 
ISGF3 binds to IFN-stimulated response elements (ISREs) contained in the promoters 
of numerous ISGs, resulting in their transcriptional upregulation (Shuai and Liu 2003). 

 Induction of IFNβ itself (reviewed in Hiscott et al. 2003) occurs following stimula-
tion of pattern recognition receptors (PRRs) and involves signaling separate from the 
JAK/STAT pathway. PRRs detect molecular components of pathogens such as LPS 
and double-stranded RNA (dsRNA). The best-studied PRRs, Toll-like receptors 
(TLRs), are expressed predominantly in immune surveillance cells such as DCs and 
macrophages (Martin and Wesche 2002; Kawai and Akira 2006). TLR activation 
triggers secretion of inflammatory cytokines and expression of co-stimulatory mole-
cules that activate innate and adaptive immune responses (Takeuchi and Akira 2001). 
A separate class of cytoplasmic PRRs detects virus-specific molecules and is also 
capable of inducing IFNβ (Kato et al. 2005). These include retinoic acid inducible 
gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA-5) (Andrejeva 
et al. 2004; Yoneyama et al. 2004), which react to dsRNA (Gitlin et al. 2006; Kato et al. 
2006). The recently identified receptor DAI also recognizes dsDNA (Takaoka et al. 
2007). Two ubiquitous transcription factors, IFN regulatory factor 3 (IRF3) and 
nuclear factor kappa B (NFκB), are terminal in the PRR- triggered signaling cascades 
and are both required for transcription of the IFNβ gene. Both reside in the cytoplasm 
but accumulate in the nucleus upon activation, where they bind to the IFNβ promoter. 
IRF3 also induces a subset of ISGs (Wathelet et al. 1998; Hiscott et al. 2003).  



  CMV Interference with the Induction of IFN and ISGs 

 Despite their antiviral effects, HCMV infection strikingly activates IRF3 and 
NFκB, thus inducing ISGs and IFN (see the chapter by M.K. Isaacson et al., this 
volume). However, infections performed in the absence of viral gene expres-
sion induce these genes more strongly (Browne et al. 2001; Taylor and 
Bresnahan 2005; DeFilippis et al. 2006). Yet even UV-inactivated virus does 
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  Fig. 1 Induction of IFNβ and ISG expression by CMV. Virus entry triggers the activation of 
NFκB and IRF3 by way of TLRs (NFκB) and an unknown pattern recognition receptor (IRF3). 
Following association with other proteins these transcription factors accumulate in the nucleus 
and bind to promoter elements upstream of IFNβ and specific ISGs, thereby stimulating their 
expression. HCMV IE2 is known to block binding of NFκB to DNA, while RhCMV has been 
shown to block IRF3 activation via and unknown mechanism. Expression and secretion of IFNβ 
further induces expression of ISGs by binding to the IFN receptor, which leads to dimerization of 
the receptor subunits 1 and 2, resulting in phosphorylation of tyrosine kinase 2 (Tyk2) and Janus 
kinase 1 (JAK). Tyk2 and JAK phosphorylate signal transducer and activator of transcription 
(STAT) 2. STAT2 phosphorylation leads to its heterodimerization with STAT1 followed by 
nuclear accumulation and association with IFN regulatory factor 9 (IRF9). This complex (termed 
IFN-stimulated gene factor 3; ISGF3) binds to IFN stimulated response elements (ISREs) 
upstream of numerous ISGs. Both the MCMV M27 protein and HCMV IE1 protein have been 
shown to impair DNA binding of this complex  
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not induce full activation of the IFN pathway (Browne et al. 2001; Simmen et al. 
2001). These observations suggest that HCMV limits the induction of IFNβ and 
ISG transcription and perhaps even JAK/STAT signaling through the actions of 
viral products synthesized during infection or introduced with the virus particle. 
Unlike HCMV, in vitro infection with rhesus CMV (RhCMV) fails to induce innate 
antiviral gene transcription or activate IRF3 or NFκB (DeFilippis and Früh 2005). 
In addition, RhCMV infection prevents IRF3 activation by UV-inactivated HCMV 
particles (DeFilippis and Früh 2005). Interestingly, lack of ISG-induction is also 
observed when RhCMV particles were UV-inactivated or in the presence of 
cycloheximide, indicating that perhaps a component of the RhCMV virion is 
responsible for this interference. 

 Much attention has focused on components of the CMV virion tegument, a pro-
teinaceous region composed of virus-encoded proteins located between the nucleo-
capsid and the envelope (Varnum et al. 2004). A major tegument constituent that 
has been shown to possess immunomodulatory capability is phosphoprotein pp65 
(Odeberg et al. 2003; Arnon et al. 2005). Infection with a pp65-deleted HCMV 
(RVAd65) induces higher levels of IFNβ and ISGs than infection with wild type 
(WT) HCMV (Browne and Shenk 2003; Abate et al. 2004). However, the molecu-
lar basis for this increase remains controversial. Browne et al. showed increased 
nuclear translocation and DNA binding by NFκB and increased DNA binding by 
IRF1 following infection with RVAd65, whereas IRF3 activation was similar to 
WT. Abate et al. did not observe IRF3 activation by WT HCMV (contrary to 
numerous other reports), but infection with RVAd65 induced IRF3 nuclear accu-
mulation, whereas NFκB was similarly activated by both viruses. 

 Recent work (Taylor and Bresnahan 2005, 2006a, 2006b) showed that the 
HCMV immediate early 86 kDa protein (IE2-86) inhibits transcription of IFNβ 
and RANTES by interfering with NFκB activation (Fig. 1) (Taylor and Bresnahan 
2006a). The same group showed that deletion of the pp65 ORF (UL83) interferes 
with expression of the adjacent protein pp71 (ORF UL82), which is transcribed 
as a bicistronic mRNA with pp65 (UL83) (Ruger et al. 1987; Taylor and 
Bresnahan 2006b). Since pp71 is a positive regulator of IE promoters (Bresnahan 
and Shenk 2000; Cantrell and Bresnahan 2005), the increased ISG induction by 
RVAd65 is likely the result of reduced IE2-86 expression. In contrast, inserting 
stop codons into the pp65 ORF does not affect pp71 expression and the resulting 
virus does not differ from WT with respect to expression of IFNβ and RANTES 
(Taylor and Bresnahan 2006b).  

  CMV Interference with JAK/STAT Signal Transduction 

 HCMV has been shown to block IFNα-stimulated gene expression (Miller et al. 
1999; Paulus et al. 2006) following viral gene expression and an initial ISG acti-
vation phase (Paulus et al. 2006). A recent study uncovered an association 
between HCMV IE 72 kDa protein and STAT2 that prevented DNA binding by 



ISGF3 and subsequent ISG induction (Paulus et al. 2006). In MCMV, the M27 
protein blocks both type I and type II IFN signaling by binding and degrading 
STAT2, a protein that, until this study, was not believed to be involved in IFNγ-
dependent responses (Zimmermann et al. 2005). The importance of this pheno-
type is illustrated by the indispensability of M27 for MCMV growth in vivo 
(Abenes et al. 2001; Zimmermann et al. 2005). Interestingly, both HCMV and 
MCMV have been shown to target STAT2 albeit via different mechanisms.  

  CMV Interference with ISG Function 

 The antiviral effects of the IFN response are ultimately the result of IFN- or IRF3-
induced host cell proteins. Protein synthesis is shut off during viral infection by 
protein kinase R (PKR) and 2′-5′ oligoadenylate synthetase (OAS)/RNaseL 
(reviewed in Schneider and Mohr 2003). OAS and PKR are induced by type I and 
type II IFNs and the proteins are activated following exposure to viral dsRNA. 
Vaccinia virus (VV) prevents activation of PKR and OAS and VV lacking this 
function could be complemented by infection with live, but not UV-inactivated 
HCMV (Child et al. 2002). Subsequent work identified the HCMV proteins 
pTRS1 and pIRS1 to block OAS-mediated eIF2α phosphorylation and to reduce 
RNA degradation by RNase L (Child et al. 2004).   

  Interference with Antigen Presentation by Cytomegalovirus 

 Among the best studied immune modulators of CMVs are viral inhibitors of 
antigen presentation (VIPRs) (Johnson and Hegde 2002; Reddehase 2002; 
Yewdell and Hill 2002; Basta and Bennink 2003; Mocarski 2004; Reddehase 
et al. 2004; Pinto and Hill 2005). While nonessential in vitro, VIPRs might 
enable CMV to establish chronic infection despite a tremendous cellular 
immune response. The presence of multiple genes and mechanisms in all CMV 
species indicates that inhibiting antigen presentation is critical to the success of 
the virus. CMV affects both antigen presentation by major histocompatibility 
complex class I (MHC-I) and class II (MHC-II). Since modulation of MHC-II 
has been recently reviewed (Wiertz et al. 2007), we will focus on new findings 
on MHC-I downregulation. 

  Inhibition of Antigen Presentation to CD8 +  T Lymphocytes 

 CD8 +  T cells defend the host against viruses. They are able to kill infected cells upon 
recognizing virus-derived peptides displayed by MHC-I molecules at the cell surface. 
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MHC-I complexes are heterotrimers consisting of a 45-kDa type 1 transmembrane 
glycoprotein heavy chain (HC), the 12-kDa light chain β2-microglobulin (β2m), and 
a nine amino acid peptide. MHC-I-bound peptides are proteasomal breakdown prod-
ucts of both host and viral proteins. Proteolytic fragments are transported into the 
endoplasmic reticulum (ER) by the transporter associated with antigen presentation 
(TAP) and loaded onto MHC-I with help from the chaperones tapasin, calreticulin, 
Erp57, and protein disulfide isomerase (PDI). 

 HCMV encodes at least four VIPRs targeting MHC-I: US2, US3, US6, and 
US11 (see Fig.  2 ); single transmembrane, immunoglobulin (Ig) domain superfamily 
glycoproteins (Gewurz et al. 2001). US8 and US10 interact with MHC-I but they 
do not inhibit antigen presentation (Furman et al. 2002a; Huber et al. 2002; Tirabassi 
and Ploegh 2002). US2 and US11 retrotranslocate the HC from the ER to the 
cytosol for proteasomal degradation (reviewed in van der Wal et al. 2002). US3 
binds MHC-I and causes ER retention (Ahn et al. 1996; Jones et al. 1996). US6 
inhibits peptide transport and prevents ATP hydrolysis by TAP (Hewitt et al. 2001). 
Since the molecular function of these molecules has been reviewed extensively in 

  Fig. 2 CMVs encode multiple MHC-I modulators. An illustration of HCMV and MCMV 
mechanisms of MHC-I modulation. For details and references see the text. Both US2 and US11 
cause the retrotranslocation of MHC-I heavy chains from the ER to the cytosol where they are 
degraded by the proteasome. Retrotranslocation is achieved by different mechanisms with US11 
employing derlin-1, whereas US2 interacts with SPP. The transport of peptides via TAP is 
blocked by US6, inhibiting the ATP-hydrolysis step. US3 associates with the peptide loading 
complex and prevents optimal peptide loading in a tapasin (tpn)-dependent manner by causing the 
degradation of PDI. MCMV m04 forms a complex with MHC-I in the ER and at the cell surface, 
preventing T cell recognition. m06 redirects MHC-I to lysosomes for degradation. m152 retains 
MHC-I molecules in the ERGIC by an as yet unknown mechanism  
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the past, here we focus on recent findings regarding host molecules interacting with 
US2, US11, and US3, along with studies in MCMV characterizing the role of 
VIPRs in vivo. 

  US2 and US11 Cause Retrotranslocation of MHC-I Heavy Chains 
by Distinct Means 

 Both US2 and US11 interact with BiP (Hegde et al. 2006) and require a func-
tional ubiquitin system (Hassink et al. 2006), but each has a distinct HLA allele 
specificity (van der Wal et al. 2002; Barel et al. 2006) and different requirements 
for function (Furman et al. 2002b). HC is ubiquitinated during US2, but not dur-
ing US11- mediated degradation (Hassink et al. 2006), and each requires differ-
ent cellular interactors for function (Lilley and Ploegh 2004; Hassink et al. 2006; 
Loureiro et al. 2006). HC dislocation by US11 is mediated by its transmembrane 
domain (Lilley et al. 2003), which contains a Gln residue essential for disloca-
tion but not for the interaction with MHC-I (Lilley et al. 2003). Screening for 
cellular proteins interacting with US11 but not with the Gln-mutant identified 
Derlin-1, whose yeast homolog is required for the degradation of a subset of ER 
proteins (Lilley and Ploegh 2004). Independently, Derlin-1 was identified as a 
multiple transmembrane domain protein responsible for recruiting to the ER the 
cytosolic ATPase p97, a protein required for retrotranslocation (Ye et al. 2004). 
Both studies further proposed that Derlin-1 is a component of the retrotransloca-
tion channel. 

 Interestingly, a dominant negative Derlin-1 failed to prevent dislocation by US2 
(Lilley and Ploegh 2004). A screen for cellular proteins interacting with wild type but 
not dislocation-defective US2 implicated signal peptide peptidase (SPP) in HC dis-
location by US2 but not US11 (Loureiro et al. 2006). While the cytosolic tail of US2 
is required for SPP binding, it is not sufficient for dislocation since US2 containing 
the CD4 transmembrane domain was unable to cause dislocation. This indicates a 
necessary interaction between the US2 transmembrane domain and either SPP or 
some other protein (Loureiro et al. 2006). Thus, US2 and US11 might have evolved 
independently to achieve MHC-I destruction by different molecular means. 

   US3 Inhibits Optimal Peptide Loading 

 Recently two studies have further investigated the molecular mechanisms by which US3 
retains MHC-I in the ER (Park et al. 2004, 2006). Both studies revealed that US3 
prevented the optimization of peptide loading onto MHC-I heterodimers. Peptide 
loading is optimized by Tapasin, which forms a transient complex with empty MHC-I, 
and TAP and releases MHC-I peptide complexes (Schoenhals et al. 1999; Grandea and 
Van Kaer 2001; Purcell et al. 2001; Williams et al. 2002; Cresswell et al. 2005). The 
availability of MHC-I binding peptides regulates the duration of this transient complex 
resulting in fast (tapasin- independent) and slowly exiting (tapasin-dependent) 
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MHC-I alleles (Thammavongsa et al. 2006). US3 was shown to preferentially retain 
tapasin-dependent MHC-I alleles by inhibiting their acquisition of high-affinity peptides, 
whereas tapasin-independent alleles were not affected (Park et al. 2004). The same group 
recently identified a critical role of PDI in stabilizing the peptide-receptive site of MHC-I 
by regulating the oxidation of the α2 disulfide bond in the peptide-binding groove (Park 
et al. 2006). Interestingly, PDI protein levels were decreased in the presence of US3 and 
a complex between US3 and PDI is stabilized by proteasome inhibitors. By degrading 
PDI, US3 inhibits the binding of high-affinity peptides to tapasin-dependent alleles of 
MHC-I. Since PDI and tapasin are part of the peptide loading complex and can be co-
immunoprecipitated, it is likely that previously observed interactions between US3 and 
MHC-I or tapasin are the result of US3 entering the peptide loading complex (Park et al. 
2006). 

    MCMV as a Model System for CMV Interference 
with MHC-I Expression 

 MCMV does not encode homologs of the HCMV VIPRs, but encodes its own 
VIPRs m04, m06, and m152 (see Fig. 2; recently reviewed in Reddehase et al. 
2004; Pinto and Hill 2005). The gp34 protein encoded by m04 does not reduce 
MHC-I surface levels but forms a tight association in the ER and accompa-
nies MHC-I to the cell surface (Kleijnen et al. 1997; Kavanagh et al. 2001) where 
it is able to inhibit cytotoxic T cell lysis by an unknown mechanism (Pinto and Hill 
2005). The m06-encoded gp48 associates with MHC-I and directs this complex to 
the lysosomes where both are destroyed (Reusch et al. 1999). Lastly, m152 encodes 
gp40, which retains MHC-I in the ERGIC (Ziegler et al. 1997). Interestingly, MHC-
I retention occurs in the absence of a detectable biochemical interaction (Ziegler 
et al. 1997; Pinto and Hill 2005). Since HCMV cannot infect immunocompetent 
experimental animals, the MCMV VIPR system has been used to determine the role 
of MHC-I inhibitors in the context of CMV infection in vivo. 

 Initial studies in immunocompromised mice have suggested a role for m152/
gp40 in controlling the CD8 +  T cell response to the virus and being responsible for 
increased viral titers (Krmpotic et al. 1999). It was further demonstrated that m152/
gp40 protected MCMV from adoptively transferred epitope-specific T cells 
(Holtappels et al. 2004), the first (and so far only) experiment showing a VIPR 
preventing viral peptide presentation in vivo. In contrast, the m152/gp40-deleted 
virus induced a CD8 +  T cell response to the immunodominant M45 epitope that 
was similar to WT-MCMV in C57BL/6 mice (Gold et al. 2002). Moreover, the 
CD8 +  T cell response to MCMV lacking all three VIPRs was very similar to that 
induced by WT (Gold et al. 2004; Munks et al. 2007). An important conclusion 
from these studies was that VIPRs do not seem to influence the induction of CD8 +  
T cell responses, suggesting that passive presentation of infected cells (cross-pres-
entation) rather than direct presentation of virus-derived peptides by infected cells 
induces the T cell response. 
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 Unexpectedly, the genome copy numbers of the triple-deleted virus were com-
parable to WT MCMV during the acute phase of infection, although this could 
be explained by NK cell control early in infection prior to the robust CD8 +  T cell 
response (Gold et al. 2004). Even more surprising was the ability of the triple 
knockout to establish infection for at least 6 weeks, after which it was able to 
reactivate upon immunosuppression the mice (Gold et al. 2004). Perhaps the 
redundancy of immune evasion mechanisms, most notably the modulation of T 
cell and NK cell activating signals (see Sects. 2.3 and 3 below), enables this dele-
tion virus to survive. It is also possible that VIPRs facilitate transmission since 
salivary gland titers of the triple-deleted virus were lower than WT virus (Lu 
et al. 2006). It is further conceivable that VIPRs are required for superinfection 
of CMV-immune individuals (Booth et al. 1993; Boppana et al. 2001; Rizvanov 
et al. 2003). Finally, the use of inbred laboratory mice might not accurately 
reflect the infection and spread of CMV in an outbred population. Thus, addi-
tional studies of animal CMVs in outbred populations might help to establish the 
role of VIPRs in vivo.  

  CMV Interference with T Cell Costimulation 

  HCMV UL144 

 UL144 encodes the only known tumor necrosis factor receptor superfamily mem-
ber (TNFRSF) among herpesviruses (Locksley et al. 2001; Croft 2003; Ware 
2003) (TNFR-homologs are widespread in poxviruses). UL144 shows strong 
sequence similarity to the herpes simplex virus entry mediator (HVEM) (Benedict 
et al. 1999). Recently, both HVEM and UL144 have been shown to interact with 
B and T lymphocyte attenuator (BTLA), a member of the Ig superfamily that 
negatively regulates T cell proliferation (Cheung et al. 2005). The interaction 
with BTLA suggests that UL144 mimics the inhibitory co-signaling function of 
HVEM. UL144 was further shown to induce NFκB-dependent transcription by 
sequestering TRAF6 (Poole et al. 2006). The UL144 gene shows significant 
strain-specific variability of up to 21% difference in the nucleotide as well as the 
amino acid sequence (Lurain et al. 1999; Arav-Boger et al. 2002). The polymor-
phism of UL144 was investigated in the context of congenital CMV disease. 
Although some groups reported a significant association between the UL144 
subtype and the outcome of the CMV infection (Arav-Boger et al. 2002, 2006; 
He et al. 2004; Tanaka et al. 2005), there are other reports claiming the opposite 
(Bale et al. 2001; Murayama et al. 2005; Picone et al. 2005; Mao et al. 2007). 
Interestingly, a natural variant of RhCMV, strain 180.92, was recently reported 
to lack UL144, which is present in strain 68.1 (Hansen et al. 2003; Rivailler et al. 
2006). Natural UL144 variants as well as UL144 deletion might enable in vivo 
studies to address the role of UL144 in immune evasion and CMV disease.  
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  MCMV m147.5 and m138 

 MCMV was recently shown to downregulate two co-stimulatory molecules in T 
cell activation. B7.1 (CD80) is targeted to lysosomes by the Fc receptor m138 
(Mintern et al. 2006) and B7.2 (CD86) cell surface expression is reduced by 
m147.5 (Loewendorf et al. 2004). m147.5 encodes a predicted 23-kDa type IIIb 
transmembrane protein named modB7.2, which is encoded in two exons in ORF 
m147 and complementary to ORF m149. m147.5 is highly conserved among 
 different MCMV strains (Smith et al. 2006), which correlates with B7.2 conserva-
tion. m138 encodes a type 1 glycoprotein Fc receptor measured at 75–80 kDa 
(Mintern et al. 2006). Also implicated in modulating NKG2D ligand expression 
(see above in this section), m138 is able to redirect B7.1 to lysosomes independent 
of its cytoplasmic tail and transmembrane domain (Mintern et al. 2006). It is 
interesting to note that although deletion of the Fc receptor attenuates MCMV 
in vivo, this is not due to antibody control (Crnkovic-Mertens et al. 1998). 
Rather, these studies suggest that it may be due to a combination of other evasion 
strategies by m138. Downregulation of the B7 costimulatory family has so 
far not been reported for primate CMVs that do not contain m147.5 or m138 
homologs, although HCMV does contain two distinct Fcγ receptors (Atalay et al. 
2002).    

  Escaping the Natural Killer Cell Response 

 While the epitope-specific adaptive T cell response is central to the long-term 
immune control of HCMV, natural killer cells (NK cells) are important during 
primary infection prior to the onset of the adaptive immune response (reviewed 
by Tay et al. 1998). There is also some evidence that humans with defects in their 
NK cell response are extremely susceptible to infections by herpesviruses (Biron 
et al. 1989). NK cells are regulated by the integration of activatory and inhibitory 
signals generated by a set of cell surface receptors that is unique to each NK cell 
clone (reviewed by Lanier 1998). In primates, the killer cell immunoglobulin-like 
receptor (KIR) family binds to HLA-A,B,C, and G. KIRs are composed of acti-
vating and inhibitory molecules and the clonotypic array of receptors determines 
the specificity of each NK cell clone with regard to their MHC-I recognition. 
Mice do not have KIR receptors. Instead, KIR-analogous functions are performed 
by the Ly49 family of lectin-like receptors. A general rule is that NK cells cannot 
kill cells expressing a full complement of autologous MHC-I allotypes, but can 
kill cells lacking MHC-I (missing self). As a result of MHC-I downregulation, 
CMV-infected cells should be excellent targets for NK cells. Indeed, increased 
lysis of HCMV-infected cells, as well as cells transfected with viral MHC-
evasion genes, can be observed for some human NK cell clones (Huard and Fruh 
2000). However, HCMV has also devised clever strategies to prevent NK cell 
activation. 
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  MHC Class I Homologs and NK Cell Evasion Proteins 

 One strategy used by CMVs to prevent missing self is to express decoy MHC-I like 
molecules that trigger inhibitory NK cell receptors. 

    The MHC-I homology of UL18 was originally discovered during the sequencing 
of the AD169 genome (Beck and Barrell 1988). UL18 was later shown to bind 
β2-microglobulin (Browne et al. 1990) and endogenous peptides (Fahnestock 
et al. 1995). This ORF is conserved in chimpanzee CMV (ChCMV) (Davison 
et al. 2003), but not in rhesus CMV (RhCMV) (Hansen et al. 2003). UL18 is a 
ligand for the leukocyte immunoglobulin-like receptor 1 (LIR-1) (Cosman et al. 
1997), an inhibitory receptor that is widely expressed in macrophages, dendritic 
cells, as well as subsets of NK cells (Colonna 1998), and is the only LIR family 
member expressed by T cells (Borges and Cosman 2000). LIR-1 is highly 
expressed on HCMV-specific cytotoxic T lymphocytes (Antrobus et al. 2005; 
Northfield et al. 2005) and on lymphocytes in lung-transplanted patients weeks 
before development of CMV disease (Berg et al. 2003). The widespread expres-
sion of LIR-1 suggests multiple possible functions of UL18, but also compli-
cates the interpretation of results obtained with UL18-deleted viruses or 
UL18- transfected cells. LIR-1 interacts with the α3 domain of MHC-I (Willcox 
et al. 2003) but binds to UL18 1,000-fold stronger than to MHC-I (Borges et al. 
1997; Cosman et al. 1997; Chapman et al. 1999). However, the UL18 gene 
shows substantial strain variations that differ in their affinity to LIR-1 (Vales-
Gomez et al. 2005). UL18 is expressed on the surface of HCMV-infected cells 
(Park et al. 2002; Griffin et al. 2005) and escapes the MHC-retaining or -degrading 
functions of the US6 family (Park et al. 2002). However, initial results that 
UL18 expression inhibited NK cell lysis through the lectin-like receptor CD94 
(Reyburn et al. 1997) were later disputed since UL18 actually increased the 
susceptibility of infected or transfected fibroblasts to NK cell killing (Leong 
et al. 1998; Odeberg et al. 2002). Moreover, the response of CD94/NKG2C +  NK 
cells was independent of UL16, UL18, and UL40, as well as 19 clinical strain-
specific viral genes, but was impaired when cells were infected with a mutant 
lacking the US2–11 gene region (Guma et al. 2006). However, fibroblasts 
infected with an HCMV UL18 deletion mutant exhibited enhanced susceptibil-
ity to NKL killing (Robertson et al. 1996) relative to cells infected with the 
parental virus (Prod’homme et al. 2007). While this study supports a role of 
UL18 in NK evasion, others reported a T cell stimulatory function of UL18. 
Co-incubation of PMBC from CMV- seropositive donors with virus-infected 
lung fibroblasts leads to T cell-dependent secretion of IFN-γ, which was signifi-
cantly reduced when the lung fibroblasts were infected with a UL18 deletion 
mutant (Wagner et al. 2007). Moreover,  resting and activated CD8 +  T cells lysed 
UL18-expressing cells irrespective of their Ag-specificity, in a non-MHC-
restricted fashion, whereas cells infected with CMV defective for UL18 were 
not killed (Saverino et al. 2004). Thus, the role of UL18 in viral immune evasion 
is still unclear. 
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   Sequencing of the MCMV genome also revealed an MCMV-MHC I homolog, 
m144, (Rawlinson et al. 1996), which also binds to β2-microglobulin but does 
not seem to bind peptides (Chapman and Bjorkman 1998) due to a misfolded 
peptide binding domain (Natarajan et al. 2006). m144 is polymorphic (Smith 
et al. 2006) and partially inhibits NK cell responses in vitro (Kubota et al. 
1999). A role of m144 in NK cell evasion is supported by the finding that rep-
lication of m144-deleted MCMV is restricted in vivo, but normal upon NK cell 
depletion (Farrell et al. 1997). However, the receptor for m144 is currently 
unknown.   

  The UL40 Protein 

 The inhibitory CD94/NKG2A receptor recognizes the nonpolymorphic human 
HLA-E or mouse Qa-1b molecule (Lee et al. 1998). HLA-E displays signal 
sequence peptides of classical MHC-I molecules at the cell surface, thus allow-
ing NK cells to monitor MHC-I expression in parallel to interaction of MHC-I 
with the KIR/Ly49 family (Braud et al. 1997; Vance et al. 1998; Ulbrecht et al. 
2000). Remarkably, the glycoprotein UL40 of HCMV encodes a signal sequence 
that is identical to that of classical HLA-C molecules and can thus be presented 
by HLA-E (Tomasec et al. 2000; Ulbrecht et al. 2000). Loading of the UL40 
signal peptide is independent of TAP, whereas the loading of HLA-signal 
sequences is TAP-dependent. Thus, HCMV ensures surface expression of high 
levels of peptide-loaded HLA-E, even upon TAP inhibition by US6 and MHC-I 
destruction by US2-US11. In vitro experiments showed that fibroblasts infected 
with wild type, but not UL40-deleted HCMV were protected against lysis by 
CD94/NKG2A-positive NK cell lines as well primary NK cells (Wang et al. 
2002). Thus it was concluded that HCMV counteracts NK cell activation by the 
US6 family, at least for NKG2A-expressing NK cell clones. However, this was 
disputed by another study that found increased recognition of US2–11-deleted 
HCMV regardless of the presence or absence of UL40 (Falk et al. 2002). 
Moreover, it was recently shown that NK-CTLs (CD3 + CD8 + TCRαβ + )  recognize 
peptides in an HLA-E restricted fashion (Pietra et al. 2001; Romagnani 
et al. 2002, 2004; Moretta et al. 2003). NK-CTLs efficiently killed CMV-infected 
cells by recognizing the HLA-E presented UL40-derived peptide VMAPRTLIL 
(identical to HLA-C) resulting in the induction of cytotoxicity, IFN-γ production, 
and cell proliferation (Pietra et al. 2003; Mazzarino et al. 2005). Strain variants 
of UL40 further encode other HLA-E-binding peptides (Tomasec et al. 2000; 
Cerboni et al. 2001). The VMAPRTLIL-sequence is identical in chimpanzee and 
gorilla MHC-I, but it is not known whether the slightly altered sequence 
(TMAPKTLLI) of the ChCMV UL40 homolog can serve as a decoy for HLA-E. 
There is currently no evidence that MCMV or RhCMV displays a similar evasion 
mechanism.  
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  NK Cell Modulation by UL14 and UL141 

 UL14 and UL141 show significant homology and have been grouped into the UL14 
family (Davison et al. 2003). UL141 resides in the ER and retains the poliovirus 
receptor (CD155) (Tomasec et al. 2005), a ligand for the activating NK receptors 
DNAM-1 (CD226) and TACTILE (CD96). UL141 showed specificity for CD155 
in that it did not influence the expression of nectin-2 (CD112), another reported 
ligand for CD226 (Bottino et al. 2003). 

 UL14 also encodes an EndoH-sensitive, ER-resident glycoprotein that pro-
vides efficient protection to NK cell-mediated attack by NK cell lines and inter-
feron-activated bulk cultures in allogeneic and autologous assays. Although 
exhibiting homology to UL141, the mechanism of UL14-mediated protection 
seems to be different from UL141. In contrast to several other NK cell evasion 
molecules, the UL14 family is highly conserved among different HCMV strains 
(Ma et al. 2006) (although UL141 is often lost in laboratory isolates). Moreover, 
homologous proteins are found in both human and nonhuman primate CMVs 
(Davison et al. 2003; Hansen et al. 2003). This conservation suggests that 
retaining the respective NK cell ligands is important for the pathogenesis of 
primate CMVs.  

  Retention of NKG2D Ligands by UL16 

 During a search for ligands of the nonessential HCMV-glycoprotein UL16, MIC-B, 
a nonpolymorphic, stress-induced MHC-I-like protein, but not MIC-A, was 
observed to bind to UL16 (Cosman et al. 2001). In addition, two members of a 
novel family of GPI-linked proteins, termed UL-binding proteins (ULBP1 and 
ULBP2) were observed to bind to UL16 (Kubin et al. 2001), whereas the other two 
members of that family (ULBP3 and ULBP4) did not (Rolle et al. 2003; Welte 
et al. 2003). The specificity of UL16 in binding only some of these closely related 
family members seems to be due to sequence differences in their α2 domain, which 
could be shown for MIC-A and MIC-B (Spreu et al. 2006). ULBPs show a low 
homology to MHC-I as well as to MIC. However, they lack the α3 domain and do 
not bind β2m. Importantly, ULBP1 and ULBP2 bind to NKG2D and thus seem to 
be able to stimulate NK cell as well as T cell activity in a manner that is similar 
to MIC (Sutherland et al. 2002). This binding can be inhibited by UL16, which 
counteracts the cell surface expression of the NKG2D ligands by retaining them in 
the ER (Dunn et al. 2003; Rolle et al. 2003; Welte et al. 2003; Wu et al. 2003). ER 
localization of UL16 requires the transmembrane and cytoplasmic domains (Vales-
Gomez and Reyburn 2006), while the ectodomain is associated with ULBP1, 
ULBP2, and MICB.  
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  Downregulation of the NKG2D Ligand MICA by UL142 

 The HCMV MHC-class-I-like molecule UL142, which has a homolog in ChCMV 
but not in RhCMV (Davison et al. 2003; Wills et al. 2005), inhibits NK cell lysis 
by downregulating MIC-A (Wills et al. 2005; Chalupny et al. 2006). Interestingly, 
only the full-length alleles of MIC-A are targeted by the viral protein, whereas the 
MICA 008 allele, which has a truncated transmembrane region, is not affected by 
UL142 (Zou et al. 2005; Chalupny et al. 2006). MIC-A is the ligand of the activat-
ing NK cell receptor NKG2D, a lectin-like receptor that is not only expressed on 
NK cells, but also on CD8 +  T cells as well as γδ +  T cells (Bauer et al. 1999). Since 
NKG2D exists only as an activating receptor, the missing self principle does not 
apply given that stimulation of NK cells is observed even if a full set of MHC I 
molecules is expressed on the target cells (Bauer et al. 1999). Thus, downregula-
tion of MIC-A increases the activation threshold of NKG2D-expressing NK cells 
and T cells.  

  Downregulation of Murine NKG2D Ligands by m138, m145, 
m152, and m155 

 MIC proteins are not conserved in rodents. The NKG2D ligands identified in 
mice include retinoic acid early inducible gene-1 (RAE-1) (Cerwenka et al. 
2000), which has five different isoforms (RAE-1α, β, γ, δ, and ε), the minor 
histocompatibility antigen H60 (Malarkannan et al. 1998; Diefenbach and Raulet 
2003) and the murine UL16-binding protein-like transcript (MULT)-1 glycoprotein 
(Carayannopoulos et al. 2002; Diefenbach et al. 2003). All three of these ligands are 
targeted by MCMV to prevent NK cell activation through NKG2D. Three of the 
four MCMV genes identified thus far that act on NKG2D ligands are members of 
the m145 gene family (m145, m152, and m155). An initial report of the classical 
MHC-evasion gene m152 playing a role in NK cell evasion in vivo (Krmpotic et al. 
2002) led to the discovery that m152 reduced surface expression of all five isoforms 
of RAE-1, but not H60 (Lodoen et al. 2003). H60 was later shown to be targeted for 
downregulation by the m155 gene (Lodoen et al. 2004; Hasan et al. 2005) and by 
the Fc receptor m138 (Lenac et al. 2006). Lastly, MULT-1 is also targeted by m138 
(Lenac et al. 2006) as well as m145 (Krmpotic et al. 2005). Importantly, each study 
showed that viruses that independently lack m138, m145, m152, or m155 have an 
NK cell-dependent attenuation in vivo compared to wild type and revertant viruses. 
The fact that MCMV targets each of the NKG2D ligands and that viruses lacking 
any one of these modulators is attenuated in vivo underlines the critical importance 
of this innate response to viral infection. Interestingly, m145 and m155 display 
 significant sequence variations among different MCMV strains, while the protein 
m152 is highly conserved, which could reflect polymorphism of their respective 
targets (Smith et al. 2006).  
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  Activation of Ly49H by m157 

 C57BL/6 mice are relatively resistant to MCMV, whereas Balb/c mice are more 
susceptible due to the cmv-1 genetic locus (Scalzo et al. 1990) encoding the 
Ly49 NK-cell receptor complex (Scalzo et al. 1995). Further mapping revealed 
that the cmv-1 resistance trait corresponded to the Ly49H NK cell receptor 
gene (Brown et al. 2001; Lee et al. 2001; Scalzo 2002; Dimasi and Biassoni 
2005) and depletion of NK cells expressing Ly49H-enhanced MCMV titers in 
the resistant C57BL/6 mouse strain (Daniels et al. 2001). Of note, the clearance 
of MCMV by Ly49H NK cells cannot be overcome by the effects of m152 
(Krmpotic et al. 2002). Since Ly49H is an activating receptor, it seemed plausi-
ble that the ligand was expressed on MCMV-infected cells. It turned out that 
Ly49H directly recognizes a viral protein (Arase et al. 2002; Smith et al. 2002), 
the ORF m157 encoding a predicted GPI-linked protein with structural homol-
ogy to nonclassical MHC molecules. m157 is a ligand for both the activating 
receptor Ly49H and inhibitory receptor Ly49I (Arase et al. 2002; Smith et al. 
2002). Thus, the effects of m157 expression depend on Ly49 receptor expres-
sion, which varies in mouse strains. Ly49 homodimerization also seems to be 
crucial for the interaction with m157, which is not the case for the interaction 
with MHC class I (Kielczewska et al. 2007). Deletion of the m157 gene from the 
MCMV genome results in a virus that is less susceptible to the host immune sys-
tem compared to WT in Ly49H +  mice (Bubic et al. 2004). m157 is highly varia-
ble in wild mice and several of these isolates are unable to bind to Ly49H (Voigt 
et al. 2003). 

 Using 3D homology searches, Smith et al. predict that as many as 12 open 
 reading frames in the genome of MCMV show limited homology to nonclassical 
MHC molecules (Arase et al. 2002; Smith et al. 2002). Moreover, MCMV mutants 
lacking genes of the m02 gene family encoding additional putative type I mem-
brane glycoproteins were attenuated but grew normally upon NK cell depletion 
(Oliveira et al. 2002). Thus, it seems that ligands for activating and inhibitory NK 
cell receptors might be a widespread feature of the MCMV genome and that many 
of the unknown open reading frames encoding glycoproteins might encode 
immune- regulatory proteins. In fact, stocks of wild-derived inbred mice are natu-
rally resistant to MCMV due to NK cells, and multiple loci are responsible for this 
resistance. One NK cell-dependent viral resistance mechanism was mapped to 
Cmv4, which most likely encodes for a new NK activating receptor (Adam et al. 
2006). Non-Ly49-depedendent MCMV resistance was also reported for NZ mice 
(Rodriguez et al. 2004). In addition, MCMV resistance of MA/My mice was 
mapped to H2k-linked nonclassical MHC-I genes (Dighe et al.; Xie et al. 2007). 
Thus, CMVs might encode multiple, polymorphic NK cell evasion molecules to 
counteract the natural resistance mediated by a host of activation receptor 
combinations.  
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  The Rat Cytomegalovirus RCTL Protein 

 Within the numerous NK- and NKT-cell receptors, the c-type lectin-like NKP-
P1 family recognizes members of the Clr-family (Iizuka et al. 2003). Clr-b, 
which is expressed on a wide range of cells, serves as a ligand for NKR-P1 
(Carlyle et al. 2004). This interaction transmits an inhibitory NK cell signal. 
Recently Hao et al. were able to show that infection with RCMV leads to a 
nearly complete loss of Clr-b expression (Hao et al. 2006), which should nor-
mally lead to an enhanced susceptibility of the host cell to NK cell-mediated 
killing. Interestingly, this is not the case. In vivo studies with a RCTL knockout 
mutant of RCMV further showed that the virus displays a diminished virulence 
in a strain-dependent manner controlled by host NKR-P1 polymorphism (Voigt 
et al. 2007). RCTL exhibits homology to Clr-b (Voigt et al. 2001; Mesci et al. 
2006), and it is most likely that it serves as a decoy for NKR-P1, sustaining the 
inhibitory NK cell signaling.   

  Perspectives 

 CMVs encode more than 100 genes that are nonessential for growth in vitro (Yu 
et al. 2003) and hence are likely to modulate the virus–host interaction in vivo. This 
list includes all of the immune modulatory genes discussed here, but also a number 
of genes with unknown function. Thus, one of the continuing goals of research in 
immune modulation of HCMV will be to determine the function of nonessential 
ORFs. However, defining the effects of unknown ORFs on the host cell or host 
organisms can be daunting, particularly since HCMV does not infect immunocom-
petent animals. These obstacles can be, at least partially, overcome by using high 
throughput technologies to identify host protein interacting with or destroyed by 
CMV ORFs. Examples are quantitative proteomics technologies (Bartee et al. 
2006), yeast two-hybrid screening (Uetz et al. 2006), or protein profiling using TAP 
tags (Holowaty et al. 2003). Additional information can be obtained by studying the 
role of homologous ORFs in murine, rat, and rhesus CMV in acute and latent infec-
tion. Since many of the HCMV immune modulators have homologs in the RhCMV 
genome, this emerging model will be particularly useful to provide new information 
on unknown ORFs. In addition, the RhCMV model will be used to study the func-
tion of homologs of HCMV immune modulators with known functions in vitro, but 
not in vivo (Lockridge et al. 2000; Pande et al. 2005). 

 The demonstration that viral microRNAs (miRs) inhibit the expression of the 
NKG2D-ligand MicB (Stern-Ginossar et al. 2007) recently also implicated noncod-
ing parts of the viral genome in immune evasion. Since HCMV encodes a panel of 
miRs (see the chapter by P.J.F Rider et al., this volume), it can be expected that 
additional host cell miR targets involved in immune stimulation will be discovered. 
Thus, the immune evasion toolbox of CMVs still holds many surprises.   
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   Cytomegalovirus Vaccine Development 

   M.   R.   Schleiss     

   Abstract   Although infection with human cytomegalovirus (HCMV) is ubiquitous 
and usually asymptomatic, there are individuals at high risk for serious HCMV 
disease. These include solid organ and hematopoietic stem cell (HSC) transplant 
patients, individuals with HIV infection, and the fetus. Since immunity to HCMV 
ameliorates the severity of disease, there have been efforts made for over 30 years 
to develop vaccines for use in these high-risk settings. However, in spite of these 
efforts, no HCMV vaccine appears to be approaching imminent licensure. The 
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reasons for the failure to achieve the goal of a licensed HCMV vaccine are 
complex, but several key problems stand out. First, the host immune correlates 
of protective immunity are not yet clear. Secondly, the viral proteins that should 
be included in a HCMV vaccine are uncertain. Third, clinical trials have largely 
focused on immunocompromised patients, a population that may not be relevant to 
the problem of protection of the fetus against congenital infection. Fourth, the ulti-
mate target population for HCMV vaccination remains unclear. Finally, and most 
importantly, there has been insufficient education about the problem of HCMV 
infection, particularly among women of child-bearing age and in the lay public. 
This review considers the strategies that have been explored to date in development 
of HCMV vaccines, and summarizes both active clinical trials as well as novel 
technologies that merit future consideration toward the goal of prevention of this 
significant public health problem.    

   Spectrum of HCMV Disease, Rationale for Vaccine, 
and Target Population 

  Congenital HCMV Infection: A Major Public Health Problem 

 The problem of congenital HCMV infection is unquestionably the major driving 
force behind efforts to develop a HCMV vaccine. In the developed world, 
HCMV is the most common congenital viral infection (Whitley 1994). Estimates 
of the prevalence of congenital HCMV infection suggest that between 0.5% and 
2% of all newborns in the developed world are infected in utero (Demmler 
1996). In the United States alone, this corresponds to approximately 40,000 
infected newborn infants born annually with HCMV infection. The concern is 
particularly acute for HCMV-seronegative women of child-bearing age. Based 
on recent HCMV incidence estimates, approximately 27,000 new infections are 
believed to occur among seronegative pregnant women in the United States each 
year (Colugnati et al. 2007). Approximately 10% of congenitally infected 
infants have clinically evident disease in the newborn period, including visceral 
organomegaly, microcephaly with intracranial calcifications, chorioretinitis, and 
skin lesions including petechiae and purpura. Although the majority of congeni-
tally infected infants appear normal at birth, these children are nonetheless at 
risk for neurodevelopmental sequelae, in particular sensorineural hearing loss 
(SNHL). Antiviral therapy in infected newborns with neurologic involvement is 
of value in ameliorating the severity and progression of SNHL (Kimberlin et al. 
2003), but the toxicities of available antiviral agents are of concern, and the 
benefits of therapy are limited. Therefore, there are few medical interventions 
currently available to prevent or limit HCMV-induced neurological morbidity in 
infants, underscoring the urgent need for vaccine development.  



  Healthcare Costs Associated with Congenital HCMV Infection: 
A Compelling Argument for Vaccine Development 

 The economic burden on the healthcare system in caring for neurodevelopmental 
disability in early childhood caused by congenital HCMV infection is substantial. 
Congenital HCMV infection is the most common infectious cause of brain dam-
age in children, and HCMV causes more hearing loss in children than did  
Haemophilus influenzae  meningitis in the pre-Hib vaccine era (Pass 1996). The 
economic costs to society associated with congenital HCMV infection present a 
compelling  argument for vaccine development. In the early 1990s, the expense to 
the US healthcare system associated with congenital HCMV infection was esti-
mated at approximately $1.9 billion annually, with an average cost per child of 
over $300,000 (Arvin et al. 2004). Children with congenital HCMV infection often 
require long-term custodial care and extensive medical and surgical interventions. 
A recent economic analysis by the Institute of Medicine (IOM) examined the 
 theoretical cost- effectiveness of a hypothetical HCMV vaccine based on quality 
adjusted life years (QALYs). QALYs quantify the acute and chronic problems 
caused by an illness. Employing this model, the more severe or permanent the 
sequelae, the larger the potential benefit conferred by an effective intervention will 
be. Not surprisingly, a hypothetical HCMV vaccine administered to 12-year-olds 
was in the level 1 group (the group for which a vaccine development strategy 
would save society money), and in fact was the single most cost-effective 
 vaccine identified (Stratton et al. 1999). Thus, the economic benefit of HCMV 
vaccination holds the highest priority for any hypothetical new vaccine.  

  HCMV Vaccine: What Is the Ideal Target Population? 

  Perinatal and Early Childhood HCMV Infection 

 One strategy for vaccine-mediated prevention of HCMV would be to target acquisi-
tion of primary infection in infancy and early childhood. Perinatal acquisition of 
HCMV may occur by one of three different routes: exposure to HCMV in the birth 
canal during labor and delivery, transmission of HCMV by blood transfusion, or 
transmission by breast-feeding. In a prospective study in premature infants receiv-
ing breast milk containing HCMV, transmission was observed in 33 of 87 exposed 
infants, and approximately half of these babies developed disease, including 
 hepatitis, neutropenia, thrombocytopenia, and sepsis-like state (Maschmann et al. 
2001). It is uncertain if HCMV infection of low-birth-weight premature infants 
by this route carries any risk of long-term sequelae, and highly speculative as to 
whether maternal immunization programs would play a role in elimination of 
 transmission by breast milk in this vulnerable population. 

 Beyond the immediate neonatal period, an extremely important population for 
primary HCMV infection - and a potential target for implementation of a vaccine 
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program - is the early childhood population, in particular infants and toddlers 
attending group daycare. Although primary HCMV infection may occasionally 
cause mild disease in the toddler, a far greater concern is that the child may serve 
as a vehicle for subsequent infection of a parent. Should a pregnant mother become 
infected, the resulting newborn would then be at significant risk of HCMV disease 
and its attendant sequelae. Such child-to-parent transmission of HCMV has been 
well documented: daycare workers are in particular at increased risk for primary 
HCMV infection (Pass et al. 1990; Murph et al. 1991). Thus, interruption of HCMV 
transmission in the daycare environment could serve as an important efficacy end-
point for vaccine programs. Behavioral interventions and improved education about 
the risks of transmission can also likely play a role in decreasing the likelihood of 
this mode of transmission (Cannon and Davis 2005), but behavioral interventions 
alone are unlikely to completely eliminate the risk of transmission in this setting. 
Development and implementation of HCMV serologic screening programs for 
women of child-bearing age may be of benefit in identifying those women and 
families who might benefit most from behavioral and vaccination strategies aimed 
at interrupting this type of transmission. 

 Clearly, immunization of infants and toddlers prior to acquisition of primary 
HCMV infection is a strategy that should be considered for HCMV disease control. 
Immunization of the infant or toddler could result in secondary benefits for adult 
subjects, particularly mothers, who would be at decreased risk for acquiring infec-
tion from their child. Such an immunization approach has been utilized for rubella 
vaccine, which is routinely administered to young children; in this setting, the 
 primary benefit of vaccination is not the prevention of rubella per se in the child, 
but the prevention of rubella transmission to young women, with the secondary 
benefit of prevention of congenital rubella syndrome in subsequent pregnancies. 
This occurs, in part, through herd immunity, which ultimately benefits all women 
of child-bearing age. Use of mathematical modeling suggests that such an approach 
for a HCMV vaccine would produce benefits similar to those realized by rubella 
vaccination (Griffiths et al. 2001). Thus, the strategy of universal immunization of 
young children against HCMV deserves further consideration. 

 Moreover, universal immunization against HCMV in early life may confer health 
benefits that extend ultimately to men as well as women of child-bearing age. 
Increasingly, HCMV infection has been tied to an increased lifetime risk of illnesses 
such as atherosclerosis, malignancies, inflammatory and autoimmune  diseases, and 
the phenomenon of immune senescence in later life (Soderberg-Naucler 2006). 
Prevention of HCMV infection, and conceivably elimination of infection through 
herd immunity, could provide widespread benefits for human health.  

  Adolescent HCMV Infections 

 Adolescents acquire primary HCMV infections at a high frequency. In a prospective 
study of HCMV-seronegative adolescents, an annual HCMV infection rate of 
13.1% was observed (Zhanghellini et al. 1999). Onset of sexual activity and 



exposure to young children, particularly in childcare settings, have been proposed 
as potential sources of primary HCMV infection in this population. Therefore, 
adolescence may also be an important target population for eventual implementa-
tion of HCMV vaccination programs. In recognition of the importance of 
the adolescent period in acquisition of primary HCMV infection, the Institute of 
Medicine (IOM) modeled its analysis of the potential benefits of a HCMV vaccine 
program upon hypothetical administration of vaccine to the adolescent patient 
(Stratton et al. 1999).  

  HCMV Infection and Disease in the Immunocompromised Patient 

 The potential value of HCMV vaccines is not limited to prevention of congenital 
infection. Bone marrow/stem cell transplant and solid organ transplant patients 
are at high risk for HCMV disease, pneumonitis, enteritis, retinitis, and viremia. 
Although the availability of effective prophylactic and preemptive antiviral 
 therapy has made HCMV a rare cause of mortality in the HSC transplantation 
setting, HCMV-seropositive transplant recipients and seronegative recipients of a 
positive graft have a mortality disadvantage when compared with seronegative 
recipients with a seronegative donor (Boeckh et al. 2003). HCMV seropositivity 
is an important risk factor for impaired graft survival, increased risk of graft-
 versus-host  disease, and other opportunistic infections such as invasive fungal 
infections. Therefore, prevention strategies that employ vaccines capable of stim-
ulating both humoral and cell-mediated immune responses to HCMV may be of 
value in further decreasing the incidence and severity of HCMV disease, as well 
as these other complications of transplantation. Such vaccines could be adminis-
tered to either the transplant recipient or to the HSC donor prior to transplanta-
tion. Whether the same vaccines that might prove successful in this patient 
population would protect against HCMV transmission in women of child-bearing 
age is uncertain.    

  Evidence That Immunity Protects Against HCMV Infection 
and Disease 

  Role of Preconception Maternal Immunity in Protection 
Against Congenital HCMV Transmission and HCMV 
Disease in the Newborn 

 Preconceptual maternal immunity to HCMV clearly provides some degree of pro-
tection against the most devastating forms of congenital infection. In a comparison 
of outcomes of HCMV-infected infants born to mothers who acquired primary 
infection during pregnancy with those of infected infants born to mothers with 
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 preconception immunity, only infants born in the primary-infection group had 
 symptomatic disease at birth. These infants were at the highest risk for long-term 
sequelae (Fowler et al. 1992). However, a recent study suggests that preconceptual 
immunity does not completely eliminate the risk of symptomatic congenital trans-
mission. In this study, some women who were seropositive for HCMV were none-
theless susceptible to reinfection with a new HCMV strain  during pregnancy, and 
such reinfections did lead in some cases to symptomatic disease in the neonate 
(Boppana et al. 2001). In light of these data, a HCMV vaccine may not completely 
eliminate the potential for congenital HCMV transmission. Substantial evidence 
nonetheless strongly suggests that a HCMV vaccine program would protect many 
newborns. Other lines of evidence indicate that preconceptual immunity reduces 
both the incidence of congenital transmission and the severity of disease if trans-
mission occurs. In a recent study that followed over 3,000 women from one preg-
nancy to the subsequent pregnancy and delivery, the rate of congenital HCMV 
infection was three times higher in offspring of women who initially were HCMV 
seronegative (Fowler et al. 2003). Preconception immunity was clearly protective 
in this study and resulted in a 69% reduction of congenital HCMV infection. 
Protection against congenital HCMV infection is enhanced by longer time intervals 
between pregnancies (Fowler et al. 2004). This effect is likely due to maturation of 
antibody avidity against HCMV (Revello and Gerna 2002). Therefore, emphasis 
should be placed on developing HCMV vaccines that are capable of mimicking the 
protective components of natural immunity, particularly antibody avidity, and such 
vaccines would likely have a significant impact on preventing symptomatic con-
genital HCMV infections.  

  Lessons from Adoptive Transfer Studies 

 Additional evidence supporting the protective role of immunity in preventing symp-
tomatic congenital HCMV transmission comes from recently described passive 
immunization studies, using high-titer anti-HCMV immunoglobulin. In this study 
(Nigro et al. 2005), pregnant women with a primary HCMV infection were offered 
intravenous HCMV hyperimmune globulin, in two different dose regimens (therapy 
and prevention groups). In the therapy group, only 1 of 31 women gave birth to an 
infant with HCMV disease (defined as an infant who was symptomatic at birth and 
handicapped at 2 or more years of age), compared with 7 of 14 women in an 
untreated control group. In the prevention group, 6 of 37 women who received 
 hyperimmune globulin during pregnancy had infants with congenital HCMV 
 infection, compared with 19 of 47 women who did not receive the high-titer HCMV 
 globulin. Although uncontrolled, these data support the protective effect of humoral 
immunity in prevention of fetal HCMV-associated disease. Additional randomized 
controlled trials of immune globulin are warranted in high-risk pregnancies, to 
 further validate the protective effect of passive immunization.   
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  Table 1  HCMV vaccines that have undergone evaluation in clinical trials 

 Live, attenuated vaccines

AD169 vaccine Elicited HCMV-specific antibody responses 
  in seronegative vaccine recipients

 Significant injection-site and systemic reactogenicity
 No ongoing studies active
Towne (±rhIL12) Elicits humoral and cellular immune responses
 Favorable safety profile; no evidence for latency 
  or viral shedding in recipients
 Lack of efficacy for HCMV infection; reduced HCMV
  disease in renal transplant recipients
 Augmentation of immunogenicity by inclusion 
  of recombinant IL–12 in phase 1 studies
Towne/Toledo chimera vaccines Favorable safety profile; no evidence for latency or viral
  shedding in recipients
 Attenuated compared to Toledo strain of HCMV
 No efficacy data available
Subunit vaccines

Glycoprotein B/MF59 adjuvant  Favorable safety profile
 (CHO cell expression)
 High-titer neutralizing antibody and strong 
  cell-mediated immune responses
 Efficacy studies ongoing in young women, adolescents, 
  renal transplant patients
Glycoprotein B/canarypox vector Favorable safety profile
 Suboptimal immunogenicity
 Prime–boost effect when administered in combination 
  with Towne vaccine
pp65 (U83)/canarypox vector Favorable safety profile
 Strong antibody and cell-mediated immune responses
 No efficacy data available
gB/pp65/IE1 trivalent DNA vaccine DNA vaccine with poloxamer adjuvant
gB/pp65 bivalent DNA vaccine Phase I studies completed
 Phase 2 study ongoing with bivalent gB/pp65 vaccine 
  in HSC transplant recipients
gB/pp65/IE1 alphavirus replicon  Based on replication-deficient alphavirus technology
 trivalent vaccine Generation of virus-like replicon particles (VRPs)
   Phase I clinical trial recently initiated    

  HCMV Vaccines in Clinical Trials 

 A number of HCMV vaccines have been evaluated in clinical trials. These vaccine 
candidates are summarized in Table  1 . A variety of strategies have been employed, 
but generally HCMV vaccines can be conceptually subdivided into the categories 
of live, attenuated vaccines, and subunit vaccines that target individual proteins 
(see the chapter by W. Gibson, this volume). Progress in study of these vaccines is 
considered the next section. 
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  Live, Attenuated HCMV Vaccines 

 HCMV has been the target of live, attenuated vaccine development efforts since the 
1970s (reviewed in Schleiss and Heineman 2005). The first live, attenuated HCMV 
vaccine candidate tested in humans was based on the laboratory-adapted AD169 
strain. Subsequent trials with another laboratory-adapted clinical isolate, the Towne 
strain, confirmed that live attenuated vaccines could elicit neutralizing antibodies, 
as well as CD4 +  and CD8 +  T lymphocyte responses. The efficacy of Towne vaccine 
was tested in a series of studies in renal transplant recipients. Although Towne 
failed to prevent HCMV infection after transplantation, vaccination did provide a 
protective impact on HCMV disease (Plotkin et al. 1994). Towne vaccine was also 
evaluated in a placebo-controlled study in seronegative mothers who had children 
attending group daycare. This study indicated that immunization with Towne failed 
to protect these women from acquiring HCMV infection from their children. The 
apparent failure of Towne vaccine was in contrast to the protection against reinfec-
tion observed in women with preexisting immunity, who were protected against 
acquiring a new strain of HCMV from their children (Adler et al. 1995). One inter-
pretation of this study is that a HCMV vaccine that induced immune responses 
comparable to natural infection could provide protection of a high-risk patient pop-
ulation, but that the Towne vaccine may be overattenuated for this purpose. The 
molecular basis for the apparent overattenuation of the Towne vaccine remains 
unknown. Recent evidence suggests that the relative defect in Towne vaccine may 
be related to inadequate antigen- specific interferon gamma responses by CD4 +  and 
CD8 +  cells following vaccination (Jacobsen et al. 2006a). An approach to improve 
the immunogenicity of the Towne vaccine is currently being explored, in which 
recombinant interleukin-12 (rhIL-12) is co-administered with Towne vaccine. The 
adjuvant effect of rhIL-12 was associated with increases in antibody titer to glyco-
protein B and improved CD4 +  T cell proliferation responses in this recently reported 
phase I study(Jacobsen et al. 2006b). 

 Another approach to improve the immunogenicity of the Towne vaccine has 
recently been reported, in which a series of genetic recombinant vaccines were 
generated containing regions from the genome of the unattenuated Toledo strain of 
HCMV, substituted for the corresponding regions of the Towne genome (see the 
chapter by E. Murphy and T. Shenk, this volume). These Towne/Toledo chimeras 
retain some, but not all, of the mutations that apparently contribute to Towne 
 vaccine attenuation and were hypothesized to be less attenuated, and hence 
 presumably more immunogenic, than the Towne vaccine. Four independent 
 chimeric vaccines were produced and tested in a double-blinded, placebo- controlled 
study (Heineman et al. 2006). All of the vaccines were well tolerated, and none 
were shed by vaccinees, as assessed by viral culture and PCR analyses of blood and 
body fluids. Thus, these vaccines are sufficiently attenuated to warrant future stud-
ies in seronegative individuals. Concerns about the potential risk of establishing a 
latent HCMV infection have hindered the progress of live, attenuated vaccine stud-
ies, although to date there has been no evidence that any of these approaches have 
resulted in latent or persistent infections in any subject.  
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  Subunit Vaccines 

 Subunit vaccine approaches emphasize specific immunogenic viral proteins, 
expressed by a variety of techniques, and administered either singly or in combina-
tion. The candidate subunit vaccines that are in clinical or preclinical development 
are described in the following sections, along with an overview of the expression 
techniques being employed. 

  Glycoprotein B (gpUL55) Vaccine 

 The humoral immune response to HCMV is dominated by responses to viral glyco-
proteins, present in the outer envelope of the virus particle (see the chapters by 
W. Gibson, this volume and M.K. Isaacson et al., this volume). Of these, the most 
fully characterized is the glycoprotein complex I (gcI) consitisting of gB (gB; 
UL55). All sera from HCMV-seropositive individuals contain antibodies to gB, and 
up to 70% of the neutralizing antibody response is gB-specific (Britt et al. 1990). 
Recombinant vaccines based on gB demonstrate efficacy against disease in murine 
and guinea pig models of cytomegalovirus infection (Rapp et al. 1993; Schleiss 
et al. 2004), providing further support for human efficacy testing. Accordingly, the 
gB protein is the leading candidate for subunit vaccine development and testing and 
the vaccine currently most actively studied in clinical trials. 

 One formulation of HCMV gB currently being explored in clinical trials is a 
recombinant protein expressed in Chinese hamster ovary (CHO) cells. In contrast 
to native gB, this formulation of gB is a truncated, secreted form of the protein, 
modified in two ways to facilitate its expression and purification. First, the proteo-
lytic cleavage site, R-T-K-R, at which gB is normally cleaved into its amino and 
carboxyl moieties, was modified to prevent cleavage of the protein; secondly, a 
stop mutation was introduced prior to its hydrophobic transmembrane domain, 
resulting in a truncated, soluble form of gB (Spaete 1991). The resulting secreted 
protein is purified from CHO cell culture supernatants and used, with adjuvant, as 
a vaccine. Purified recombinant gB vaccine has undergoing safety, immunogenicity, 
and efficacy testing in several clinical trials. The first study of this vaccine was a 
phase I randomized, double-blind, placebo-controlled trial, in adults, in which 
recombinant gB was combined with one of two adjuvants, MF59 or alum (Pass 
et al. 1999). Levels of gB-specific antibodies and total virus-neutralizing activity 
after the third dose of vaccine exceeded those observed in HCMV-seropositive 
controls. Antigen dose was evaluated in a phase I study of 95 HCMV-seronegative 
adult volunteers (Frey et al. 1999), and the immunogenicity and safety of the vac-
cine has been studied in a limited number of toddlers (Mitchell et al. 2002). In all 
studies reported to date, the safety profile of the vaccine has been favorable, 
although injection-site discomfort has been observed. There is currently a double-
blinded, placebo-controlled phase II study of gB/MF59 vaccine ongoing in young 
HCMV-seronegative women who are at high risk for acquisition of primary infec-
tion (Zhang et al. 2006). This study should provide insights into the potential 
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protective efficacy of this vaccine in young women. A recombinant gB study is 
also currently in progress in renal transplant patients. In this study, subjects await-
ing transplantation receive gB vaccine, to test whether the antibody responses 
engendered will contribute to reduction of HCMV viral load following transplan-
tation (P.D. Griffiths, personal communication). 

 Another formulation of recombinant gB has also been evaluated in clinical tri-
als using a vectored vaccine expression system based on a canarypox vector, 
ALVAC, an attenuated poxvirus that replicates abortively in mammalian cells. 
Clinical trials have focused on using ALVAC-gB in a prime-boost approach, in 
which ALVAC vaccine is administered to prime immune responses for subse-
quent boost with live, attenuated vaccine, or recombinant protein. In the first such 
prime-boost study, ALVAC-gB was evaluated alone or in combination with live, 
attenuated Towne vaccine. ALVAC-gB vaccine induced low neutralizing and 
ELISA antibodies in seronegative adults, but subjects primed with ALVAC-gB 
and then boosted with a single dose of Towne developed binding and neutralizing 
antibody titers comparable to naturally seropositive individuals (Adler et al. 
1999). A subsequent study compared three immunization regimens: subunit gB 
vaccine, ALVAC-gB followed by gB/MF59, or both vaccines administered con-
comitantly (Bernstein et al. 2002). All three vaccine approaches induced high-
titer antibody and lymphoproliferative responses, but no benefit for priming was 
detected. Thus, ALVAC-gB priming appears to result in augmented gB-specific 
responses following a boost with Towne vaccine, but not subunit gB/MF59. 

 Another approach used to express gB as a vaccine is the use of an alphavirus 
replicon system. This approach results in generation of virus-like replicon particles 
(VRPs) based on an attenuated Venezuelan equine encephalitis (VEE) expression 
system. Advantages of the VRP approach include the expression of high levels of 
heterologous proteins, the targeting of expression to dendritic cells, and the induc-
tion of both humoral and cellular immune responses to the vectored gene products 
of interest. HCMV gB has been expressed in the VRP system, and these VRPs have 
undergone protein expression analyses in cell culture as well as immunogenicity 
studies in mice. These studies demonstrated that protein expression levels are high-
est in VRPs expressing the extracellular domain of gB. BALB/c mice immunized 
with VRP expressing gB developed high titers of neutralizing antibody to HCMV 
(Reap et al. 2007). Based on these encouraging results, a phase I study of a trivalent 
vaccine including gB has recently been commenced in humans. 

 A final expression approach that has been applied to HCMV gB is DNA 
vaccination. In preclinical studies of HCMV gB DNA vaccines in mice, both the 
full-length gB, as well as a truncated, secreted form expressing amino acids 1-680 
(of a total of 906 gB residues), were evaluated. Immunization with both 
constructs induced neutralizing antibodies, but titers were higher in mice immu-
nized with the DNA encoding the truncated form of gB, which predominately 
elicited IgG1 antibody. In contrast, the full-length gB construct primarily elic-
ited IgG2a antibodies (Endresz et al. 1999). The gB plasmid vaccine that has 
moved forward in human clinical trials is accordingly based on a construct 
encoding a truncated, secreted form of the protein. For clinical trials, HCMV 
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DNA vaccines are currently formulated using the poloxamer adjuvant, CRL1005 
and benzalkonium chloride. In a phase I trial using a bivalent vaccine consisting 
of gB and pp65 (see the next section), 1-mg and 5-mg doses were studied in 
HCMV-seropositive and -seronegative subjects, and appeared to be safe and 
well tolerated (Evans et al. 2004; R. Moss, personal communication). There is 
currently an ongoing multicenter study in HSC patients of this adjuvanted 
 bivalent HCMV DNA vaccine, toward the goal of reducing HCMV viremia and 
 disease in this high-risk patient population.  

  pp65 (ppUL83) Vaccines 

 The cellular immune response to HCMV infection includes MHC class II restricted 
CD4 +  and MHC class I restricted, cytotoxic CD8 +  T lymphocyte responses to a number 
of viral antigens, many of which are found in the viral tegument, the region of the viral 
particle that lies between the envelope and nucleocapsid (see the chapter by R. Kalejta, 
this volume). For vaccination strategies aimed at eliciting T cell responses, most atten-
tion has focused on the pp65 protein (ppUL83). This is in part based on the apparent 
dominance of pp65 in the cellular immune response to HCMV: this protein elicits the 
majority of CD8 +  T lymphocyte responses following HCMV infection (McLaughlin-
Taylor et al. 1994; Wills et al. 1996). The observation that adoptive transfer of pp65-
specific CTL ameliorates HCMV disease in high-risk transplant patients provides 
further support for the study of pp65-based vaccines (Walter et al. 1995). 

 Many of the same expression strategies described for development of candidate gB 
vaccines in clinical trials have been employed for generation of pp65-based vaccines. 
An ALVAC vaccine expressing pp65 was administered to HCMV  seronegative adult 
volunteers in a placebo-controlled trial (Berencsi et al. 2001). The ALVAC/pp65 recipi-
ents developed HCMV-specific CD8 +  CTL responses at frequencies comparable to 
those seen in naturally seropositive individuals. A pp65-based alphavirus/VRP vaccine 
has also been developed, using the approach described above for VRP-gB (Reap et al. 
2007). Support for a VRP-pp65 vaccine approach was garnered in a recent guinea pig 
study, in which the guinea pig CMV (GPCMV) homolog of pp65, the GP83 gene prod-
uct, was studied as a vaccine against congenital GPCMV infection. In this study, the 
VRP-GP83 vaccine improved pregnancy outcomes and reduced maternal viral load 
following early third-trimester viral challenge (Schleiss et al. 2007). The VRP-pp65 
vaccine has entered phase 1 trials in humans, administered in a trivalent formulation 
with gB and IE1 (UL123) VRPs. As noted above, pp65 has also been expressed in a 
DNA vaccine, and is currently being evaluated in a phase II study in BMT recipients, 
co-administered in a bivalent formulation with gB DNA vaccine.  

  IE1 Vaccines 

 Based on the observation that the HCMV IE1 gene is an important target of the 
CD8 +  T cell response to HCMV infection, with IE1-specific responses being 
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identified in up to 40% of HCMV-seropositive subjects (Slezak et al. 2007), this 
gene product is also being evaluated in a number of clinical trials. These studies 
to date have not involved administration of IE1 vaccine alone, but have consisted 
of trivalent vaccines that also contain pp65 and gB. As noted, one expression 
approach that has undergone phase 1 evaluation is that of DNA vaccination. 
A trivalent DNA vaccine targeting gB, pp65, and IE1 (Vilalta et al. 2005) was 
evaluated in a phase 1 trial involving a total of 40 healthy adult subjects (24 
HCMV-seronegative, 16 HCMV-seropositive). Subjects received a 1-mg or 5-mg 
dose of trivalent vaccine in several multidose regimens; safety and immuno-
genicity studies are ongoing (R. Moss, personal communication). IE1 has also 
been expressed using the alphavirus/VRP approach. A trivalent VRP vaccine, 
consisting of the IE1 gene product along with gB and pp65, is currently being 
evaluated in a phase I study (Reap et al. 2007).    

  HCMV Vaccine Approaches in Preclinical Development 

  Alternative Expression Strategies for HCMV gB, pp65, and IE1 

 In addition to the expression strategies outlined above that have made their way 
into human clinical trials, there are other modes of expression of HCMV subunit 
vaccine candidates that appear useful in preclinical study. These approaches are 
summarized in Table  2 . One particularly promising approach is based on a 
recombinant attenuated poxvirus, modified vaccinia virus Ankara. A recombinant 
Ankara vaccine has been constructed that expresses a soluble, secreted form of 

  Table 2  Alternative subunit vaccine expression strategies proposed for HCMV gB, pp65, and IE1 

 Modified vaccinia virus Ankara (MVA) High-level protein expression
 Excellent immunogenicity (humoral and cellular
  responses) in mice
 Ability to express multiple immunogens (bivalent 
  or trivalent vaccines) in single construct
 Preexisting immunity to poxvirus does not limit
  immune response (utility for vaccinees 
  who have received smallpox vaccine)
Recombinant adenovirus Potential for induction of mucosal immune responses
 Replication-deficient adenoviruses available 
  to ensure vector safety
 Efficacy in murine model using MCMV gB homolog
Transgenic plants Recombinant HCMV gB successfully expressed 
  in transgenic rice
   Offers potential for oral vaccination
   Potential for induction of mucosal immune responses
   No animal immunogenicity data yet reported 



Cytomegalovirus Vaccine Development 373

HCMV gB, based on the AD169 strain sequence (Wang et al. 2004). In preclinical 
studies, high levels of gB-specific neutralizing antibodies, equivalent to those 
induced by natural HCMV infection, were induced in immunized mice. Recombinant 
MVA have similarly been generated expressing pp65 and IE1, and are capable of 
inducing robust cell-mediated immune responses in preclinical studies in mice. 
A trivalent MVA expressing gB, pp65, and IE1 has been developed and proposed 
for clinical studies (Wang et al. 2006). 

 Another vectored vaccine approach that has been pursued in preclinical studies 
is that of utilization of a recombinant adenovirus vector for expression of HCMV 
subunit vaccine candidates. The observation that a recombinant adenovirus vaccine 
expressing the related murine CMV (MCMV) gB demonstrated protection in a 
mouse model of MCMV disease provides support for further studies of this strategy 
in human clinical trials (Shanley and Wu 2003). 

 In addition, HCMV gB has been successfully expressed in transgenic plants 
(Tackaberry et al. 1999), offering the possibility of a novel vaccination approach 
through oral/mucosal immunization.  

  Potential Role of Other Viral Proteins in HCMV Vaccine Design 

 As noted, most efforts in clinical trials of candidate subunit HCMV vaccine devel-
opment and testing have focused on the envelope glycoprotein gB and the T cell 
targets, pp65 and IE1. However, a plethora of other HCMV-encoded proteins play 
key roles in the host immune response and these warrant consideration in future 
clinical trials. To date, only animal model data are available to validate the potential 
role of these proteins as vaccines. This information is summarized in Table  3 . 

  HCMV Glycoproteins 

 In addition to gB, other envelope glycoproteins have been considered for vaccine 
development, although to date no candidates have been tested in human trials. 
Among the other HCMV glycoproteins, the gcII complex, consisting of gN 
(UL73) and gM (UL100), is of particular interest. Proteomic analyses of the 
HCMV virion have demonstrated that gcII is the most abundantly expressed glyc-
oprotein in virus particles, emphasizing its potential importance in protective 
immunity (Varnum et al. 2004). HCMV infection elicits a gcII-specific antibody 
response in a majority of seropositive individuals (Shimamura et al. 2006), and 
DNA vaccines consisting of gcII antigens gM and gN are able to elicit neutralizing 
antibody responses in rabbits and mice (Shen et al. 2007). 

 Constituents of the gcIII complex, consisting of glycoproteins gH (UL75), gO 
(UL74), and gL (UL115), are also targets of neutralizing antibody responses, and 
these proteins may also merit consideration in future vaccine studies. Recently the 
Shenk and Koszinowski laboratories have shown that there are two gH/gL 
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 complexes in virions from clinical isolates: gH/gL and gO is one; the other is gH/gL, 
pUL128, pUL130 (Wang and Shenk 2005; Adler et al. 2006). Antibodies to 
pUL128, pUL130, or pUL131 can neutralize infection of epithelial cells but have no 
effect on infection of fibroblasts. Whether these observations will be translated into 
an expanded list of candidate subunit targets remains to be determined. Since acqui-
sition of new antibody specificities to gH in the setting of reinfection with a new 
strain of HCMV is associated with symptomatic congenital transmission in pregnant 
patients (Boppana et al. 2001) and with adverse outcomes following renal transplan-
tation (Ishibashi et al. 2007), these observations might be important for potential 
gcIII-based vaccine design. Proof-of-concept has been studied with vaccines based 
on the MCMV gH homolog using recombinant vaccinia (Rapp et al. 1993) and ade-
novirus (Shanley and Wu 2005) vectors; of these two approaches, the adenovirus-
expressed gH vaccine was more effective as a vaccine against MCMV.  

  Regulatory/Structural HCMV Proteins Involved in T Cell Response 

 Most attention on HCMV vaccine candidates that elicit potentially protective T cell 
responses has been focused on the pp65 and IE1 gene products. However, recent 
evaluation of the T cell responses in HCMV-seropositive individuals identified a 

  Table 3  Potential novel HCMV vaccine strategies that have been explored in preclinical/animal 
model studies 

 gM/gN (gcII complex) Major glycoprotein constituent of virion
 Majority of human sera contain anti-gcII antibodies
 gM/gN DNA vaccine immunogenic in mice
gH/gL/gO (gcIII complex) Target of neutralizing antibody response in setting
  of HCMV infection
 gH Vaccine based on MCMV homolog protective in murine model
  when expressed using recombinant adenovirus technique
Essential/nonstructural  DNA polymerase (UL54) and helicase (UL105) 
 gene products as novel  as novel T cell targets
 CTL targets Protective in MCMV model when expressed as DNA vaccines
Prime–boost strategy Prime with cocktail of plasmid DNA vaccines
 Boost with formalin-inactivated viral particles
 Induces sterilizing immunity in MCMV model
Bacterial artificial  Protective in MCMV model following delivery
 chromosome (BAC)  in bacteria with reconstitution of virus in vivo
 vaccines Protective in GPCMV model when administered 
  as replication-disabled DNA vaccine
 Offers theoretical potential for specifically engineered vaccines
  with deletions in putative pathogenesis or immune evasion
  genes: improved immunogenicity
Peptide vaccines Effective in MCMV model following mucosal immunization 
  with cholera toxin
   Allows simultaneous immunization against broad range 
  of CTL epitopes: polyepitope vaccine
   Requires knowledge of HLA status of vaccine recipient; best 
  suited to HCMV vaccination in transplantation setting? 
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plethora of additional, previously unrecognized CD4 +  and CD8 +  T lymphocyte  targets 
encoded by the HCMV genome. Other potential CD8 +  T cell targets, in addition to 
pp65 and IE1, are just beginning to be investigated. A recently described bioinformat-
ics and ex vivo functional T cell assay approach revealed that CD8 +  T cell responses 
to HCMV often contained multiple antigen-specific reactivities, which were not just 
constrained to pp65 or IE1 antigens. These studies identified structural, early/late 
antigens, and HCMV-encoded immunomodulators (pp28, pp50, gH, gB, US2, US3, 
US6, and UL18) as potential  targets for HCMV-specific CD8 +  T cell immunity 
(Elkington et al. 2003). An elegant and comprehensive analysis of T cell responses to 
HCMV infection was recently conducted using cytokine flow cytometry in conjunc-
tion with overlapping peptides comprising 213 HCMV open reading frames: this 
study demonstrated that 151 HCMV ORFs were immunogenic for CD4 +  and/or CD8 +  
T cells (Sylwester et al. 2005). Recently, an approach to vaccination has been exam-
ined in the MCMV model in which essential, nonstructural proteins that are highly 
conserved among the CMVs were explored as a novel class of T cell targets. These 
studies found that DNA immunization of mice with the murine CMV (MCMV) 
homologs of HCMV DNA polymerase (M54) or helicase (M105) was protective 
against virus replication  following systemic challenge, and that gamma interferon 
staining of CD8 +  T cells from mice immunized with either the M54 or M105 DNAs 
showed strong primary responses that recalled rapidly after viral challenge (Morello 
et al. 2007). These conserved, essential proteins thus may represent a novel class of 
CD8 +  T cell  targets that could contribute to successful HCMV vaccine design.   

  Dense Body Vaccines 

 A novel candidate for vaccination against HCMV currently in preclinical  development 
is the dense body vaccine. Dense bodies (DBs) are enveloped,  replication-defective 
particles formed during replication of CMVs in cell  culture. These structures are a 
potentially promising vaccine because they contain both envelope glycoproteins and 
large quantities of pp65 protein, two key targets of the protective immune response to 
infection. DBs are noninfectious and therefore, in principle, would be immunogenic, 
but incapable of establishing latent HCMV infection in the vaccine recipient, provid-
ing a useful safety feature. DBs have been shown to be capable of inducing virus 
neutralizing antibodies and T cell responses after immunization of mice, including 
human HLA-A2.K(b) transgenic mice, in the absence of viral gene expression. Based 
on these studies, the utilization of DBs may represent a promising, novel approach to 
the development of a subunit vaccine against HCMV infection (Pepperl et al. 2000).  

  Peptide-Based Vaccines 

 Another potential approach to HCMV vaccination is the use of peptide vaccination 
employing synthetic peptides comprising immunodominant cytotoxic T cell 
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epitopes. This approach may ultimately prove to be most useful in the vaccine-
mediated prevention of HCMV disease in the transplant setting, where specific 
peptide vaccine regimens could be tailored for donor-recipient pairs based on HLA 
genetics. Nasal peptide vaccination with the immunodominant MCMV IE1 epitope, 
YPHFMPTNL, in combination with cholera toxin adjuvant, protected mice against 
virulent MCMV challenge (Gopal et al. 2005). In a preclinical study relevant to 
HCMV vaccines, a pp65 human leukocyte antigen (HLA)-A2.1-restricted CTL 
epitope corresponding to an immunodominant region spanning amino acid residues 
495-503, fused to the carboxyl terminus of a pan-DR T-help epitope, was capable 
of eliciting CTL responses from mice transgenic for the same human HLA mole-
cule (BenMohamed et al. 2000). Since this epitope is highly conserved in clinical 
isolates, this vaccine could conceivably be broadly protective against multiple 
HCMV strains. Other peptide-based vaccine studies are envisioned in future clini-
cal trials. A subset of epitopes from a group of important CTL targets has been 
nominated for inclusion in a polyepitope HCMV vaccine on the basis of human 
immune responsiveness and population coverage (Khanna and Diamond 2006).  

  Novel Vaccine Approaches 

 Several other vaccination approaches have been proposed for HCMV and have been 
validated in varying degrees in animal models. One approach is based on exploita-
tion of viral genomes cloned in  Escherichia coli  as bacterial artificial chromosomes 
(BACs). Vaccination of mice with bacteria containing the MCMV genome cloned as 
a BAC conferred protective immunity against subsequent challenge (Cicin-Sain et al. 
2003). In guinea pigs, a noninfectious BAC generated by transposon mutagenesis 
induced immune responses that protected against congenital GPCMV infection and 
disease (Schleiss et al. 2006). Given the ease of manipulation of BACs using 
 mutagenesis techniques available for  E. coli , future BAC studies provide the oppor-
tunity to generate recombinant, designer vaccines with specific genomic deletions or 
 insertions that could modify the immune response or improve the safety profile of 
the candidate vaccine. Such modified BACs are being employed as immunocontra-
ceptive vaccines for population control in mice, with insertion of heterologous pro-
teins that can serve as targets for immune responses that result in decreased fertility 
in vaccinated animals (Hardy 2007). 

 Another novel strategy that has been validated in the MCMV model and 
 proposed for clinical trial evaluation is a prime-boost approach, in which priming 
with DNA vaccination is followed by boosting with formalin-inactivated viral 
 particles. Mice were immunized with a cocktail of 13 MCMV-containing plasmids 
followed by boosting with formalin-inactivated, alum-adjuvanted MCMV. This 
approach elicited high levels of neutralizing antibodies as well as CD8 +  T cells 
specific for the virion-associated antigen (Morello et al. 2002). Subsequent studies 
examined whether similar protection levels could be achieved by priming with a 
pool of plasmids encoding MCMV proteins IE1, M84, and gB. This approach was 
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found to elicit CD8 +  T lymphocyte responses and, following boost with inactivated 
MCMV, high levels of virus-neutralizing antibody. Following MCMV challenge, 
titers of virus were either at or below the detection limits for the salivary glands, 
liver, and spleen of most immunized animals (Morello et al. 2005). These results 
support further study of prime-boost approaches for vaccination in other animal 
models, and, potentially, for future clinical trials of HCMV vaccines.   

  Perspectives 

 Although it is appropriate to consider multiple potential options for HCMV 
 vaccination, the principle barrier to licensure of a vaccine is not a paucity of accept-
able candidate vaccines from which to currently choose. Rather, the major barrier 
to progress is the lack of knowledge about the public health significance of con-
genital HCMV infection and the disabilities it produces in children. Increased pub-
lic awareness about the risks of HCMV is urgently needed: this in turn will drive 
the social, political, and economic forces necessary to increase the pace of progress 
of clinical trials. Vaccine manufacturers need to increase emphasis on research and 
development of novel  strategies at the same time that clinical trials of existing can-
didates move forward. 

 Although it has been asserted that a better understanding of the correlates of 
protective immunity must be achieved before the goal of a HCMV vaccine can 
be realized, in fact licensure and implementation of any of the vaccines tested to 
date would likely impact significantly on disease. A recent analysis by the 
Cannon group at the CDC examined the force of infection of HCMV, defined as 
the instantaneous per capita rate of acquisition of infection that approximates the 
incidence of infection in the seronegative population. Among individuals of 
reproductive age in the United States, the force of infection was 1.6 infections 
per 100 susceptible persons per year. Comparison of this to the basic reproduc-
tive rate of 1.7 indicated that, on average, an infected person transmits CMV to 
nearly two susceptible people - a relatively low force of infection when compared 
to other vaccine-preventable infectious diseases (Colugnati et al. 2007). This 
analysis suggested that even a modestly effective vaccine and rate of vaccination 
compliance could significantly reduce CMV transmission. Sterilizing immunity 
conferred by a vaccine is therefore not likely to be necessary for prevention of 
disease and disability in newborns due to congenital HCMV infection. Indeed, 
insights from the GPCMV model of congenital infection suggest that reduction 
of viral load below a critical threshold, and not sterilizing immunity, is sufficient 
to ensure improved pregnancy outcomes following vaccination in the setting of 
maternal viremia. Therefore, the pace of research should be substantially acceler-
ated with existing vaccine candidates, even as research continues to more fully 
explore the correlates of protective immunity. Although expensive to perform 
and logistically challenging to conduct, it is imperative that trials be powered to 
examine symptomatic congenital HCMV infection as an efficacy endpoint. 
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Industry-sponsored clinical trials are currently largely focusing on evaluation of 
HCMV vaccines in HSC and solid organ transplant patients at high risk for HCMV 
viremia and disease. While such studies advance the field, negative data from 
these studies should be interpreted cautiously, and such data cannot automatically 
be extrapolated toward the problem of prevention of congenital HCMV infection 
and disease. Industry sponsors, funding agencies, and regulatory bodies must 
work together to dramatically accelerate the pace of clinical trials for this urgent 
public health priority.   
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         Cytomegalovirus Infection in the Human 
Placenta: Maternal Immunity and 
Developmentally Regulated Receptors 
on Trophoblasts Converge 

   L.   Pereira     (*ü ),   E.   Maidji      

   Abstract   During human pregnancy, CMV infects the uterine-placental interface 
with varied outcomes from fetal intrauterine growth restriction to permanent birth 
defects, depending on the level of maternal immunity and gestational age. Virus 
spreads from infected uterine blood vessels, amplifies by replicating in decidual 
cells, and disseminates to the placenta in immune complexes. Cytotrophoblasts 
– epithelial cells of the placenta – differentiate along two distinct pathways. In the 
first, cells fuse into syncytiotrophoblasts covering the surface of chorionic villi that 
transport substances from the maternal to fetal bloodstream. In the second, cells 
invade the uterine interstitium and blood vessels, remodel the vasculature and form 
anchoring villi. CMV initiates replication in cytotrophoblast progenitor cells of 
floating villi, whereas syncytiotrophoblasts are spared. This extraordinary pattern 
of focal infection in underlying cells hinges on virion receptors being upregulated 
as villous cytotrophoblasts begin to differentiate. Expression of developmentally 
regulated receptors could explain viral replication in spatially distinct maternal and 
fetal compartments. Reduced invasiveness of infected cells could impair remodeling 
of the uterine vasculature, restrict maternal blood flow and access of the fetus to 
nutrients causing intrauterine growth restriction.    
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   Introduction 

 Primary maternal CMV infection during gestation poses a 40%–50% risk of intrau-
terine transmission (Britt 1999), whereas reactivated infection in seropositive 
women rarely causes symptomatic disease, highlighting the central role for maternal 
humoral immunity in fetal protection (Fowler et al. 1992, 2003). It has long been 
recognized that congenital disease and placental damage are more severe when 
primary maternal infection occurs in the first trimester (Stagno et al. 1986; Garcia 
et al. 1989; Muhlemann et al. 1992; Benirschke and Kaufmann 2000). Several 
groups have reported that cytotrophoblasts, the specialized cells that compose the 
developing placenta, support CMV replication in utero (Sinzger et al. 1993; Fisher 
et al. 2000; Kumazaki et al. 2002; Pereira et al. 2003; McDonagh et al. 2004; 
Trincado et al. 2005). Cells isolated from early gestation (Fisher et al. 2000) and 
term placentas (Halwachs-Baumann et al. 1998; Hemmings et al. 1998; Tabata 
et al. 2007) are susceptible to CMV infection. Studies in early gestation revealed 
that virus replicates in the pregnant uterus and spreads from decidua to the adjacent 
placenta (Pereira et al. 2003; McDonagh et al. 2004). Islands of infection are found 
in cytotrophoblasts, whereas intercalating macrophages and dendritic cells internalize 
virions without replication (Fisher et al. 2000; Pereira et al. 2003; Maidji et al. 
2006). In the placenta, infection occurs in small foci of cytotrophoblasts underlying 
syncytiotrophoblasts when maternal antibody has low neutralizing titer, but not 
high titer. Here we consolidate recent studies designed to clarify the synergy 
between the neonatal Fc receptor for IgG in syncytiotrophoblasts and virion 
receptors induced by villous cytotrophoblasts and invasive cells in the uterine 
interstitium and vasculature. Infection in early gestation could undermine placental 
development and lead to complications including fetal intrauterine growth restriction, 
a hallmark of congenital infection.  

  Spatially Distinct Infection in the Developing Placenta 

 Placentation is a stepwise process whereby specialized cytotrophoblast progenitor 
cells leave the basement membrane, differentiating along two pathways depending 
on their location (Fig.  1 ). In floating villi, cells fuse to form a multinucleate syncytial 
covering, syncytiotrophoblasts, attached at one end to the tree-like fetal portion of 
the placenta. These villi float in a stream of maternal blood, the source of nutrients 
and IgG transported by the neonatal Fc receptor for passive immunity of the fetus 
(Story et al. 1994; Simister et al. 1996). In anchoring villi, cytotrophoblasts switch 
from an epithelial to an endothelial phenotype controlled through the coordinated 
actions of numerous interrelated factors (Zhou et al. 1997; Janatpour et al. 2000; 
Genbacev et al. 2001). Cytotrophoblasts remodel uterine arteries, replacing 
endothelial cells and creating a hybrid vasculature that increases maternal blood 
flow to supply the developing placenta (Damsky et al. 1994; Damsky and Fisher 
1998). The cells express adhesion molecules – integrins, Ig superfamily members 
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and proteinases that enable invasiveness – and immune-modulating factors for 
maternal tolerance of the hemiallogeneic fetus (Cross et al. 1994; Damsky and 
Fisher 1998; Norwitz et al. 2001). Villous cytotrophoblasts express certain integrin 
subunits (Zhou et al. 1997), and interstitial invasive cells upregulate integrin α1β1 
expression (Damsky et al. 1994). Endovascular cytotrophoblasts express αVβ3 and 
vasculogenic factors and receptors that mimic the surface of vascular cells (Zhou 
et al. 1997; Damsky and Fisher 1998). Invasive cytotrophoblasts also upregulate 
matrix metalloproteinase 9 (MMP-9), which degrades the extracellular matrix of 
the uterine stroma (Librach et al. 1991), and interleukin 10 (IL-10) for immune 
tolerance and modulation of metalloproteinases and invasiveness (Roth et al. 1996; 
Roth and Fisher 1999). 

 CMV is especially adapted to replicate in the immune tolerant microenvironment 
at the maternal–fetal interface (Pereira et al. 2005). Examination of intrauterine CMV 
infection in early gestation revealed patterns of virus replication in the decidua, 
 mirrored in the placenta, and dependent in part on maternal immune responses 
(Fisher et al. 2000; Pereira et al. 2003; Maidji et al. 2006). With low neutralizing 
antibody titers, areas of infection are found in the decidua and adjacent placenta. 
With moderate neutralizing titers, cytotrophoblast infection is reduced in the 
decidua, and occasional focal infection is found in floating villi. With high neutral-
izing titers, few cytotrophoblasts contain viral replication proteins in the decidua, 
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  Fig. 1  Diagram of the placental (fetal)–decidual (maternal) interface near the end of the first tri-
mester of human pregnancy (10 weeks of gestational age). A longitudinal section includes floating 
and anchoring chorionic villi. The floating villus ( FV ) is bathed by maternal blood. The anchoring 
villus ( AV ) functions as a bridge between the fetal and maternal compartments. Cytotrophoblasts in 
AV form cell columns that attach to the uterine wall. They invade the decidua and uterine vascu-
lature, anchoring the placenta and gaining access to the maternal circulation. Colors illustrate 
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( brown ), glandular epithelial cells ( gray ), macrophage/dendritic cells ( Mf/DC ) ( light purple/pink ), 
polymorphonuclear neutrophils ( PMN ) ( red ), and natural killer cells ( NK ) ( fuchsia ) 
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and none stain in the placenta. In syncytiotrophoblasts, the neonatal Fc receptor 
transcytoses complexes of IgG and virions that potentially infect underlying cytotro-
phoblasts (Maidji et al. 2006). Consistent patterns of replication in cytotrophoblast 
progenitors in villi and invasive cells in the decidua suggest that virion receptors are 
regulated during development. 

 Human fibroblasts that support CMV replication express the epidermal growth 
factor receptor (EGFR) (Wang et al. 2003) and co-receptors such as integrins αVβ3, 
α2β1 and α6β1 (Feire et al. 2004; Wang et al. 2005). In human umbilical vein 
endothelial cells (HUVEC), outcomes of infection differ depending on EGFR expres-
sion levels (E. Huang, personal communication). Coordinated signals from high-level 
EGFR expression and integrin αVβ3 result in rapid delivery of virion capsids to the 
nucleus. Internalization and nuclear transport involve caveolin-mediated endosomal 
pathways that are pH independent. Productive infection entails the inhibition of 
cofilin phosphorylation and increased tubulin acetylation, which are hallmarks of 
actin disassembly and microtubule assembly. Detailed analysis of naturally infected 
placentas support strong expression of EGFR and induction of specific integrins as 
developmentally induced CMV receptors in cytotrophoblasts that enable intrauterine 
replication in sites optimal for virus amplification and fetal transmission.  

  Villous Cytotrophoblasts Express EGFR 
and Upregulate Integrin αV 

 In naturally infected placentas, CMV replicates in underlying cytotrophoblast pro-
genitors but not in syncytiotrophoblasts covering the villus surface (Fisher et al. 
2000; Pereira et al. 2003; Maidji et al. 2007). CMV gB was repeatedly detected in 
a punctate staining pattern in syncytiotrophoblasts of immune donors, but viral 
replication proteins were absent. Notably, syncytiotrophoblasts expressed EGFR in 
apical microvilli, but neither integrin α1β1 nor αV was detected. Occasionally, gB 
appeared in a punctate pattern in cytotrophoblast progenitors reactive with antibod-
ies to EGFR and integrin αV, but α1β1 was not detected. Frequently, virion capsids 
were found clustered near the microvillous surface of syncytiotrophoblasts, and 
CMV DNA was detected by in situ hybridization. These findings indicated that 
viral capsids, DNA and gB were present without replication in placentas that con-
tained high-titer neutralizing antibodies, sometimes in the presence of other patho-
gens (McDonagh et al. 2004). 

 Examination of CMV receptors expressed in cytotrophoblasts of villus 
explants infected with a recombinant Toledo rec  virus encoding green fluorescent 
protein in the villus explant model (Fig.  2 a) confirmed that the receptors were 
expressed in infected cells. Virions attached in a punctate (green) pattern to apical 
microvilli of syncytiotrophoblasts, and some internalized but did not replicate 
(Fig. 2b). Although syncytiotrophoblasts express EGFR, functional coreceptors 
are missing. Even so, virion-containing immune complexes internalize and colo-
calize with caveolin-1-containing vesicular compartments that were not detected 
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with IgG alone, suggesting that virions drive caveolae formation (Maidji et al. 
2006). CMV gB accumulates in caveosomes, but nucleocapsids and viral DNA 
remain cytoplasmic without replication, suggesting endocytosis of immune com-
plexes in syncytiotrophoblasts. 

 Clusters of adjacent cytotrophoblasts underlying syncytiotrophoblasts expressed 
integrin αV (Fig. 2b). When infection was detected in villous cytotrophoblasts, as 
indicated by the nuclear (green) staining pattern, the cells stained intensely for 
EGFR (Fig. 2c). Notably, integrin α1β1 was absent (not shown), which confirms 
earlier reports (Damsky et al. 1992; Zhou et al. 1997). Double immunostaining 
showed that Toledo rec  replicated in cytotrophoblasts that expressed both integrin 
αV (red) and EGFR (blue) (Fig. 2d). Together these results indicated that CMV 
virions internalize in syncytiotrophoblasts with EGFR alone. Inasmuch as more 
than half of the population was immune to CMV, and neutralizing antibodies are 
secreted into conditioned medium from villus explants (Maidji et al. 2006), viral 
replication occurred infrequently (seven of 42 placentas). When placentas con-
tained IgG–CMV virion complexes with low-avidity antibodies, focal replication 
occurred in susceptible cytotrophoblast progenitor cells that expressed both EGFR 
and integrin αV, providing an explanation for earlier observations (Fisher et al. 
2000; Pereira et al. 2003). Likewise, flow cytometric analysis of cytotrophoblasts 
isolated from placentas at term confirmed that EGFR and selected integrins were 
expressed (Tabata et al. 2007). 

 Villous cytotrophoblasts express integrin αV but not the β3 subunit, suggesting that 
other partners could function as coreceptors, particularly subunits β5 and β6 (Zhou 
et al. 1997; Tabata et al. 2007). CMV infection in epithelial-like progenitor cells could 
resemble foot-and-mouth disease virus, which binds integrins αVβ3 (Berinstein et al. 
1995) and αVβ6 in epithelia (Jackson et al. 2000). We recently observed integrin αVβ6 
expression in cytotrophoblasts of floating villi contiguous with large deposits of extra-
cellular matrix (Tabata et al., unpublished observations) and integrin β6 was expressed 
in freshly isolated villous cytotrophoblasts of placentas at term (Tabata et al. 2007). 
Particular expression of FcRn, endocytosis of immune complexes, coupled with tem-
poral and spatial regulation of virion receptors as cytotrophoblasts differentiate, could 
limit virus access to the villous core .  These findings help explain the discrepancies 
between frequent detection of viral DNA in the decidua (80%), reduced levels in the 
placenta (60%), and a low rate of congenital infection in seropositive women (1%–3%) 
(Fowler et al. 2003; McDonagh et al. 2004; 2006).  

  Cell Column Cytotrophoblasts Induce Integrin α1β1 Expression 

 When early gestation biopsy specimens were stained for potential CMV receptors, 
proximal cell columns did not express EGFR, but punctate staining for gB was 
sometimes detected at the cell surface, suggesting that virions were clustered in 
membranes (Maidji et al. 2007). CMV receptors expressed on cytotrophoblasts in 
villus explants were studied in model cell columns of anchoring villi infected with 
Toledo rec  ex vivo (Fig.  3 a). Like cell columns in intact placentas, extravillous 
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cytotrophoblasts in these outgrowths did not express EGFR (red) (Fig. 3b). 
Nonetheless, virion attachment was observed as punctate (green) staining in membranes 
of distal columns where potential integrin receptors αV and α1β1 were expressed. 
Cytotrophoblasts on the edge of distal portions of columns upregulated α1β1 (red), 
and Toledo rec  virions were bound to surface membranes (Fig. 3c). Integrin αV was 
also present (data not shown). The results suggest that cytotrophoblast expression 
of integrin coreceptors without EGFR enables virion binding but is insufficient for 
entry and replication.  

  Replication in Differentiating/Invading Cytotrophoblasts 

 Analysis of first- and second-trimester placentas from women with moderate CMV 
neutralizing titers showed that interstitial cytotrophoblasts in decidua are infected 
in utero (Pereira et al. 2003). As cytotrophoblasts differentiate and progress along 
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the invasive pathway, integrins α1β1 and αVβ3 are upregulated (Damsky et al. 1994; 
Zhou et al. 1997). Location of CMV-infected invasive cytotrophoblasts is illustrated 
in Fig.  4 a. Analysis of early gestation decidua from a placenta with low neutralizing 
titers showed that infected cytotrophoblasts express viral replication proteins 
(Fig. 4b). Cultures of differentiated cytotrophoblasts on filters coated with Matrigel 
were used to monitor these cells for expression of potential receptors, binding of 
Toledo rec  virions and productive infection. Virions (punctate green) adsorbed to 
membranes of cells expressing EGFR (Fig. 4c) and integrins α1β1 (Fig. 4d) and αV 
(Fig. 4e) at 1 h after infection. In addition, CMV IE1- and IE2-infected cell proteins 
were detected in nuclei of Toledo-infected cytotrophoblasts at 24 h, suggesting 
early-stage viral replication (Fig. 4f). These results showed that virion attachment 
and infection of invasive cytotrophoblasts occur in vitro in cells that express CMV 
receptors, EGFR and integrins αV and α1β1. 

 Using function-perturbing antibodies and soluble integrins, we evaluated the role 
of molecules that function as potential receptors in differentiating/invasive cytotro-
phoblasts (Maidji et al. 2007). Intense expression of EGFR and integrins α1β1 and 
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αVβ3 was found as cytotrophoblasts differentiated and invaded. Moreover, caveolin-1 
was expressed, as reported for syncytiotrophoblasts and villous cytotrophoblasts 
where CMV virion gB was localized (Maidji et al. 2006). Function-blocking 
antibody to EGFR blocked 63% of infectivity, whereas antibody to integrin β1 
blocked 80% and antibody to integrin αV blocked 43%. Function-blocking antibody 
to integrin α5 and isotype controls failed to reduce viral replication. When CMV 
virions were pretreated with soluble forms of integrins before infection, α1β1 
blocked 100% of virion infectivity. Pretreatment with soluble integrin αVβ3 reduced 
infectivity by approximately 37%, and pretreatment with soluble integrin α3β1 
reduced infectivity by 13%. Together the results of function-perturbing experiments 
confirmed that EGFR and integrins α1β1 and αVβ3 – developmentally regulated 
molecules – function as CMV receptors as cytotrophoblasts progress along the 
differentiation pathway.  

  Infection Impairs Cell Functions Through Diverse Membrane 
Proximal Events 

 CMV replication in early gestation differentiating/invading cytotrophoblasts radi-
cally impacts cell function and development. Infected cytotrophoblasts dysregulate 
expression of stage-specific adhesion molecules, HLA-G and MMP-9 activity 
(Fisher et al. 2000; Yamamoto-Tabata et al. 2004; Tabata et al. 2007). Importantly, 
cytotrophoblasts’ central function, invasiveness, is significantly impaired through 
membrane-proximal defects. This includes downregulation of integrins α1β1 and 
α9 and VE-cadherin (Fisher et al. 2000; Tabata et al. 2007), stage-specific proteins 
that mediate cell–matrix and cell–cell adhesion and invasion. In contrast, integrin 
α5, which counterbalances invasion, was not affected. Activated MMP-9 is required 
for cytotrophoblast invasion, whereas pro-MMP-9, the uncleaved precursor, is 
associated with noninvasive cells and preeclampsia (Librach et al. 1991). Using 
zymography, we examined MMP-9 protein and gelatinase activity of cytotrophob-
lasts infected with the pathogenic strain VR1814 and observed reduced MMP-9 
protein and activity (Yamamoto-Tabata et al. 2004). 

 Functional assays of the cells’ invasiveness showed significant impairment. 
Human IL-10, a pleiotropic cytokine, downregulates MMP-9 activity and impairs 
cytotrophoblast invasiveness (Roth et al. 1996; Roth and Fisher 1999). cmvIL-10 
(Kotenko et al. 2000) has comparable immunosuppressive activity (Spencer et al. 
2002) and impairs immune cell functions in vitro (Chang et al. 2004). Examination 
of MMP-9 production and activity in differentiating cytotrophoblasts treated with 
recombinant proteins showed that cmvIL-10-treated cytotrophoblasts contain less 
MMP-9 protein and activity and upregulate human IL-10 (Yamamoto-Tabata et al. 
2004). The impact of viral infection on cytotrophoblast invasiveness was evaluated 
using a functional assay that tests the ability of differentiating cells plated on the 
upper surfaces of Matrigel-coated filters to penetrate the surface, pass through 
pores in the underlying filter and emerge on the lower surface of the membrane 
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(Fisher et al. 2000; Yamamoto-Tabata et al. 2004). Invasiveness of infected cytotro-
phoblasts and cell aggregates was dramatically impaired. In addition, CMV exploits 
the similarity between viral and human IL-10 to impair the cells’ invasion functions 
as a consequence of reduced proteinase activity. Cytotrophoblast invasiveness was 
impaired by treatment with human IL-10 or cmvIL-10 in accord with decreased 
MMP-9 production and activity. These results showed that cmvIL-10, like human 
IL-10, impairs cytotrophoblast invasiveness indirectly by impairing MMP-9 activity. 
The effect was greater than what could be accounted for by the number of infected 
cytotrophoblasts, suggesting that secreted viral and/or cellular factors could 
affect uninfected cells in the aggregates and influence the behavior of the population 
as a whole.  

  Implications for Congenital CMV Infection 

 Recent gene expression profiling of conjoined areas of the human placenta and 
decidua that compose the maternal–fetal interface revealed dramatic changes 
between midgestation and term (Winn et al. 2007). Many of the developmentally 
expressed genes are known in other contexts to be involved in differentiation, 
motility, transcription, immunity, angiogenesis and extracellular matrix modula-
tion. We recently examined placentas from pregnancies complicated by sympto-
matic congenital infection and fetal intrauterine growth restriction (Nigro et al. 
1999, 2005). Although sites of viral replication were rare, fibrinoid deposition 
and necrosis resulting from viral damage in the placenta and markedly reduced 
cytotrophoblast invasion in decidua were evident as compared with uninfected 
healthy controls (E. Maidji, G. Nigro, S. Muci and L. Pereira, unpublished obser-
vations). Moreover, expression of genes associated with inflammatory responses, 
oxidative stress, chemotaxis, extracellular matrix deposition and angiogenesis 
was broadly dysregulated. These results suggest that early gestation intrauterine 
infection alters the local environment directly and through paracrine mechanisms, 
with long-term effects that could result in placental insufficiency as gestation 
progresses. Low birth weight is associated with increased rates of cardiovascular 
disease and non-insulin-dependent diabetes in adult life (Lau and Rogers 2004; 
Reyes and Manalich 2005). The fetal origins hypothesis proposes that these 
diseases originate through fetal adaptation – cardiovascular, metabolic or endocrine 
in nature – made when the fetus is undernourished (Barker 1999). A better under-
standing of the molecular mechanisms underlying placental dysfunction could 
allow formulation of novel treatment for congenital infection, of benefit to 
women with pregnancy disorders and fetal intrauterine growth restriction (Cetin 
et al. 2004).   
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         Mechanisms of Cytomegalovirus-Accelerated 
Vascular Disease: Induction of Paracrine 
Factors That Promote Angiogenesis 
and Wound Healing 

   D.   N.   Streblow(*ü )     ,   J.   Dumortier    ,   A.   V.   Moses    ,   S.   L.   Orloff    ,   J.   A.   Nelson      

   Abstract   Human cytomegalovirus (HCMV) is associated with the acceleration of a 
number of vascular diseases such as atherosclerosis, restenosis, and transplant vascular 
sclerosis (TVS). All of these diseases are the result of either mechanical or immune-
mediated injury followed by inflammation and subsequent smooth muscle cell (SMC) 
migration from the vessel media to the intima and proliferation that culminates in vessel 
narrowing. A number of epidemiological and animal studies have demonstrated that 
CMV significantly accelerates TVS and chronic rejection (CR) in solid organ allografts. 
In addition, treatment of human recipients and animals alike with the antiviral drug 
ganciclovir results in prolonged survival of the allograft, indicating that CMV replica-
tion is a requirement for acceleration of disease. However, although virus persists in the 
allograft throughout the course of disease, the number of directly infected cells does 
not account for the global effects that the virus has on the acceleration of TVS and CR. 
Recent investigations of up- and downregulated cellular genes in infected allografts in 
comparison to native heart has demonstrated that rat CMV (RCMV) upregulates genes 
involved in wound healing (WH) and angiogenesis (AG). Consistent with this result, 
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we have found that supernatants from HCMV-infected cells (HCMV secretome) induce 
WH and AG using in vitro models. Taken together, these findings suggest that one 
mechanism for HCMV acceleration of TVS is mediated through induction of secreted 
cytokines and growth factors from virus-infected cells that promote WH and AG in the 
allograft, resulting in the acceleration of TVS. We review here the ability of CMV infec-
tion to alter the local environment by producing cellular factors that act in a paracrine 
fashion to enhance WH and AG processes associated with the development of vascular 
disease, which accelerates chronic allograft rejection.    

   Introduction 

 The importance and interest of HCMV as a pathogen has increased over the last few 
decades, with the escalation in the number of immunosuppressed patients, either under-
going immunosuppressive therapy following solid organ or bone marrow transplanta-
tion, or with AIDS patients. Primary HCMV infection is followed by a lifelong 
persistence of the virus in a latent state, and reactivation of latent virus is considered to 
be the major source of virus in immunocompromised individuals (see the chapter by Μ. 
Reeves and J. Sinclair, this volume). HCMV is linked to the development of arterial 
restenosis following angioplasty, atherosclerosis, and solid organ TVS (Melnick et al. 
1983; Speir et al. 1994; Melnick et al. 1998). HCMV infection nearly doubles the 5-
year rate of cardiac graft failure due to accelerated TVS (Grattan et al. 1989), and prior 
to the advent of ganciclovir therapy, it doubled the rate of liver graft loss at 3 years 
(Deotero et al. 1998; Rubin 1999). In recipients of heart transplants, treatment with 
ganciclovir, a potent inhibitor of viral replication and CMV disease, delayed the time to 
allograft rejection (Merigan et al. 1992). A subsequent post-hoc analysis of these data 
confirmed that prophylactic ganciclovir treatment delayed graft rejection compared to 
controls (Valantine et al. 1999). Moreover, the early control of subclinical HCMV rep-
lication after cardiac transplantation by T cell immunity reduces allograft TVS and CR 
(Tu et al. 2006). Additional proof to HCMV’s affect on graft TVS comes from the find-
ing of a higher incidence of viral DNA detected in the explant vascular intima of those 
patients with cardiac allograft TVS than in those explants without vasculopathy (Wu 
et al. 1992). In fact, the mere presence of HCMV infection in kidney transplant patients, 
whether  displaying asymptomatic or overt symptoms, was shown to negatively impact 
allograft survival (Fitzgerald et al. 2004). While a number of studies have provided 
strong evidence for a role of HCMV in the development of TVS and accelerated CR, 
the precise mechanisms involved in this process are still unknown.  

  Tissue Repair and Angiogenic Factors Mediate TVS 

 Despite recent medical advances, the long-term survival of solid organ allografts 
has not improved, largely due to CR. The high prevalence of CR is of particular 
concern given that to date the only effective therapy is retransplantation. The primary 
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 component of CR is an accelerated form of arteriosclerosis known as transplant 
vascular sclerosis (TVS). TVS is characterized histologically by diffuse concen-
tric intimal proliferation that ultimately occludes the vessel (Billingham 1992). A 
growing body of evidence supports a role for angiogenesis and tissue repair proc-
esses in the  development of  vascular disease (Shibata et al. 2001; Khurana and 
Simons 2003). A sparse number of macrophages, T cells, NK cells, and B cells 
are seen in early lesions, while late lesions are associated with a thickened intima 
containing SMC interspersed with macrophages (Clinton and Libby 1992). 
Activated inflammatory cells and SMC within and near vascular lesions are 
important local sources of pro-angiogenic factors (Bouis et al. 2006). TVS devel-
opment involves chronic perivascular inflammation, endothelial cell (EC) dys-
function, and SMC migration from the media to the intima and proliferation that 
result in deposition of extracellular matrix (ECM) and neointimal thickening of 
the allograft arterial wall (Libby et al. 1989; Billingham 1992; Hosenpud et al. 
1992). These events result in vessel narrowing, occlusion, and graft failure. The 
pathological processes involved in TVS and other vascular diseases are akin to 
many of the cellular events that mediate normal tissue repair/angiogenesis. In all 
cases, a complex interaction between cells and surrounding regulatory factors, 
enzymes, and ECM components leads to cellular migration, proliferation, and 
tissue remodeling. 

 The formation of new blood vessels or angiogenesis is broadly divided into 
the following three phases: vessel destabilization, proliferation/migration, and 
vessel maturation (Carmeliet 2003). In normal adults, angiogenesis is  normally 
restricted to formation of placental and endometrial tissue, hair follicle vascu-
larization, and tissue repair. During these processes, the endothelium remains 
inactive due to a balance of positive and negative regulatory factors. When 
 vessel growth is required, the regulatory balance tips toward pro-angiogenic 
 factors. Restoration of steady state is achieved by increasing angiogenesis 
inhibitors and vessel stabilization factors. Breakdown of the tightly regulated 
angiogenic balance leads to abnormal angiogenesis and contributes to a variety 
of pathological disorders, including cancer, autoimmune conditions, and 
 cardiovascular disease (Carmeliet 2003). Leukocytes play a role in normal 
 angiogenesis through  contribution of   pro- and anti-angiogenic factors, but are 
particularly important in pathological (immune- or tumor-driven) angiogenesis 
(Kent and Sheridan 2003). 

 Wound healing (WH) is a complex process involving the sequence of inflamma-
tion, tissue formation, and tissue remodeling, which results in the re-establishment 
of an anatomical or physiological barrier (Kent and Sheridan 2003). Wound healing 
involves a local milieu created by the coordinated action of growth factors, 
cytokines, enzymes, and extracellular matrix (ECM) components, interacting with 
the injured tissue. In addition, an influx of inflammatory cells is involved in this 
process. Angiogenesis itself is an important component of WH. Given the role of 
inflammation, new vessel growth and tissue remodeling in WH, it is not surprising 
that many of the same stimulatory and inhibitory factors promote both angiogenesis 
and WH (Werner and Grose 2003).  
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  Animal Models of CMV-Accelerated Graft Rejection 

 Determining the mechanisms involved in the development of HCMV-associated TVS 
has been difficult because the etiology of this disease is multifactorial. In addition, 
HCMV is ubiquitous throughout the human population, and hence negative controls are 
rare. Furthermore, HCMV infections are lifelong, during which time the virus infects 
all of the cell types involved in TVS formation including SMC, EC, macrophages, and 
fibroblasts. Along these lines, HCMV evades the immune system by remaining latent 
in monocytes, and HCMV reactivation in immunocompetent hosts is difficult to detect 
when clinically silent (Lemstrom et al. 1993, 1995; Bruning et al. 1994; Orloff 1999; 
Orloff et al. 2000). These undeniable factors make it difficult to determine a temporal 
relationship between the virus infection and TVS, and for obvious ethical reasons, 
human studies are impossible. Therefore, animal models provide an ideal tool to study 
the association between CMV and TVS. In fact, the most compelling evidence that 
herpesvirus infections play a role in the vascular disease process is exemplified through 
the use of animal models. For example, in rat solid organ transplantation, acute infection 
with rat (R)CMV infection accelerates TVS, which leads to untimely graft failure 
(Orloff et al. 2002; Streblow et al. 2003; Soule et al. 2006). Similar to the human trans-
plantation setting, antiviral therapy reduces the acceleration of rejection in rat transplant 
models, demonstrating that active CMV replication is required for these disease proc-
esses (Tikkanen et al. 2001b; Zeng et al. 2005). Importantly, the effects of RCMV on 
the acceleration of TVS are not organ-type-specific but can occur in a broad range of 
solid organ transplants, including heart, kidney, lung, and small bowel (Tikkanen et al. 
2001a; Orloff et al. 2002; Streblow et al. 2003; Soule et al. 2006). 

  RCMV Accelerates TVS and CR in a Rat Heart 
Transplantation Model 

 In order to study the role of CMV in the development of TVS, we have taken advan-
tage of the F344 into Lewis rat heterotopic solid organ transplant model (Ely et al. 
1983; Klempnauer and Marquarding 1989; Lubaroff et al. 1989), which we have 
used to study TVS/CR in transplanted heart, kidney, and small bowel grafts (Orloff 
et al. 2002; Streblow et al. 2003, 2005, 2007; Soule et al. 2006). Since this strain 
combination exhibits reduced allogenicity, acute rejection is prevented by a short 
regimen of cyclosporine A, resulting in long-term surviving allografts developing 
histological evidence of CR (Orloff et al. 2002). Heart allograft recipients not treated 
with CsA acutely rejected, and syngeneic transplants failed to develop TVS/CR. 
In the CsA-treated heart allograft recipients, the mean time to develop CR was 90 
days, as determined by palpation of the abdomen for induration of the graft and 
diminished pulsation of the heartbeat. The majority of the vessels in the rejecting 
cardiac allografts showed the presence of TVS. 

 Using this rat heart transplant model, we have determined that RCMV accelerated 
the time to develop TVS and graft failure from 90 to 45 days and increased the degree 
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of TVS from a mean neointimal index (NI) = 42.9 to 82.9 (Streblow et al. 2003). 
RCMV infection failed to induce TVS in syngeneic cardiac grafts by the study end-
point of 120 days (mean, NI = 4.2 vs uninfected controls, mean, NI = 8.8). Assessment 
of grafts at earlier times before CR has revealed an even more  pronounced effect of 
RCMV infection on TVS progress. RCMV infection significantly increased the 
severity of TVS in heart allografts at days 28, 35 and 45 (mean, NI = 48, 70, and 82) 
compared to uninfected recipients (mean, NI = 31, 30 and 43). Graft hearts from 
infected but not from uninfected recipients showed an early (days 7 and 14) presence 
of endothelialitis (Streblow et al. 2003). In these animals, PCR identified RCMV 
DNA in all submandibular glands (SMG) at days 7, 14, 21, 28, 35, and 45. In native 
and graft hearts, RCMV DNA was highest at postoperation days 7 and 14, corre-
sponding to the time when endothelialitis is present within the graft vessels. After 
this time, virus production is low but detectable throughout the development of TVS 
(Streblow et al. 2003). However, RCMV was only detected in the blood until 14 days. 
The presence of virus in the heart allografts at the later time points postinfection was 
confirmed by immunostaining for RCMV-IE proteins. The number of RCMV-IE-
positive cells present in the allografts at days 21 and 28 was low; however, positive 
cells are observed as single, infected cells or in small 10-30 infected cell foci. To 
determine whether virus replication was necessary for RCMV-accelerated TVS, we 
treated allograft recipients with ganciclovir (20 mg/kg/day for 45 days), which 
increased the mean time to allograft CR from 45 to 75 days ( p  < 0.001) and decreased 
TVS formation from a mean neointimal index of 80 to 65 ( p  < 0.001). 

 In the rat heart transplant model, using a bone marrow chimera model of toler-
ance induction, the recipient alloreactive immune response was shown to be 
required for RCMV acceleration of graft loss (Orloff et al. 2002). These data sug-
gest that RCMV infection requires an allogeneic immune environment for the 
acceleration of TVS. In this rat cardiac transplant CR model, chemokine expression 
was increased in virus-infected recipient grafts compared to uninfected controls 
(Streblow et al. 2003). RCMV-infected graft tissues also contained increased num-
bers of immune cell infiltrates including macrophages, CD4 and CD8 T cells, and 
the presence of these cells paralleled the upregulation of chemokines. Similar find-
ings were observed in a rat CR small bowel and renal transplant models (Orloff 
et al. 2002; Soule et al. 2006). Our results indicate that while not all allograft cells 
are infected, viral replication is important to drive the acceleration of TVS. Taken 
together, our findings suggest that the virus-mediated acceleration of TVS occurs 
through altered regulation of inflammation and wound healing processes.  

  RCMV Induces Allograft AG and WH Genes During 
the Acceleration of TVS 

 To determine the mechanisms by which RCMV accelerates the development of 
allograft TVS, we analyzed the cellular RNA expression in allograft hearts with and 
without CMV infection using DNA microarrays. For these experiments, Lewis 
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recipients of F344 allograft hearts were infected with RCMV, and graft and native 
hearts were harvested at 21 and 28 days after transplantation (the critical time of 
RCMV-accelerated TVS). The allograft hearts from three recipients (± RCMV) 
were analyzed using the Affymetrix Rat Genome 230 2.0 arrays with probe sets for 
30,000 individual transcripts. The gene expression was analyzed and fold changes 
were calculated by comparing the native hearts to the infected or uninfected 
 allografts. As anticipated, we identified a number of cellular genes expressed in allo-
grafts (infected and uninfected) that were significantly up- or downregulated (more 
than twofold) compared to native hearts. While comparing the infected vs uninfected 
allografts, we found 385 cellular genes significantly deregulated (more than twofold) 
at day 21 and 143 such genes at day 28. Interestingly, many of the upregulated genes 
are involved in WH, including genes associated with tumor invasion, cytokines/
chemokines, cytoskeleton, signaling, adhesion, and ECM. Approximately 134 of the 
upregulated genes are known mediators of AG/WH, including angiopoietin, cathep-
sins, chemokines, the CNN family, endothelin, ECM/BM components (laminin, 
fibronectin, osteopontin, tenascin); the EGF family; hematopoietic growth factors, 
the insulin growth factor binding protein (IGFBP) family, matrix metalloproteinases 
(MMPs); platelet derived growth factor (PDGF); TGF-b; the tumor necrosis factor 
receptor (TNFR) superfamily; urokinase-type plasminogen activator and receptor 
(uPA/uPAR), and vascular endothelial growth factor (VEGF). Shown in Table  1  are 
the average fold changes of the AG/WH genes from the infected or uninfected allo-
grafts compared to the average intensities of the native hearts. The most highly 
induced genes are part of a signaling complex involved in ECM modification during 
WH. Of these genes, MMP12 and osteopontin were upregulated at day 28 in the 
infected allografts compared to uninfected allografts (367- and 395-fold vs 6- and 
12-fold, respectively, compared to native hearts). Another set of key players of WH 
is urokinase-type plasminogen activator (uPA) and receptor (uPAR), which were also 
highly upregulated in infected allografts compared to uninfected (65- and 12-fold vs 
nine- and threefold, respectively). In addition, MCP-1 and IL-1, which are potent 
inducers of MMP12, osteopontin, and the uPA system, are highly represented in the 
infected allografts. Overall, our findings support a hypothesis that RCMV infection 
tips the balance of activator and inhibitory effectors that drive WH, the result of 
which is acceleration of vascular disease.   

  In Vitro Models of HCMV-Mediated Wound Healing 
and Angiogenesis 

 While in vivo animal models have provided solid evidence for the link between 
CMV and the acceleration of vascular disease processes,  i n vitro models allow one 
to explore underlying molecular and cellular mechanisms associated with this link. 
Vascular tissue repair during allograft rejection involves the cellular processes of 
migration, activation, proliferation, and differentiation, and these events occur in 
multiple cell types including macrophages, EC, SMC, and fibroblasts. In vivo and 
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  Table 1  Cellular genes induced in infected vs. uninfected allografts at POD 21 (*  p  < 0.05 infected 
vs uninfected) 

 Description POD 21 POD 28

Pro-angiogenic Mock RCMV Mock RCMV

Angiotensinogen 1.86 1.95 1.98 3.04*
Angiopoietin-like 2 3.29 1.86 1.88 3.53*
Angiotensin II receptor, type 1 (AT1A) 3.55 3.09 2.94 4.53*
Cathepsin B 1.76 2.38 1.70 3.45*
Cathepsin C 1.60 3.63 2.06 7.50*
Cathepsin E 6.62 27.26* 14.68 31.62*
Cathepsin S 5.54 12.86 7.40 19.31*
Cathepsin W 3.10 34.34* 11.11 30.74*
Cathepsin Y 13.04 58.28 26.13 76.60*
Chemokine (C-C motif) ligand 2 12.98 50.08* 40.79 69.13
Chemokine (C-C motif) ligand 4 11.90 66.04* 30.69 137.02
Chemokine (C-X-C motif) ligand 1 4.52 4.03 8.25 19.34
Chemokine (C-X-C motif) ligand 2 2.67 2.46 2.80 4.79
Chemokine (C-X-C motif) ligand 12 4.13 5.62 3.64 10.85*
Cysteine rich protein 61 27.47 37.53 22.21 19.56
Nephroblastoma overexpressed gene 11.39 9.65 4.02 8.11
WNT1 inducible signaling pathway protein 2 34.70 5.24 5.68 15.03
Laminin, alpha 3 2.71 2.48 2.49 4.20*
Laminin receptor-like protein LAMRL5 17.31 81.01* 52.92 106.35
Fibronectin 1 3.82 3.01 2.38 12.11*
Secreted phosphoprotein 1 32.17 6.44 12.14 395.56*
Epidermal growth factor receptor 4.49 5.95* 5.15 10.81*
EGF-like-domain, multiple 3 6.17 5.29 4.75 7.06*
Fibroblast growth factor 17 5.13 5.83 5.46 4.45
Fibroblast growth factor receptor-like 1 2.64 2.90 2.60 3.77*
FGF receptor activating protein 1 2.97 3.62 3.27 5.74*
Hepatocyte growth factor (scatter factor) 1.94 2.16 2.05 2.44
Hepatocyte growth factor activator 2.03 2.64* 2.56 3.29*
Hypoxia inducible factor 1, alpha subunit 2.75 5.24 4.00 8.37
Insulin 2 8.65 16.68 13.67 12.30
Insulin-like 6 2.29 2.39 2.35 2.51*
Insulin receptor-related receptor 4.82 4.41 4.38 4.50
Insulin receptor substrate 3 4.15 3.16 3.27 4.59*
Insulin-like growth factor 2 2.57 2.46 2.09 2.87*
IGF 2, binding protein 1 2.92 2.93 3.43 3.48
IGF binding protein 5 3.34 3.16 2.84 3.05
Integrin alpha 1 12.64 8.06 10.15 4.86
Integrin alpha 8 4.34 2.89 2.89 3.78
Integrin alpha 9 2.69 3.39 2.78 2.93
Integrin alpha M 4.70 15.03* 7.80 34.54*
Integrin alpha v 2.23 2.99 2.65 3.43
Integrin alpha X 3.13 4.92 3.70 6.19*
Integrin beta 1 1.27 2.28* 1.59 1.57
Integrin beta 7 7.16 17.27 10.24 19.29*
Interleukin 1 alpha 2.34 4.38* 4.21 4.96
Interleukin 1 beta 16.00 50.91 31.78 82.71*
Interleukin 6 1.42 2.13* 2.76 4.59
Midkine 3.94 3.27 2.62 2.33
Colony stimulating factor 1(macrophage) 12.42 10.84 11.33 10.81

(continued)
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  Table 1  (continued) 

Description POD 21 POD 28

Pro-angiogenic Mock RCMV Mock RCMV

M-CSF I receptor 3.07 6.38 3.86 11.31*
CSF 2 receptor, beta 1 (gran-mac) 3.27 5.21 4.14 6.59
Matrix metalloproteinase 3 2.13 2.39 2.30 4.86
Matrix metalloproteinase 12 17.23 4.17 8.46 367.09*
Matrix metalloproteinase 14 8.63 4.20 3.37 11.00*
Matrix metalloproteinase 23 4.51 3.29 3.32 6.19
Plasminogen activator inhibitor 2 type A 1.55 2.08 1.80 2.93
Ser (or cys) proteinase inhibitor, member 1 8.88 10.34 15.03 20.39
Plasminogen activator, urokinase 6.62 12.91* 9.36 65.34*
Plasminogen activator, urokinase receptor 3.46 5.98 3.85 12.38*
Platelet-derived growth factor, C 2.36 2.48 2.47 3.89*
Transforming growth factor, beta 1 2.96 4.69 3.93 9.78*
Transforming growth factor, beta 2 6.57 10.85 13.96 4.69
Transforming growth factor, beta receptor 1 3.61 5.78* 4.73 6.36*
Transforming growth factor, beta receptor 2 3.95 5.90 4.38 6.45*
Bone morphogenetic protein 2 4.24 5.78 5.00 6.82
Bone morphogenetic protein 7 3.57 3.89 3.89 3.73
Growth differentiation factor 15 3.03 2.83 4.62 5.17
Lymphotoxin A 3.71 5.17* 6.28 5.10*
TNF superfamily member 6 3.96 11.71* 6.77 17.88*
TNF superfamily member 11 2.50 3.66 2.97 3.92*
TNF superfamily member 13 4.71 12.04* 7.05 17.88*
TNF receptor superfamily member 1b 3.71 11.08* 6.53 13.83*
TNF receptor superfamily member 4 3.47 8.75 6.13 10.48
TNF receptor superfamily member 11b 3.96 18.64* 5.10 40.22*
TNF receptor superfamily member 12a 5.72 7.46 8.32 4.03
Vascular endothelial growth factor D 3.33 3.33 3.26 3.18
fms-related tyrosine kinase 4 3.99 3.56 3.75 3.92

Anti-Angiogenic
Interferon gamma 1.64 4.79* 4.33 10.78*
Interleukin 4 receptor 3.11 6.32* 3.69 6.02*
Interleukin 10 1.38 3.07* 2.11 3.86*
Interleukin 12b 3.65 5.35 4.54 3.58
Chemokine (C-X-C motif) ligand 10 28.49 222.51* 143.15 178.07*
Thrombospondin 2 5.95* 2.93 3.05 5.24
Tissue inhibitor of metalloproteinase 1 17.75 33.59 33.75 41.64
Tissue inhibitor of metalloproteinase 2 2.33 1.53 1.67 3.41* 

in vitro, HCMV infects all of these cell types, and aside from immunologic clear-
ance, viral infection modifies many of the host cellular functions that promote 
 tissue repair. For example, CMV infection resulting in acceleration of CR is the 
increase in the host immune response to the allograft and the virus resulting in 
recruitment of inflammatory cells, and inflammatory effectors such as chemokines 
and cytokines including interferon-gamma (IFN-γ), TNF-α, interleukin-4 (IL-4), 
IL-18, RANTES, MCP-1, MIP-1α, IL-8, and IP-10 (Almeida et al. 1994; Almeida-
Porada et al. 1997; Vieira et al. 1998; Humar et al. 1999; Streblow et al. 1999, 2003; 



Mechanisms of Cytomegalovirus-Accelerated Vascular Disease 405

Vliegen et al. 2004). CMV also encodes CC and CXC chemokine homologs (see the 
chapter by P.S. Beisser et al., this volume) that recruit a multitude of host  cellular 
infiltrates (Sparer et al. 2004; Noda et al. 2006). In addition, CMV modifies a number 
of other cellular factors involved in angiogenesis and wound repair  processes,  including 
adhesion molecules (ICAM-1, VCAM-1, VAP-1, and E- selectin) and growth 
 factors and receptors (TGF-β, PDGF-AA, VEGF, and PDGFR) (Shahgasempour 
et al. 1997; Burns et al. 1999; Zhou et al. 1999; Inkinen et al. 2003, 2005; 
Helantera et al. 2005, 2006; Reinhardt et al. 2005a, 2005b). In addition, increased 
matrix  metalloproteinase (MMP)-2 activity is observed in HCMV-infected cells in 
 conjunction with a reduction in matrix gene expression, resulting in a malleability 
to SMC migration, an alteration in vessel remodeling that promotes a vasculopa-
thy (Schaarschmidt et al. 1999; Reinhardt et al. 2006). The upregulation of agents 
that initiate endothelial adhesion and those that promote wound healing provides 
a means for CMV to enhance the adherence and infiltration of inflammatory cells 
that drive vascular disease. 

  What Factors Constitute the HCMV Secretome? 

 We and others have demonstrated that HCMV infection alters the types and 
 quantities of bioactive proteins released from infected cells, which we designate as 
the HCMV secretome. Many of these factors have important roles in vascular 
 disease, and we hypothesize that a major role of CMV infection in the acceleration 
of TVS occurs through the increased production of WH and AG factors in the allo-
graft. However, neither the complete proteome of the HCMV secretome nor its 
effects on WH and AG are known. Therefore, in order to determine the effects of 
HCMV infection on the extracellular milieu, we generated secretomes from HCMV-
infected and mock-infected fibroblasts and determined their protein contents 
( proteomes) by gel-free LC-MS/MS at the Pacific Northwest National Laboratory 
(PNNL, Richland, WA) and by specific protein arrays. In our LC-MS/MS analysis 
of the HCMV-infected and mock-infected secretomes, we identified more than 
1,200 proteins with 800 having two or more peptide hits. Of the proteins identified 
by MS/MS, more than 1,000 were specific or highly enriched in the HCMV secre-
tome, more than 260 proteins were common to both the HCMV- and mock-infected 
secretomes, and more than 225 were specific for the mock-infected secretome. We 
detected ten viral proteins in the HCMV secretome of which only four were identi-
fied with more than peptides, including UL32 (pp150), UL44, UL122, and UL123. 
Overlaying pathway information and literature mining results, it was noted that a 
cluster of proteins were involved in integrin signaling and that this cluster was 
enriched for laminins. Laminins are widely distributed ECM proteins involved in 
cell adhesion signaling and have recently been implicated in playing a fundamental 
role in angiogenesis by directly affecting gene and protein expression profiles 
(Folkman 2003). TGF-β signaling and angiogenesis pathways were also identified 
in this initial screen. 
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 We also assayed for changes in 174 common cytokines/growth factors present in 
the HCMV secretome using RayBio ®  Human Cytokine Array G Series 2000 anti-
body arrays. We analyzed secretomes from HCMV- and mock-infected fibroblasts. 
We detected 144 of the 174 factors in the HCMV secretome when our cut-off value 

  Table 2  Detection of factors present in the HCMV and mock secretomes by Raybiotech Protein 
Array Analysis 

   Induced or repressed factors Most abundant factors in
  HCMV-  HCMV secretome
  Mock infected Fold  Average
Protein average average change Protein intensity

GDNF 25±6 5666±814* 225.3  IL–5 24633
GM-CSF 28±5 566±813* 199.4  IL–6 24618
MIP–1 alpha 336±117 22519±2926* 66.9  MIP–1 alpha 22519
MIP–3 alpha 17±12 896±92* 51.5  PECAM–1 20638
MIF 311±129 15732±2729* 50.6  PIGF 18107
MIP–1delta 26±13 915±104* 35.5  GRO 17656
GRO 614±143 17656±4136* 28.8  GITR-Ligand 17469
GITR-Ligand 655±209 17469±4198* 26.7  MIF 15732
IL–5 1037±443 24633±2638* 23.8  VE-Cadherin 15200
IL–6 1037±447 24617±2641* 23.7  TIMP–4 15136
MIP–1 beta 435±89 7058±238* 16.2  PDGF-AA 11622
RANTES 39±6 596±90* 15.2  PDGF-AB 11595
Angiogenin 87±53 676±47* 7.7  TIMP–1 8920
IL–8 234±162 1787±400* 7.6  PDGF-BB 8880
ITAC 251±189 1115±227* 4.4  TIMP–2 8839
Advin A 308±119 1290±229* 4.2  MIP–1 beta 7058
ALCAM 282±130 1181±264* 4.2  GDNF 5666
MCP–3 26±9 102±22* 4.0  GM-CSF 5661
MMP–9 35±14 113±39 3.3  TNF-RI 3574
MCP–4 35±10 111±24* 3.2  TNF RII 3451
IL–1alpha 123±38 372±48* 3.0  HCC–4 3193
IL–6 R 266±92 770±297 2.9  MCP–1 3186
IL–1beta 35±2 102±18* 2.9  LIGHT 3185
IGF-II 85±22 241±95 2.8  HGF 3174
TNF RII 1316±959 3451±867* 2.6  Oncostatin M 2724
bFGF 195±104 503±70* 2.6  Osteoprotegerin 2710
FGF–7 196±33 485±12* 2.5  IL–8 1787
Fit–3 Ligand 191±23 468±13* 2.4  EGF-R 1773
IL–16 130±35 307±36* 2.4  egp 130 1732
MCP–1 1388±926 3186±414 2.3  Advin A 1290
AgRP 181±88 416±68* 2.3  TRAIL R3 1266
LIGHT 1394±934 3185±411 2.3  Thrombopoietin 1221
ICAM–1 325±185 725±267 2.2  IL–1R II 1210
IL–9 271±62 559±122* 2.1  ALCAM 1181
TGF-alpha 220±137 433±42 2.0  ICAM–2 1123
IP–10 531±77 975±105* 1.8  ITAC 1115
      uPAR 1109
TECK 313±126 121±4 0.4  IL–2 R alpha 1029

(continued)
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for detection was set at an average intensity of 500. Of these 144 proteins detected, 
41 factors were significantly induced over the mock-infected secretome (Table  2 ). 
The 35 most predominant proteins detected in the HCMV secretome are listed in 
Table 2. The most highly abundant cellular factors present in the HCMV secretome 
that contribute to WH/AG include the cytokines/chemokines (IL-6, osteoprotegerin, 
GRO, CCL3, CCL5, CCL7, CCL20, CXCL-5, and CXCL-16), receptors (TNF-RI 
and II and ICAM-1), growth factors (TGF-β1 and HGF), ECM modifiers (MMP-1, 
TIMP-1, TIMP-2, TIMP-4), and the angiogenic RNase angiogenin. Interestingly, 
MCP-3 was induced over 85-fold in the HCMV secretome compared to the mock 
secretome. Most of the highly induced proteins detected in our assay (HCMV vs 
mock) included chemokines such as CCL1, CCL3, CCL4, CCL5, CCL20, CXCL10, 
CXCL11). Interestingly, many of the genes that were identified by microarray anal-
ysis in the rat allograft hearts were also found in the HCMV secretome, suggesting 
that the factors involved in HCMV-induced angiogenesis and wound healing are 
similar to those expressed in the RCMV-infected allografts and importantly, that 
these in vitro and in vivo processes are parallel to each other.  

  HCMV Secretome Induces Angiogenesis in Endothelial Cells 

 Angiogenesis leading to vessel formation in vivo consists of a growth phase fol-
lowed by a stabilization phase (Auerbach et al. 2003; Guidolin et al. 2004). Growth 
phase events include proteolytic digestion of the basement membrane (BM) and 
extracellular matrix (ECM) of the existing vessel, migration and proliferation of 
ECs, lumen formation within the EC sprout, and anastomosis of sprouts to form 
neovessels. Stabilization involves arrest of EC proliferation, EC differentiation, 
intercellular adhesion and remodeling of the BM/ECM network to create an imma-
ture capillary. Key steps in both phases of angiogenesis can be modeled using an in 
vitro assay: the matrigel assay for capillary-like tubule formation (Wegener et al. 
2000; Xiao et al. 2002). The extent of tubule formation and stabilization depends 

ICAM–3 331±183 123±8 0.4  IP–10 975
IL–1R II 3387±570 1210±374* 0.4   
IL–2 alpha 341±159 112±19 0.3   
VEGF-D 374±188 119±21 0.3   
IL–2 R alpha 3287±635 1029±392* 0.3   
HCC–4 14014±11353 3193±1191 0.2   
HGF 13954±11376 3174±1194 0.2    

Table 2 (continued)

  Induced or repressed factors Most abundant factors in
  HCMV-  HCMV secretome
  Mock infected Fold  Average
Protein average average change Protein intensity
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on factors produced by the EC themselves in coordination with exogenous ang-
iogenic agonists or antagonists in the culture medium. We utilized the matrigel 
assay to test the angiogenic activity of the HCMV secretome. Low-passage primary 
human umbilical vein endothelial cells (HUVECs) were nutrient-starved in serum 
and growth factor-free endothelial medium (SFM) prior to harvest and resuspension 
in this same medium. Cells were introduced into 24-well trays containing polymer-
ized plugs of growth-factor-reduced matrigel in the presence of 300 µl of control 
and test supernatants. Control supernatants included SF-SFM and complete SFM 
containing 10% human serum and endothelial cell growth supplement. Each super-
natant was tested in quadruplicate. Cell phenotype was digitally recorded at 24 h to 
evaluate the degree of EC migration and differentiation into tubule structures, and 
again after 2 weeks to evaluate vessel survival and stability. Figure  1 a graphically 
depicts two quantitative measures of angiogenesis: the number of enclosed polygonal 
spaces delimited by complete tubules (lumens) and the number of nodes where 
branching tubules meet (branch points). Figure 1b shows a representative example 
of each culture condition as a low-power image. Figure 1c shows high-power 
images to emphasize the differences in vessel integrity between conditions. Results 
with control supernatants confirmed that exogenous angiogenic factors are required 
to support the formation of a robust capillary network when ECs are plated on 
GFR-matrigel. Specifically, ECs cultured in complete medium for 24 h aligned to 
form a meshwork of anastomosing tubules with multinodal branch points and 
enclosed lumens. In contrast, ECs cultured in SFM for 24 h were unable to form a 
consistent network of interconnecting tubules, with many cells generating incom-
plete tubes or aggregating in clumps. In contrast, ECs cultured in the presence of 
the HCMV secretome supported the formation of an extensive polygonal capillary 
network. Vessels formed in the presence of the HCMV secretome appeared to be 
more defined than those formed in the presence of complete medium, presumably 
reflecting increased stability of intercellular junctions. To test the degree of stabili-
zation afforded by the HCMV supernatants, trays were kept in culture for 2 weeks 
(Fig. 1d). By this time, networks induced by complete medium had degenerated, 
but those induced by the HCMV secretome remained intact. Collectively, we show 
that the HCMV secretome contains factors that promote angiogenesis and allow 
stabilization of neovessels and that generation of this active secretome requires 
HCMV replication (data not shown).  

  HCMV Secretome Induces Wound Healing in Endothelial Cells 

 For the WH assays we used an electric cell-substrate impedance sensing (ECIS) 
system available from Applied Biophysics Inc., to monitor cell behavior. In 
ECIS, cells are grown on eight-well chamber slides with 250-mm-diameter gold 
electrodes microfabricated onto each well bottom. A larger counter-electrode 
completes the circuit, using standard tissue culture medium as an electrolyte. 
When a weak AC signal is applied to the system, the presence of a confluent 
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monolayer is reflected by a marked increase in impedance, since cells restrict the 
effective area available for current flow. Fluctuations in measured impedance 
occur in response to micromotions of cells and can be used as indications of cell 
viability or morphology change (Keese et al. 2004). ECIS technology has been 
adapted for wound healing assays (Charrier et al. 2005). Cells are grown to con-
fluence on the arrays to achieve high impedance values and a transient voltage 
spike is applied to kill only the cells on the electrode. Normal ECIS measure-
ments are then used to monitor of the rate of repopulation of the wounded area 
from cells surrounding the electrode, which is superior to traditional WH assays 

  Fig. 1  HCMV secretome mediates EC tubule formation.  a  Quantitation of two parameters of 
angiogenesis, lumen formation, and number of branch points at 24 h after plating on matrigel in 
the presence of control supernatants (SFM alone or SFM + HS/ECGS) and test supernatants con-
ditioned by factors secreted by Mock- and HCMV-infected cells.  b  Low-power images of EC dif-
ferentiation on matrigel.  c  High-power images, conditions as for ( b ), illustrating the integrity of 
individual tubules.  d  Tubule survival after 2 weeks on matrigel in the presence of SFM plus HS/
ECGS or supernatant conditioned by HCMV-infected cells 
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since it is entirely automated and allows continuous monitoring of the cellular 
response to wounding. We have used the ECIS system to measure the influence 
of the HCMV secretome on WH. For these assays, primary HUVECs were plated 
in two arrays in complete medium and incubated overnight to allow establishment 
of a confluent monolayer. The next day, cells were serum-starved prior to the 
addition of secretome samples from mock- and AD169- (plus or minus UV or 
foscarnet treatments) infected or HSV-1-infected HFs to duplicate wells. SFM 
and complete medium were used as negative and positive controls, respectively. 
Immediately after application of supernatants, arrays were placed in the electrode 
holders and impedance was measured for a few minutes. This confirmed the 
existence of confluent cell monolayers over each electrode and verified that the 
cells were healthy. All but one of the chambers of cells were wounded for 30 s. 
As expected, the electrical wounding resulted in an immediate drop in impedance 
to the level of an open electrode. The subsequent rise in impedance due to migra-
tion and repopulation of the wound was monitored. As shown in Fig.  2  under the 
presence of complete medium, the wound was repopulated in about 6 h. Similarly, 

  Fig. 2  HCMV secretome mediates EC wound healing. Wound healing activity of the HCMV 
secretome. ECs were grown to confluence on ECIS arrays and exposed to test supernatants prior 
to electrical wounding. Wound healing, as indicated by increasing resistance, is plotted as a func-
tion of time. Healing traces for duplicate wells are shown for the HSV-1 Secretome ( yellow ), mock 
( green ), HCMV ( red ), or UV-inactivated HCMV ( light blue ). Control traces include a negative 
control (SSFM;  pink ), a positive control (Complete SFM;  dark blue ) and an unwounded control 
( black ). Cells exposed to the HCMV secretome show wound repair within 6-10 h, whereas cells 
exposed to the HSV-1 or mock secretomes repopulate the wound inefficiently, indicating that the 
production of wound healing factors is specific for HCMV infections 
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cells cultured in the presence of the HCMV secretome were able to repopulate the 
wound with the same kinetics as with complete medium, although steady state 
resistance levels were slightly lower. In contrast, cells cultured in SFM lacking 
growth factors, the mock secretome, or the secretomes from HCMV UV- or 
foscarnet-treated cells all were unable to repopulate the electrode, even over the 
total 20 h measured. Similarly, cells incubated with a secretome derived from 
HSV-1 infected cells also failed to mediate WH, suggesting that the WH effects 
are specific for CMV. Importantly, these data clearly show that the HCMV secre-
tome contains factors that promote cell migration into a mechanical wound. The 
ability of the HCMV secretome to mediate WH is due to active viral replication 
since both UV-treated virions and foscarnet-treated cells did not promote WH. 
Since foscarnet treatment of infected cells resulted in an inactive secretome, this 
observation suggests that a late kinetic class of HCMV gene(s) is involved in the 
generation of secretome WH factors. These observations correlate with studies in 
human heart transplant patients as well as our own observations in heart trans-
plants in rats in which ganciclovir treatment prolongs graft survival.   

  Conclusions 

 There has been a steady progression to our understanding of role that HCMV 
plays during the acceleration of vascular diseases such as atherosclerosis, resten-
osis, and transplant vasculopathy associated with the development of chronic 
solid organ allograft rejection. This progress has been made through epidemio-
logic studies, the use of animal models of vascular disease and transplantation, as 
well as through the use of in vitro models that mimic the clinical scenario. While 
the precise mechanism(s) of action have yet to be fully elucidated, what has 
become clear over the last couple of decades of study is that HCMV is capable of 
modifying the extracellular host environment through the production and release 
of biologically active cellular factors, including growth factors, cytokines, and 
ECM-modifying enzymes. As we demonstrate here, the overall effect of this host 
manipulation is that the HCMV secretome is capable of mediating angiogenesis 
and wound healing, which are important processes that drive vascular disease 
formation. Indeed, many of the factors that we identified in the HCMV secretome 
were identified by microarray analysis in the rat allograft hearts, suggesting that 
the factors involved in these two processes are similar. Future research meant to 
identify the specific upstream gene targets that would make possible prevention 
or abrogation of the HCMV-associated vasculopathy and chronic allograft rejec-
tion will broaden the therapeutic profile used to combat this very important 
clinical problem.   
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         Manifestations of Human Cytomegalovirus 
Infection: Proposed Mechanisms of Acute 
and Chronic Disease 

   W.   Britt       

   Abstract   Infections with human cytomegalovirus (HCMV) are a major cause of 
morbidity and mortality in humans with acquired or developmental deficits in innate 
and adaptive immunity. In the normal immunocompetent host, symptoms rarely accom-
pany acute infections, although prolonged virus shedding is frequent. Virus persist-
ence is established in all infected individuals and appears to be maintained by both a 
chronic productive infections as well as latency with restricted viral gene expression. 
The contributions of the each of these mechanisms to the persistence of this virus in 
the individual is unknown but frequent virus shedding into the saliva and genitourinary 
tract likely accounts for the near universal incidence of infection in most populations 
in the world. The pathogenesis of disease associated with acute HCMV infection is 
most readily attributable to lytic virus replication and end organ damage either sec-
ondary to virus replication and cell death or from host immunological responses that 
target virus-infected cells. Antiviral agents limit the severity of disease associated 
with acute HCMV infections, suggesting a requirement for virus replication in clinical 
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syndromes associated with acute infection. End organ disease secondary to unchecked 
virus replication can be observed in infants infected in utero, allograft recipients receiv-
ing potent immunosuppressive agents, and patients with HIV infections that exhibit 
a loss of adaptive immune function. In contrast, diseases associated with chronic or 
persistent infections appear in normal individuals and in the allografts of the transplant 
recipient. The manifestations of these infections appear related to chronic inflamma-
tion, but it is unclear if poorly controlled virus replication is necessary for the different 
phenotypic expressions of disease that are reported in these patients. Although the 
relationship between HCMV infection and chronic allograft rejection is well known, 
the mechanisms that account for the role of this virus in graft loss are not well under-
stood. However, the capacity of this virus to persist in the midst of intense inflammation 
suggests that its persistence could serve as a trigger for the induction of host-vs-graft 
responses or alternatively host responses to HCMV could contribute to the inflamma-
tory milieu characteristic of chronic allograft rejection.    

   Introduction 

 Cytomegaloviruses are readily transmissible beta-herpesviruses that establish persist-
ent infections for the life of the host. CMVs have been isolated from almost all mam-
malian species that have been studied, including commonly used experimental 
laboratory animals. Several lines of evidence argue that CMVs co-evolved with their 
natural hosts (Britt et al. 2005). These include the finding of functional host cell genes 
incorporated into the viral genome, the near universal lack of clinically significant 
disease following primary infection of the natural host, and a highly restricted tropism 
for the homologous host that appears to be linked to blocks of genes specific for each 
cytomegalovirus (Britt et al. 2005). This later biological property of CMVs has lim-
ited the use of experimental animals to precisely model human disease syndromes. 
As a result, considerable efforts have been made to define the pathogenesis of human 
CMV (HCMV) infections by observational studies. Recapitulation of all aspects of 
HCMV infection has been impossible to achieve in experimental animal models, but 
important insights into general mechanisms of virus persistence and immune control 
of acute and chronic viral infections have been gained through the study of rodent and 
more recently, rhesus macaque CMV infections. 

 Well-recognized disease syndromes follow acute infection with CMV and after 
reactivation of latent infections in both immunocompromised human and animal 
hosts; however, chronic persistent infections with CMV and possibly chronic abortive 
infections with restricted viral gene expression have also been proposed to explain 
less recognizable disease syndromes associated with these viruses. Several hurdles 
continue to plague experimental study of chronic diseases associated with CMV, 
including the complex organization and regulation of viral gene expression and more 
recently the realization that commonly used laboratory virus strains of HCMV and 
recent clinical isolates differ not only in their overall genetic composition but also 
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their host cell tropism and often induce variable cellular responses following infection 
(Plachter et al. 1996; Fish et al. 1998; Sinzger et al. 1999b; Prichard et al. 2001; 
Murphy et al. 2003). Experimental systems that permit efficient genetic manipulation 
of CMV together with the promise of genomewide monitoring of gene expression of 
CMVs will undoubtedly renew interest in the pathogenesis of infection with these 
viruses and potentially identify previously unrecognized contributions of this large 
DNA virus to human diseases (Zhu et al. 1998; Chambers et al. 1999; Hobom et al. 
2000; Messerle et al. 2000; Simmen et al. 2001; Dunn et al. 2003; Yu et al. 2003; 
Rupp et al. 2005; Streblow et al. 2007). This brief discussion will focus on the patho-
genesis of diseases associated with HCMV and attempt to integrate observations in 
relevant animal models to current understanding of human disease. 

 The predictable occurrence of CMV end-organ disease in significantly immuno-
compromised hosts clearly demonstrates the importance of the immune system in 
limiting virus replication and disease (Table  1 ). Although the risk of acute disease 
following HCMV infection in allograft recipients is well recognized, our under-
standing of the key elements of immune control of this infection has been based 
almost entirely on observations made in patients with significant and sometimes 
global deficiencies in immune reactivity. Animal models, most notably murine and 

  Table 1  Clinical manifestations of HCMV infection 

 Population Diseases associated  Diseases associated
  with acute infection  with chronic infection

Immunocompetent Asymptomatic infection,  Atherosclerotic vascular disease;
  mononucleosis-like  inflammatory bowel disease,
  illness  periodontal disease,
   rheumatologic disorders

Immunocompromised  Asymptomatic (90%)  Hearing loss (5%–15%); 
fetal and newborn  infections; 10% can have  neuron-developmental
infants (congenital  hepatitis, retinitis,   abnormalities
infection)  thrombocytopenia, 
  neurologic disease

Allograft recipients Fever, decreased  Vascular disease
  bone marrow function,   (transplant vasculopathy), 
  hepatitis, pneumonitis,   interstitial tubuloscleorsis
  bacterial superinfections  (renal allografts); loss
   of bile ducts (liver
   allografts); chronic
   graft rejection and
   graft loss

Immunodeficiency  Gastrointestinal disease  Colitis reported in 
syndromes (acquired  (esophagitis, colitis),   inherited immunodeficiencies
and inherited)  retinitis, encephalitis

Aged Unknown Immune senescence
   with potential decrease
   in immune responsiveness 
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the rhesus macaque models, have provided data consistent with proposed mecha-
nisms of immune-mediated protection from HCMV in the human host (Baroncelli 
et al. 1997; Kuhn et al. 1999; Podlech et al. 2000; Kaur et al. 2002, 2003; Reddehase 
et al. 2002; Barry et al. 2006; Holtappels et al. 2006). The critical importance of 
virus-specific CD4 +  and CD8 +  lymphocyte responses, and in some cases antiviral 
antibodies, to protective immunity is mirrored by observational studies in human 
allograft recipients and HIV-infected individuals (Reusser et al. 1991, 1997; Walter 
et al. 1995; Schoppel et al. 1998b; Sester et al. 2001). Natural killer cell responses 
have been demonstrated to play a major role in host resistance in mice infected with 
MCMV, and studies in this system have provided insights into the biology of 
NK cell receptors as well as the genetic control of NK responses in mice (Scalzo 
et al. 1992; Polic et al. 1998; Biassoni et al. 2001; Moretta et al. 2001; Krmpotic 
et al. 2002; Yokoyama and Scalzo 2002; French and Yokoyama 2003; Lodoen et al. 
2003; Voigt et al. 2003; Bubic et al. 2004; French et al. 2004; Hasan et al. 2005; 
Adam et al. 2006). Although presumed to be of similar importance in humans, the 
evidence implicating NK responses in protective responses of humans infected with 
HCMV is more limited (Bowden et al. 1987; Biron et al. 1989; Lopez-Botet et al. 
2001; Iversen et al. 2005; Wills et al. 2005; Cook et al. 2006; Prod’homme et al. 
2007; Wagner et al. 2007). The importance of HCMV as an opportunistic pathogen 
in HIV-infected patients prior to the availability of active antiretroviral therapy 
(ART) provided new insights into the relationship between HCMV and the immune 
system. Several important concepts were derived from the myriad of studies of 
HCMV infection in patients with AIDS, including the observation that seemingly 
minimal adaptive cellular immunity was sufficient for the control of virus replica-
tion and the maintenance of the homeostasis between host and virus (Autran et al. 
1997; Komanduri et al. 2001a, 2001b). Secondly, technologies developed to study 
cellular immune responses to HCMV in these patients indicated that even in 
normal individuals, the host immune system has allocated an unexpectedly large 
proportion of circulating T lymphocytes to the recognition of HCMV-infected 
cells (Waldrop et al. 1997; Sylwester et al. 2005). With the apparent limited 
pathogenicity of HCMV based on studies in both normal individuals and those 
with treated HIV infection, it is perplexing why the host has dedicated so much 
of its T lymphocyte response to this single virus. It has been difficult to reconcile 
that in some normal immunocompetent individuals up to 10% of their circulating 
T lymphocytes are HCMV-specific in light of the limited pathogenicity of this 
virus in all but the most immunocompromised hosts (Jin et al. 2000; Sester et al. 
2002a, 2002b; Sylwester et al. 2005). Furthermore, understanding mechanisms of 
HCMV persistence in the normal host even in the face of the exuberant host 
immune response remains a major question in viral immunology. A frequently 
invoked explanation for this apparent paradox is that the complex network of 
viral genes that encode immune evasion functions and facilitates persistent infec-
tion with this virus have been countered by an exaggerated host T lymphocyte 
response. Whether this so-called memory expansion of T lymphocyte responses 
is provoked by continual low-level replication or frequent reactivations from 
latency is unknown. Studies in experimental animal models have provided data 
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suggestive that resistance to CMV-induced disease requires a quantitative 
response and that immune evasion functions of this virus can dilute a normal 
protective response and foster persistence of this virus (Krmpotic et al. 2001; 
Holtappels 2002). Because of the close evolutionary relationship between the 
HCMV virus and its human host and the persistence of replicating virus in normal 
individuals, it appears that viral functions contribute to the détente reached by 
this virus and its host.  

  Natural History of Acute CMV Infections in the Normal Host 

 Human CMV infection is ubiquitous in the populations throughout the world 
(Weller 1971a, 1971b; Stagno and Britt 2006). Serological evidence of past infection 
ranges from nearly 100% in children and adults from undeveloped countries in 
Africa, Asia and South America to less than 30% in adults in some areas of North 
America and northern Europe. Acquisition of HCMV is age-related in both developed 
and undeveloped countries. In well-developed areas of the world such as the US 
and northern Europe, serologic reactivity to HCMV increases at an approximate 
rate of 2% per year after adolescence, whereas in the developing world near universal 
serologic reactivity can be documented by adolescence (Stagno et al. 1982a, 1983; 
Stagno and Britt 2006). Consistent with the spread of HCMV in populations, 
animal CMVs spread efficiently in laboratory colonies and CMV-free colonies of 
experimental animals such as guinea pigs and rhesus macaques must be actively 
managed by separation of infected from noninfected animals. Only limited infor-
mation is available on the epidemiology of CMVs in wild populations of nonhuman 
primates, but a study has documented near universal seropositivity in at least one 
free-ranging population of these animals (Swack and Hsiung 1982; Kessler et al. 
1989; Vogel et al. 1994). Thus, the high incidence of RhCMV infection in rhesus 
macaque colonies is more likely related to the natural spread of this virus than to 
factors associated with captivity. Similarly, MCMV infection is commonplace in 
wild mice captured in Australia and viruses isolated from wild mice quickly infect 
laboratory mice when the two populations are housed together, regardless of the 
preexisting infections in the laboratory animals (Gorman et al. 2006; Smith et al. 
2006). Together, these data indicate that CMVs are readily transmitted within 
populations through close contact and that increasing seroprevalence in human 
populations indicates continued exposure to these viruses secondary to the endemic 
and persistent nature of CMV infection within its animal host. 

 Children have been proposed to be a major source of CMV infections in human 
populations. Documented routes of infection in children include perinatal exposure 
to infectious genital secretions, breast milk ingestion, and exposure to other children 
infected with HCMV (Stagno et al. 1980; Pass et al. 1987; Adler 1989, 1991; 
Minamishima et al. 1994; Bale et al. 1996, 1999; de Mello et al. 1996; Vochem 
et al. 1998; Hamprecht et al. 2001; Lawrence and Lawrence 2004; Willeitner 2004; 
Doctor et al. 2005; Miron et al. 2005). Because HCMV infection at an early age is 
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followed by prolonged excretion of infectious virus, often persisting for several 
years, transmission is commonplace during childhood in human societies in which 
crowding and group care of children take place. In the developed world, this has 
been observed in children from lower socioeconomic groups and children attending 
group care centers (Adler 1989; de Mello et al. 1996; Bale et al. 1999). In that latter 
setting, infection may be acquired by over 50% of attendees and infections with 
multiple viral strains have been observed, presumably through exposure to virus 
containing saliva and urine (Hutto et al. 1986; Pass et al. 1987; Adler 1991; Bale 
et al. 1996). In older children and sexually active adolescents and adults, infection 
is presumed to follow sexual exposure as cervical secretions and semen are rich 
sources of virus (Lang and Kummer 1975; Pass et al. 1982; Drew et al. 1984; 
Rinaldo et al. 1992; Collier et al. 1995). Sexual transmission of HCMV is consistent 
with the extremely high rates of serological reactivity in sexually active populations 
such as gay men and individuals attending sexually transmitted disease clinics 
(Drew et al. 1981; Chandler et al. 1985, 1987; Handsfield et al. 1985; Berry et al. 
1988; Collier et al. 1989; Fowler and Pass 1991; Sohn et al. 1991; Shen et al. 1994; 
Ross et al. 2005). Contact with young children excreting infectious virus represents 
another mode of acquisition of HCMV by adults. Reinfections with new strains of 
virus appears commonplace in normal hosts and in immunocompromised hosts 
(Drew and Mintz 1984; Chou 1986, 1987; Bale et al. 1996; Boppana et al. 2001). 
In the normal host, reinfections are more common in populations with increased 
risks of exposure such as children attending group care centers or sexually active 
populations. Whether the full pathogenic potential of HCMV can follow a reinfec-
tion in a normal host remains an important question; however, reinfections can lead 
to serologic reactivity specific for the new viral strain and in pregnant women, 
transmission to the fetus and fetal disease, indicating that the disease-inducing 
potential of reinfection is similar to that associated with primary infection in normal 
hosts and can be associated with significant morbidity in immunocompromised 
patients such as transplant recipients (Boppana et al. 2001). Reinfection has also 
been documented in previously infected and seroreactive laboratory rodents and 
nonhuman primates (J. Nelson, personal communication) (Gorman et al. 2006). 
Lastly, non-community-acquired HCMV infections are associated with exposure to 
blood and blood products from infected donors, transplantation of allografts from 
infected donors, and in the past by exposure of newborn infants to banked human 
breast milk (Chou 1986; Bowden 1995; Vochem et al. 1998; Lawrence and 
Lawrence 2004). 

 Disease associated with acute infections in the normal host is infrequent but 
when present is limited to nonspecific viral syndromes that are characterized by 
low-grade fevers, fatigue, evidence of mild hepatocellular damage, and occasionally 
transient bone marrow suppression (Cohen and Corey 1985; Pannuti et al. 1985; 
Horwitz et al. 1986; Porath et al. 1987). These clinical manifestations of end-organ 
disease are consistent with a disseminated infection and are mirrored by experimental 
infection of the mouse, rat, guinea pig and rhesus macaque by their respective 
CMVs (Griffith et al. 1981; Bia et al. 1983; Stals et al. 1990; Kern 1999; Lockridge 
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et al. 1999; Stals 1999; Barry et al. 2006). More severe infections with significant 
end-organ dysfunction have been related to the inoculum size in experimental 
 animals and also in humans following inoculation of vaccine trial volunteers with 
a clinical virus isolate (Plotkin et al. 1989; Bernstein 1999; Kern 1999). Following 
human infection acquired by exposure of mucosal sites, it is presumed that local 
replication occurs and the primary viremia leads to spread from these sites to other 
sites of virus amplification such as the liver and/or spleen. Studies in experimental 
animals have utilized parenteral inoculations in most cases; however, descriptions 
of infections following oral inoculations have been reported in both mice and 
nonhuman primates (Lockridge et al. 1999) (S. Jonjic, personal communication). 
Because the manifestations of infection and dissemination after oral infection are 
similar to those of parenteral infection, it is likely that virus first replicates locally 
regardless of site or route of inoculation and then spreads to visceral sites such as 
the liver, lung, and spleen where it further amplifies. It is likely that visceral organs 
serve as reservoirs for infectious virus during acute infections and presumably 
dissemination to other organs takes place, depending on the immune status of the 
host. Virus is cleared over a period of weeks to months as measured by the presence 
of virus or viral DNA in peripheral blood. In the mouse and guinea pig (and 
presumably in humans), persistent viral infection is established in the salivary 
gland within 2 weeks after infection and virus can be recovered from this organ 
long after replicating virus has been cleared from the blood as well as the liver and 
spleen (Bernstein 1999; Kern 1999). 

 The relative contribution of cell-free vs cell-associated virus to either the primary 
or secondary viremia following HCMV infection has not been fully defined. 
Several possible mechanisms for virus dissemination in the vasculature have been 
proposed and explored experimentally. Viral genes responsible for the extended 
cellular tropism of clinical viral isolates as compared to laboratory passaged viruses 
have been identified (Percivalle et al. 1993; Gerna et al. 2000; Hassan-Walker et al. 
2001; Hahn et al. 2004; Wang and Shenk 20054a, 2005b). Specific cellular tropism 
of HCMV appears to be an important determinant in the spread of this virus within 
the infected host (MA et al. 2006). Cell-free virus transmission during dissemina-
tion is thought to be unlikely because HCMV replication is highly cell-associated 
and infectious virus is recovered only rarely from cell-free serum or plasma and 
then usually only in severely immunocompromised patients with extremely large 
amounts of virus in the peripheral blood (Lathey et al. 1994). HCMV DNA can 
often be detected in plasma by PCR in this latter group of patients (Boivin et al. 
1998; Caliendo et al. 2001). Interestingly, cell-free virus is commonly found in 
body fluids such as urine, saliva and breast milk and often at high titers, indicating 
that cell-free virus is readily released depending on the site of infection. Early studies 
suggested that infected endothelial cells that detach from infected vessels and/or 
polymorphonuclear (PMN) leukocytes could carry HCMV to distal sites (Percivalle 
et al. 1993; Gerna et al. 1998; Sinzger et al. 1999a; Gerna et al. 2000). Undoubtedly, 
infected endothelial cells carry infectious virus but because of their size and proba-
ble limited half-life in the circulation, these cells would be rapidly cleared and less 
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likely to efficiently disseminate virus widely in the host (Pooley et al. 1999). The 
presence of these cells may be more reflective of the severity of an acute infection, 
a finding consistent with the observation that such cells are detectable almost exclu-
sively in only the most severely immunocompromised patients (Gerna et al. 1998; 
Kas-Deelen et al. 2000). Similarly, many investigators have suggested that PMN 
leukocytes may efficiently disseminate HCMV to distal sites, a hypothesis based on 
clinical observations of the transmissibility of HCMV from blood cells found in the 
buffy coat of peripheral blood (Gerna et al. 2000; Saez-Lopez et al. 2005). This 
hypothesis is also consistent with recent studies that have demonstrated that HCMV 
infection not only upregulates IL-8 expression but encodes an IL-8 like molecule, 
the UL146/vCXC-1, (Grundy et al. 1998; Penfold et al. 1999; Redman et al. 2002). 
Because IL-8 is a chemoattractant for neutrophils, infected cells could recruit 
PMN into the foci of infected cells and disseminate infectious virus passively 
acquired by the PMN. Results from studies in mice infected with MCMV are 
consistent with such a mechanism (Saederup et al. 1999; Noda et al. 2006). Lastly, 
cells of the monocyte/macrophage lineage can be infected with HCMV and thus 
could serve to disseminate HCMV (Taylor-Wiedeman et al. 1991, 1994; Kondo 
et al. 1996; Soderberg-Naucler et al. 1997; Bolovan-Fritts et al. 1999). Interestingly, 
studies in immunocompromised patients suggest that circulating monocytes 
contain quantitatively a similar number of viral genomes as PMN, suggesting that 
cells of this lineage may disseminate the HCMV as efficiently as PMN (Hassan-
Walker et al. 2001). 

 End-organ disease following acute infection has been most closely correlated 
with virus replication and virus-induced cytopathology, suggesting that organ 
dysfunction and cellular damage are likely related to the lytic replicative cycle of 
the virus in most cell types found in every organ system, with the possible exception 
of the CNS. Observations from animal models are consistent with this proposed 
mechanism of disease, and disease appears to correlate with levels of replicating 
virus (Persoons et al. 1998; Kern 1999; Podlech et al. 2000). The mechanism of cell 
death following lytic infection is not well understood; however, lytically infected 
human fibroblasts develop significant morphologic changes, including a marked 
increase in the size of the nucleus, nuclear and cytoplasmic inclusions, blebbing 
and focal loss of nuclear membrane integrity, displacement of normal cellular 
secretory pathway organelles with virus assembly sites, and eventually disruption 
of the plasma membrane. In some cell types, productive infection appears to be 
nonlytic (Fish et al. 1998). Apoptosis is not a prominent component of the early 
cellular response to CMV infection and at least in the case of HCMV, anti-apoptotic 
functions encoded by several viral genes inhibit this cellular response (Goldmacher 
2002; McCormick et al. 2003; Andoniou and Degli-Esposti 2006; Sharon-Friling 
et al. 2006). In addition, recent findings indicate that HCMV encodes viral functions 
that inhibit innate cellular responses to virus infection such as nuclear responses to 
viral DNA shortly after infection, induction of PKR and phosphorylation of eIF2-α 
and activation of RNAase L (Child 2002; Cassady 2005; Hakki and Geballe 2005; 
Cantrell and Bresnahan 2006; Child et al. 2006; Hakki et al. 2006; Saffert and 
Kalejta 2006). Murine CMV has been shown to encode similar functions (m142 
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and m143) that blunt PKR responses to dsRNA, and deletion of these viral genes 
cripples replication virus in vivo (Valchanova et al. 2006). Thus, HCMV encodes a 
number of viral functions to prevent both intrinsic and innate cellular responses to 
infection, presumably to facilitate virus replication and generation of progeny virions. 
Finally, it should be noted that the presence of infiltrating lymphocytes and other 
mononuclear cells and elevated levels of inflammatory cytokines in HCMV-
infected tissue also raise the possibility that host-derived immune effector functions 
contribute to disease manifestations associated with acute infection. In support of 
this possibility is the observation that children infected as fetuses, newborns or 
during infancy excrete virus for prolonged periods of time, in many cases several 
years, and yet do not exhibit clinically observable organ dysfunction (Stagno and 
Britt 2006). Thus, viral replication apparently does not represent the sole determinant 
of disease in the normal host. 

 Resolution of acute infection in normal individuals is associated with persistent 
immunological reactivity for HCMV that is characterized by a high frequency of 
HCMV-specific CD4 +  and CD8 +  T lymphocytes and stable levels of antiviral 
antibodies. Even in the face of persistent immunological reactivity specific for 
HCMV, normal individuals, as noted previously, can be reinfected with heterologous 
strains of virus. Whether the persistently elevated levels of anti-HCMV antibodies 
and HCMV-specific T lymphocytes detected in some individuals result from frequent 
reinfection is unknown. Furthermore, immune individuals periodically excrete 
infectious virus and the infected host remains the main source of community exposure 
for the uninfected individual. 

 Virus has been demonstrated in a variety of cell types in normal individuals with 
acute infections, including epithelium, hepatocytes, smooth muscle cells, endothelial 
cells, circulating mononuclear cells, macrophages, astrocytes and dermal fibroblasts 
(Tumilowicz et al. 1985; Sinzger et al. 1995, 1996, 1999a; Ricotta et al. 2001). 
Similar findings have been described in experimental animals. Virus persists in a 
number of tissues following resolution of an acute infection and may persist either 
as a chronic productive infection or as a latent infection. In experimental rodents, 
virus can be consistently recovered from the salivary gland. Virus has also been 
recovered from latently infected blood monocytes following culture in supernatant 
fluids from cultures of lymphocytes undergoing an allogenic reaction (Soderberg-
Naucler et al. 1997). This finding was an extension of early studies in mice infected 
with murine CMV and demonstrated that a latent infection could contribute to 
CMV persistence (Jordan and Mar 1982). In addition, the finding that latent HCMV 
present in mononuclear cells could be reactivated by an ongoing allogenic reaction 
provided an explanation for the role of the transplanted organ as a source of CMV 
reactivation in patients undergoing allotransplantation (Gnann et al. 1988; 
Soderberg-Naucler et al. 1997). It remains unclear if persistence of CMV infection 
in humans can be best described as a chronic productive infection in sequestered 
sites or as a true latent infection with periodic reactivations, or more likely by both 
mechanisms. Most investigators would favor the description of CMV persistence as 
a chronic persistent replication. In the postpartum period, it appears that a previ-
ously quiescent infection can be reactivated in both genital tract and in the secretory 
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epithelium of the breast (Pass et al. 1982; Hamprecht et al. 2001; Stagno and Britt 
2006). In fact, reactivation of CMV in the breast epithelium and excretion into 
breast milk is almost universal in previously infected women during the postpartum 
period (Stagno et al. 1980; Stagno and Britt 2006). Finally, Reddehase and 
 colleagues carefully demonstrated in the murine model of CMV infection that true 
latency existed in the lungs of previously infected animals and that following loss 
of immune control, productive infection could be demonstrated (Kurz et al. 1999). 
Whether active immune surveillance contributes to the establishment or maintenance 
of CMV latency in humans is unknown.  

  Natural History of Acute CMV Infection 
in the Immunocompromised Host 

 Exaggerated end-organ disease in the immunocompromised host has offered a 
glimpse of the pathogenic potential of CMVs, yet extensive disease in the setting 
of an absent or depressed immune system obviously does not reflect the phenotype 
of this virus in the immunologically normal host. In fact, one could argue that 
CMVs have evolved to be nonpathogenic in their hosts to ensure persistence and 
spread in the population. Prior to the HIV pandemic, widespread multiorgan 
disease had been described consistently in only one naturally acquired infection: 
infants with congenital HCMV infection. Thus, in the context of the normal non-
immunocompromised host, the pathogenic potential of CMVs may be restricted to 
those of chronic infection and not to the more recognizable disease manifestations 
that are seen in patients with deficits in immune responsiveness. Nevertheless, the 
manifestations of acute HCMV infection remain of considerable medical impor-
tance and unraveling its pathogenesis remains an important goal of current 
research. HCMV has been associated with disease in three groups of immunocom-
promised hosts: (a) fetuses presumably secondary to immunological immaturity, 
(b) allograft recipients secondary to cytotoxic antirejection agents and in some 
cases graft-vs-host disease, and (c) HIV infection with loss of CD4 +  lymphocytes 
and the resulting loss of adaptive immune responses (Table 1). Less commonly, 
CMV disease has been reported in patients undergoing cytotoxic chemotherapy or 
prolonged therapy with corticosteroids (Stagno and Britt 2006). An interesting 
association of invasive CMV disease has been recently described in patients 
undergoing anti-TNF antibody therapy of rheumatologic diseases (Haerter et al. 
2004; Mizuta and Schuster 2005; Kohara and Blum 2006). Diseases in these 
patients ranged from hepatitis, retinitis, and enteritis. Descriptions of intestinal 
disease associated with CMV infection in older patients with inherited immunode-
ficiencies have also been reported (Raeiszadeh et al. 2007). Finally, the role of 
HCMV in immune senescence in the aged population secondary to the phenomena 
of memory inflation of the T lymphocyte response to this virus remains an area of 
active investigation. 
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  Congenital Infection 

 Congenital infection with HCMV is an important cause of cognitive and perceptual 
disorders in children in North America and Western Europe (Yow et al. 1988; 
Ahlfors et al. 1999, 2001; Stagno and Britt 2006). In the US it is estimated that 
between 0.1% and 1% of all live births have an intrauterine infection with HCMV; 
however, this number may reflect the results of epidemiological studies in geo-
graphically and in some cases racially restricted populations (Stagno and Britt 
2006). Thus, the estimated incidence of this intrauterine infection may not reflect 
that of the entire US population. Interestingly, in a limited number of studies from 
the developing world, the incidence of congenitally infected newborns varied 
between 0.5% and 2.0%, a finding suggesting that intrauterine transmission of this 
virus is a frequent event in all populations (Alford and Pass 1981; Stagno et al. 
1982b; Sohn et al. 1992; Yamamoto et al. 2001; Stagno and Britt 2006). In fact, 
the rate of congenital HCMV infection increases as the prevalence of serological 
reactivity to HCMV increases in the maternal population, suggesting that exposure 
to this virus represents the most consistent risk factor for delivery of an infected 
infant (Fig.  1 ). This is in contrast to descriptions of the relationship between rates 
of maternal seroimmunity and the occurrence of other well-studied intrauterine 
infections such as that described for congenital rubella syndrome, an infection that 
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  Fig. 1  Incidence of congenital CMV infection increases with maternal seroprevalence. The inci-
dence of congenital HCMV infection and maternal seroprevalence rates from published studies 
carried out in North America, Europe, South America, and Africa were plotted as shown. Note 
that as rate of maternal seroprevalence increases so does incidence of congenital CMV infection, 
suggesting that a threshold level of immune individuals that will eliminate transmission within 
these population may not be reached 
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follows primary maternal rubella virus infection during pregnancy and transmis-
sion to the fetus. In the case of rubella infections, once the prevalence of maternal 
seroimmunity to rubella virus exceeds approximately 85%, the incidence of 
congenital rubella infection falls dramatically (Preblud and Alford 1990; MMWR 
1997). Thus, the parameters of protective maternal immune responses to viruses 
such as rubella that do not establish persistent infections in the host or remain 
endemic in the population appear to differ substantially from those that are necessary 
to limit congenital CMV infections. It is of interest that aspects of the epidemi-
ology of CMV mirror those seen in congenital syphilis infections, a sexually 
acquired infection that does not appear to induce protective immunity and whose 
incidence increases as the prevalence of the infection increases in the population 
(Anonymous 1999).  

 Transmission of HCMV to the developing fetus following maternal primary infec-
tion occurs in between 20% and 50% of cases (Stagno et al. 1982b; Griffiths and 
Baboonian 1984; Yow et al. 1988; Stagno and Britt 2006). Because fetal infection 
occurs in 0.1%-2.0% of women with preconceptional immunity to HCMV, it is clear 
that maternal immunity plays a major role in protecting the fetus from virus infection 
(Table  2 ). However, at what level this host response modulates intrauterine transmis-
sion of HCMV and fetal disease is not understood. Recent studies of parameters of 
HCMV infection and host immunity during primary HCMV infections in pregnancy 
have described increased levels of viremia and delayed development of CD4 +  and 
CD8 +  responses to HCMV that can be correlated with increased rates of fetal infection 
(Gibson et al. 2007). Although consistent with previous observations that the develop-
ment of specific adaptive immune responses appeared delayed in primary HCMV 
infections, the interval between virus acquisition and the development of adaptive 
immunity in these women cannot be precisely determined (Gibson et al. 2007).  

  Table 2  Nonprimary maternal HCMV infection and outcome of 
congenital HCMV infection 

  Type of maternal infection

 Primary Non-Primary

Incidence of congenital infection 13% a  87%
Transmission rate to fetus 20%–40% 0.1%–2.0% b 
Incidence of congenitally  24% c  5%–8%

infected infants
with sequelae

Infants with sequelae  31.2 43.5%–69.5 
 following congenital 
 HCMV infection d 

  a  Stagno et al. 1982
 b  Transmission rates following nonprimary infection varying depend-
ing on age and socioeconomic status of population
 c  Fowler et al. 1992
 d  Rate calculated per 1,000 infants with congenital HCMV infection 
following primary (130) and nonprimary infection (870) 
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 Finally, a longstanding concept is that maternal immunity to HCMV prior to 
conception also provides protection to the developing fetus from damaging intra-
uterine infection with this virus; however, this protection is far from complete 
(Stagno et al. 1982b; Stagno and Britt 2006). More recent information suggests 
that the disease burden secondary to damaging congenital HCMV following 
nonprimary maternal infection (reactivation of existing infection or reinfection) 
is significant in delivery populations with an increased seroprevalence (Boppana 
et al. 1999). Although the frequency of infants with long-lasting sequelae follow-
ing primary maternal infection is approximately two to three times higher than in 
infants infected as a result of nonprimary infection, overall in most popula-
tions, the incidence of congenitally infected infants born following nonprimary 
maternal infection is four to five times higher than that following primary mater-
nal infection (Table 2). Thus, the absolute number of infants with long-lasting 
damage could be nearly the same for both groups (Table 2). These observations 
have suggested that current vaccine strategies developed for the prevention of 
neurodevelopmental sequelae associated with congenital HCMV infections that 
are targeted only at seronegative women may require re-evaluation (Ahlfors et al. 
2001; Boppana et al. 2001). 

 A conventional view is that intrauterine transmission of virus results from 
viremic spread to the uterine-placental junction, infection of the uterine smooth 
muscle and endothelial cells, and then placental trophoblasts followed by entry into 
the fetal blood system (Muhlemann et al. 1992; Sinzger et al. 1993; Ozono et al. 
1997; Halwachs-Baumann et al. 1998; Hemmings et al. 1998; Fisher et al. 2000; 
Pereira et al. 2005) (see the chapter by L. Pereira and E. Maidji, this volume). 
Histologic examination of placental sections often reveals focal evidence of villitis 
with evidence of HCMV infection, which would be consistent with this proposed 
mode of transmission; however, similar observations have been made in placental 
sections obtained following delivery of normal, uninfected babies. Thus, the 
host-derived responses that limit intrauterine transmission likely operate at several 
levels, including systemic responses to HCMV infection and possibly at local sites 
such as focal infections of the uterus and placenta. Virus-neutralizing antibodies, 
HCMV-specific CD8 +  T lymphocytes, NK cells and resident macrophages could 
act to prevent virus transmission to the fetus within the infected placenta, although 
studies supporting such a mechanism are based solely on in vitro activities of these 
immune effector functions. Interestingly, placental trophoblasts do not express 
class I HLA-A or HLA- B MHC molecules but do express HLA-G and -E antigens 
(Kovats et al. 1990; Lanier 1999; Le Bouteiller 2000). The HLA-G molecules have 
been shown to serve as weak restriction elements for CD8 +  T lymphocyte recognition 
of HCMV-encoded antigenic peptides, but it is unclear if they function similarly 
in vivo (Lenfant et al. 2003). However, it is also interesting to note that these particu-
lar MHC molecules are resistant to degradation induced by the HCMV US2 and 
US11 gene products and HLA-E can serve to present peptides derived from MHC 
molecules and presumably viral leader sequences to NK cells (King et al. 1997; 
Schust et al. 1998, 1999; Lanier 1999; Onno et al. 2000).  
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 More recent findings have demonstrated that membrane-bound forms but not 
secreted HLA-G can be degraded by US2 (Barel et al. 2003). Decidual NK cells 
with cytotoxic activity have been described as well as inhibition of their activity 
by soluble HLA-G (Poehlmann et al. 2006; Tabiasco et al. 2006). These findings 
point to a complex and dynamic immunological relationship between host, tro-
phoblast and virus, and suggest that understanding the role of the placental effector 
functions could lead to further understanding of how HCMV is transmitted to the 
developing fetus. Potential routes of transmission to the fetus has been studied in 
vivo in the guinea pig model of congenital CMV infection (Griffith et al. 1985, 
1986). The finding that maternal viremia can be correlated with intrauterine 
transmission and that passively administered virus neutralizing antibodies could 
reduce placental infection and intrauterine transmission is consistent with con-
ventional routes of fetal infection (Bourne et al. 2001; Chatterjee et al. 2001). In 
this model, placental infection has been correlated with both maternal disease and 
fetal wastage associated with placental infiltration with mononuclear cells 
(Harrison and Myers 1990; Harrison and Caruso 2000). Thus local inflammatory 
response secondary to virus infection can occur at the uterine-placental interface, 
arguing that either viral immune evasion functions or an ineffective host immune 
response could tip the balance toward fetal infection. Alternatively, the severity 
of maternal disease seen in the guinea pig model of congenital CMV infection 
also has raised the very distinct possibility that commonly observed disease mani-
festations in the guinea pig pup, such as runting, could be related to placental 
inflammation and insufficiency rather than a direct effect of virus infection on the 
developing fetal guinea pig. Similar studies have not been accomplished in the 
mouse model, presumably because of the multilayered structure of the murine 
placenta limits transplacental transfer of MCMV. Currently, rhesus CMV-free 
rhesus macaque colonies are being generated and these animals should provide an 
ideal experimental animal model for investigation of this human infection. Several 
key questions critical to the pathogenesis of congenital CMV infections remain 
unanswered, including:  

  1. What is the relationship between maternal viremia and seeding of the uterus?  
 2. Is seeding of the placenta associated with cell-free or cell-associated virus?  
 3. Can resident immune effector functions limit virus infection of the placenta or 

are circulating mononuclear cells required?  
 4. Can ascending infections from the uterine cervix infect the fetus?  
 5. What is the importance of placental inflammation and fetal outcome? 
 6. How does preexisting maternal immunity limit transmission?   

 This last question is important for the design of vaccines to limit damaging 
congenital HCMV infections. 

 Once the virus has entered the fetal circulation, it can in some instances replicate 
to high levels and damage a variety of organ systems presumably by lytic replica-
tion, although this has not been experimentally verified. Target organs most com-
monly damaged by severe intrauterine infection include the hepatobiliary system, 
the central nervous system, the lungs, and hematopoietic system (Becroft 1981; 
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Boppana et al. 1992, 1997; Perlman and Argyle 1992; Anderson et al. 1996). In 
almost all cases, infected infants resolve the infection but can be left with sequelae 
in organ systems with low regenerative capacity such as the brain and auditory sys-
tem (Boppana et al. 1992, 1997; Dahle 2000). Brain damage and hearing loss can 
occur in up to 5%-20% of infants with congenital CMV (Fowler et al. 1992; 
Boppana et al. 1997, 1999; Dahle 2000; Noyola et al. 2001). Hearing loss is the 
most common long-term sequelae of infants with congenital HCMV infection and 
in the US and northern Europe may rank second only to familial or genetic causes 
of hearing loss (Harris et al. 1984; Hicks et al. 1993). Similarly, severe brain damage 
can result from intrauterine HCMV infection with loss of normal cortical architecture, 
intracranial calcium deposits following loss of the integrity of the endothelium, and 
loss of cognitive function (Becroft 1981; Perlman and Argyle 1992; Barkovich and 
Lindan 1994; Boppana et al. 1997).  

 Two histopathologic types have been described: a focal infection characterized by 
microglial nodules and more widespread involvement described as ventriculoencephalitis 
(Becroft 1981). In the former and more common presentation, virus is assumed to 
infect the parenchyma of the brain following viremic spread, whereas in infants with 
more severe disease characterized with ventriculoencephalitis, virus is thought to 
infect the ventricular epithelium and spread through the periventricular epithelium, 
possibly through the cerebrospinal fluid (Becroft 1981; Arribas et al. 1996).  

 The pathogenesis of brain damage following congenital HCMV infection is 
unknown, but several lines of evidence have suggested that it follows fetal infection 
early in gestation, and that the symmetry of involvement suggests that it is related to 
the infection and disruption of the microvasculature of the developing brain and/or 
disruption of the neuronal migration from the periventricular gray area (Becroft 1981; 
Perlman and Argyle 1992; Barkovich and Lindan 1994). Mechanisms of cell loss 
such as virus-induced apoptosis of neuronal stem cells have been suggested based on 
animal model systems, but only very limited information is available to support this 
mechanism. At this time, it is unknown whether cell death and/or cell dysfunction is 
a direct effect of virus infection or secondary to damage to supporting cells and struc-
tures from the associated inflammation. Animals models have provided only limited 
information, and to date, the rhesus macaque fetal model appears to most closely 
model human disease, although this model requires direct inoculation of the fetus 
with rhesus CMV (Tarantal et al. 1998). Findings from this model system indicate 
that gestational age of the fetus at the time of infection appears to determine the extent 
and severity of disease, a result consistent with the correlation between early gesta-
tional maternal seroconversion and central nervous system disease in congenital 
HCMV infections (Perlman and Argyle 1992; Barkovich and Lindan 1994; Stagno 
and Britt 2006). Once the fetus is infected, the CMV immune status of the mother 
appears to have only a limited role in the outcome of the fetal infection. Congenitally 
infected infants with evidence of end-organ disease and long-term sequelae have 
higher levels of replicating virus as well as a higher virus burden measured in periph-
eral blood (Fig.  2 ) (Stagno et al. 1975; Boppana et al. 2005; Stagno and Britt 2006). 
Interestingly, the strongest correlation between high viral burden in peripheral blood 
is the presence of hepatitis and in some infants with severe CNS involvement, the 
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viral burden is less than those presenting with only hepatitis (Boppana et al. 2005). 
This observation can be most readily explained by the duration of the congenital 
infection such that a predominance of CNS disease can reflect an infection of longer 
duration with resolution of the hepatic involvement.  

 Congenitally infected infants can excrete large amounts of virus, often reaching 4-5 
logs of infectious virus per milliliter of urine, and can persistently excrete large 
amounts of virus for years. These same infants can resolve clinical evidence of end-
organ disease within the first few months of life even with what is believed to be a 
limited T lymphocyte response to HCMV (Gehrz et al. 1977; Starr et al. 1979; Pass 
et al. 1983; Marchant et al. 2003; Gibson et al. 2004). It is of interest, however, that 
contrary to this previous dogma, newborn infants and fetuses can mount CMV- specific 
T cell responses, but whether these responses influence outcome of CMV infection in 
these infants is unknown. Infected infants act as viral reservoirs in their families and 
communities and serve as an important vector for spreading CMV in populations.  

  Allograft Recipients 

 The association of HCMV with disease in allograft recipients was described nearly 
40 years ago (Rifkind 1965; Rubin et al. 1979). Current aggressive utilization of 
antiviral agents both as treatment and prophylaxis, screening of blood products, and 
whenever possible donor and recipient matching for CMV serological reactivity for 
CMV have decreased the incidence of severe HCMV infections in allograft recipi-
ents. Early reports in bone marrow allograft recipients described mortality rates of 
between 70% and 95% in patients with HCMV pneumonia (Meyers et al. 1982, 
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  Fig. 2  Viral load and outcome of congenitally infected infants. DNA was extracted from 200 µl 
of peripheral blood and analyzed for HCMV viral genomes (reported as genome equivalents/ml) 
as described. Infants with congenital HCMV infection from a large natural history study of con-
genital HCMV infection were classified as having long-term neurologic sequelae, and more spe-
cifically hearing loss or diminished cognitive function (IQ<70). This study has been reported in 
more detail (Boppana et al. 2005) 
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1986; Schmidt et al. 1991). Although HCMV remains the most common posttrans-
plantation infection, mortality rates have fallen dramatically even in the most 
severely immunocompromised patients.  

 Of more recent concern has been the role of HCMV in infections in late times 
after transplantation and perhaps more importantly, chronic graft dysfunction. 
Infection can follow one of several routes, including:  

  1. Infection from the transplanted organ 
 2. Reactivation or dissemination of existing host infection 
 3. Through blood products required in the posttransplantation period 
 4. Hospital or community exposure to infectious virus  

 Replicating virus amplifies and disseminates in the absence of effective host 
immune responses and multiple organ systems become infected. Clinical symptoms 
are dependent on end-organ dysfunction such as hepatocellular damage, colitis, or 
interstitial pneumonitis.  

 A well-described febrile syndrome associated with laboratory abnormalities in 
peripheral hematological values and liver functions is a well-recognized clinical 
presentation of CMV infection (CMV syndrome) in the posttransplantation period 
is perhaps the most common clinical presentation of CMV infection in these 
populations. In contrast to patients with HIV infections and AIDS (see Sect. 3.3), 
HCMV infection of structures within the eye are uncommon in allograft recipients 
and occur at a very low rate of less than 1% (Chung et al. 2007).  

 In addition to the clinical manifestations of disseminated HCMV infection, 
HCMV infection in the donor or recipient has been associated with acute rejection 
episodes in up to 35% of renal allograft recipients, a finding that is consistent with 
the association between acute rejection events and the chronic graft rejection (Sola 
et al. 2003; Chen et al. 2005; Reischig et al. 2006).  

 Early studies documented the onset of virus replication in the posttransplantation 
period utilizing techniques of virus isolation. These studies indicated that patients at 
risk from infection from the transplanted organ or from reactivation/recurrence of 
persistent infection usually began excreting virus between 4 and 8 weeks after trans-
plantation (Meyers et al. 1982; Rubin 1986). Studies using PCR have demonstrated 
virus replication as detected by viral DNA in blood within the first few weeks after 
transplantation, suggesting that infection in these patients likely results in virus rep-
lication, amplification and dissemination, a course similar to that seen in primary 
infection in normal hosts. It is important to note that these studies were done before 
the widespread use of antiviral agents as prophylaxis in the posttransplantation 
period to limit viral replication during the period of intensive immunosuppression. 
In many centers in North America, solid organ allograft recipients receive antiviral 
prophylaxis for up 100 days after transplantation. Thus, the kinetics of virus reactiva-
tion and replication has been modified such that HCMV infections more frequently 
occur late in the course of transplantation (late infections). Currently, it is estimated 
that late infections occur in approximately 20-30% of patients at risk for CMV infec-
tions, and up to 50% of these infections can be severe and invasive (Rubin 1986). In 
contrast to these rates of late infections, a recent study reported that 62% of renal 
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allograft recipients who did not receive routine antiviral prophylaxis were infected 
with HCMV in the first 100 days after transplantation (Sagedal et al. 2004). This 
incidence of infection is significantly different than rates of less than 10% in patients 
receiving routine antiviral prophylaxis in the immediate posttransplantation period 
and has been used as evidence supporting the routine use of antiviral prophylaxis to 
limit HCMV disease in the early posttransplantation period and possibly decreasing 
chronic graft rejection that is associated with HCMV infection (Sagedal et al. 2004; 
Potena et al. 2006; Stoica et al. 2006; Fishman et al. 2007). The incidence of late 
infections with CMV in patients receiving antiviral prophylaxis has remained rela-
tively steady and is a significant cause of morbidity and mortality in the transplant 
recipient, suggesting that antiviral prophylaxis does not eliminate the clinical impact 
of HCMV in allograft recipients (Singh 2005). Furthermore, quantitation of viral 
load in patients with late HCMV disease has been reported to be less predictive of 
disease susceptibility, suggesting that differences in the biology of the virus infec-
tion could exist between early and late infections (La Rosa et al. 2007). In hemat-
opoietic allograft recipients, the most severe disease is associated with pulmonary 
infection, a site of disease that is observed less frequently in solid organ allograft 
recipients, with the exception of heart-lung transplant recipients (Wreghitt et al. 
1988; Smyth et al. 1991; Sharples et al. 1996; Wreghitt et al. 1999). The mechanism 
for the severe lung disease seen in recipients of an allogenic bone marrow transplant 
is unclear but may involve concomitant graft-vs-host disease (host-vs-graft in heart-
lung recipients), preexisting lung disease, or damage associated with pretransplant 
conditioning (Horak et al. 1992; Barry et al. 2000). In the mouse model of MCMV 
infection in the immunocompromised host, reactivation of MCMV following suble-
thal irradiation also involves the lung, and in this experimental model it has been 
argued that lung disease develops secondary to the lung being an important site of 
viral latency (Kurz et al. 1997; Reddehase et al. 2002).  

 Regardless of the exact mechanism of disease, HCMV infection is a necessary 
prerequisite for disease and effective therapy for this virus has reduced the mortality 
and morbidity of this posttransplantation complication. Finally, although lung 
disease observed in hematopoietic marrow allograft recipients is widely disseminated 
based on clinical parameters such as radiographic studies and clinical findings, early 
studies demonstrated only focal areas of virus infection (Myerson et al. 1984). This 
finding raised the possibility that HCMV may cause disease in this group of 
patients by a mechanism other than direct lytic infection, possibly by altering 
regulation of the inflammatory response in the infected host (Grundy et al. 1987). 

 Infection in solid organ allograft recipients is nearly universal if either the donor 
or the host has had a previous infection with HCMV. Epidemiological studies have 
consistently shown that transplantation of an organ from a previously infected donor 
(D + ) into an noninfected recipient (R - ), a D + /R -  mismatch, can result in a primary and 
often severe infection in both the early and late posttransplantation period in the 
immunocompromised host. These individuals are at greatest risk for severe disease 
secondary to uncontrolled virus replication and have about a two- to threefold higher 
incidence of late disease following antiviral prophylaxis as compared to D - /R + , or D + /
R -  transplant recipients (Bonatti et al. 2004; Murray and Subramaniam 2004; Carstens 



Manifestations of Human Cytomegalovirus Infection 435

et al. 2006; Lautenschlager et al. 2006; Potena et al. 2006). Infection by virus present 
in the transplanted organ also develops in patients with a past HCMV infection 
(superinfection or reinfection), further demonstrating the importance of the trans-
planted organ as a source of virus (Chou 1986; Gnann et al. 1998; Grundy et al. 
1988). The incidence of clinically significant CMV infections in D + /R +  allografts has 
been reported to be increased as compared to D - /R + , suggesting that acquisition of a 
new strain of virus from the transplanted organ results in disease more frequently than 
reactivation of the recipient endogenous virus (Chou 1987; Grundy et al. 1988).  

 Several explanations have been offered for this interesting observation, yet none 
has been definitively investigated. One potential explanation is that the graft-acquired 
virus could be antigenically different than the endogenous virus, thus requiring a 
somewhat more primary-like immune response for virus control and clearance, simi-
lar to a response following primary infection in a D + /R -  transplant situation.  

 Alternatively, the newly acquired virus could encode additional virulence character-
istics not present in the endogenous virus of the recipient. Virus has been demonstrated 
in mononuclear cells present in transplanted organs, and studies have demonstrated that 
replicating virus can be recovered from mononuclear cells obtained from patients with 
past infection when these cells are exposed to a mixture of cytokines derived from 
 allogenically stimulated lymphocytes (Soderberg-Naucler et al. 1997). Studies in 
transgenic mice with a reporter gene under control of the major immediate promoter of 
HCMV have demonstrated that this promoter-enhancer can be activated by inflamma-
tory cytokines such as TNF that are  produced in animals with transplanted allografts 
(Koffron et al. 1999; Hummel et al. 2001). In addition, more recent studies in an animal 
model system have shown that renal allograft ischemia and reperfusion injury activates 
the major immediate promoter of HCMV independently of TNF pathways, suggesting 
that ischemia and reperfusion alone are sufficient to reactivate HCMV from a trans-
planted allograft (Kim et al. 2005).  

 Infectious virus has been proposed to disseminate to distant sites in polymorpho-
nuclear leukocytes and in infected endothelial cells detached from small vessels, as 
discussed in the previous section. End-organ disease following HCMV infection in 
both hematopoietic and solid organ allograft recipients has been most closely 
correlated with the presence of replicating virus in the host and by increased virus 
load as measured by PCR.  

 The quantity of virus measured in the blood or other body fluids has been 
reported to be a predictor of acute disease regardless of pretransplantation risk factors 
for HCMV infections in solid organ allograft recipients, such as an organ from a 
infected donor transplanted into a noninfected recipient (D + /R - ) (Cope et al. 1997; 
Gor et al. 1998; Emery et al. 2000; Limaye et al. 2001; Martin-Davila et al. 2005; 
Gentile et al. 2006). Thus, monitoring patients with quantitative PCR techniques 
have provided a noninvasive method for identification of patients at risk for 
disseminated infection, and patients identified prior to the development of overt 
disease are more likely to benefit from antiviral therapy.  

 As was noted previously, many of these earlier studies were carried out in an 
era when widespread antiviral prophylaxis was limited and preemptive approaches 
for prevention of severe CMV infections represented standard of care. Antiviral 
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prophylaxis, particularly in solid organ transplantation, has become widely 
employed and CMV infection in the early posttransplantation period is less fre-
quent. As a result, late disease represents a common presentation of CMV infec-
tion in allograft recipients, and recent studies have suggested that previous 
approaches for monitoring CMV in peripheral blood as an indicator of patients at 
risk for invasive infection may not provide the same predictive value of invasive 
infection in these patients (Singh 2005; La Rosa et al. 2007). Studies in experi-
mental models such as the immunocompromised mouse model of MCMV infec-
tion have also argued for a mechanism of disease which can be correlated with 
virus replication, although studies in mice have also shown that virus or viral 
DNA detected in the blood is only an indirect measure of the virus load in target 
organs (Brune et al. 2001).  

 Finally, it remains to be determined if the severe disease and organ failure seen 
in the immunocompromised human is due entirely to lytic virus replication, or if 
components of the antiviral immune response to this virus contribute to the 
observed organ damage. Studies in murine models of acute infection have demon-
strated that effective immune control of virus replication often comes at the price 
of tissue damage. A clear distinction between virus replication and hepatocellular 
damage secondary to the inflammatory response in mice has been demonstrated 
utilizing transgenic mice with deletions in chemokine receptors (Salazar-Mather 
et al. 2002). Thus, the loss of normal immunoregulatory mechanisms in the CMV-
infected host treated with immunosuppressive agents can lead not only to 
increased levels of virus replication but to unregulated inflammatory responses 
and tissue damage. 

 Immune reactivity to virus-encoded protein antigens appears to be key to the 
resistance to disease associated with HCMV as well as other CMV infection in their 
respective animal hosts. Elegant studies have been conducted in the murine model 
of disease in the immunocompromised host (Podlech et al. 2000; Krmpotic et al. 
2003). These studies have documented that CD8 +  antiviral cytoxic T lymphocytes 
(CTL) can mediate resistance and effect recovery from MCMV infection in lethally 
irradiated mice (Podlech et al. 2000; Krmpotic et al. 2003). Studies have also shown 
that CTL directed against a single protein, pp89, encoded by the IE-1 gene of 
MCMV, can protect mice from lethal infection (Podlech et al. 2000). Additional 
targets of protective CTL have been identified suggesting that a polyclonal response 
to MCMV may be beneficial to an outbred population (Holtappels et al. 2001; Ye 
et al. 2002). Similarly, the loss of CTL responses to HCMV in human allograft 
recipients is associated with infection and disease (Reusser et al. 1991; Rubin 2002; 
La Rosa et al. 2007). In perhaps the most direct test of this hypothesis, Riddell and 
colleagues transferred in vitro derived HCMV-specific CD8 +  CTL into bone mar-
row allograft recipients and dramatically reduced invasive HCMV disease (Walter et 
al. 1995). This study demonstrated the critical importance of CTL in resistance to 
HCMV disease, but also indicated that maintenance of this immune reactivity 
required reconstitution of a CMV-specific CD4 +  lymphocyte response (Walter et al. 
1995). The lack of a CD4 +  response appeared to correlate with the development of 
late disease (>100 days) in hematopoietic allograft recipients (Walter et al. 1995).  
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 Subsequent studies from this institution and other groups have also documented 
the importance of T lymphocyte responses and late disease in hematopoietic cell 
transplant recipients and in solid organ recipients (Lacey et al. 2002; Boeckh et al. 
2003; Bunde et al. 2005). A recent study argued that generation of CMV-specific 
CD8 +  lymphocytes responses in hepatic allograft recipients failed to correlate with 
protection from late infection with CMV (La Rosa et al. 2007). Furthermore, it has 
been reported that development of detectable HCMV-specific CD4 +  lymphocyte 
responses in the early posttransplantation period (1 st  month) lessened the risk for 
acute rejection, HCMV disease, and long-term loss of lumen cross-sectional area, 
suggesting that early control of virus replication was an important risk factor for 
late disease associated with HCMV infection (Tu et al. 2006). In contrast to this 
report, a very recent study suggested that increased CD4 +  lymphocyte responses to 
HCMV are associated with chemokine-mediated endothelial damage, a process that 
is thought to be essential in the development of vascular disease in the transplanted 
allograft (Bolovan-Fritts et al. 2007).  

 The results of these studies have raised important questions about the nature of 
protective immunity against HCMV, the role of antiviral responses in inflammation 
associated with allograft damage, and the role of antiviral prophylaxis in increasing 
the risk for late disease associated with CMV infections. In addition, these studies 
have suggested that the presence of CD8 +  responses may not be a surrogate of 
protection from late disease, a finding first observed by Riddell and colleagues 
nearly 15 years ago (Walter et al. 1995; La Rosa et al. 2007). Understanding what 
constitutes durable protective immunity in this population with exaggerated risks 
for invasive CMV infection secondary to immunosuppression could help elucidate 
the parameters of protective immunity in normal hosts, a prerequisite for design and 
testing vaccines to limit disease from congenital infections. 

 In agreement with what has been observed in the mouse, the predominant CTL 
response following HCMV infection was initially proposed to be directed against a 
limited set of virus-encoded antigens. The three dominant targets of HCMV-
specific CD8 +  CTL were pp65 (UL83), pp150 (UL32) and IE72 (UL123) based on 
studies reported from a number of different laboratories (McLaughlin-Taylor et al. 
1994; Boppana and Britt 1996; Gillespie et al. 2000). A more definitive study 
defined the virus-specific CD8 +  and CD4 +  responses to all possible open reading 
frames of HCMV in a group of seropositive individuals (Sylwester et al. 2005). The 
results of this study provided evidence that the immune system has directed its 
dominant responses at the most abundant virus-encoded proteins, which in many 
cases are virion structural proteins (Sylwester et al. 2005). The breadth and magnitude 
of the T lymphocyte response to CMV was surprisingly large. In fact, in the normal 
immunocompetent host over 10% of circulating T lymphocytes are human CMV-
specific (Sylwester et al. 2005). This finding suggested that in these donors, either 
the virus-specific response was completely ineffectual in the control of virus replica-
tion or conversely, it represented a host response that was required to overcome the 
vast number of immune modulating functions of the virus. Interestingly, two of the 
HCMV CTL targets are antigens encoded by early-late genes, and, thus, would 
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presumably be expressed at the same time as the known immune evasion genes of 
HCMV, which inhibit CTL recognition of virus-infected cells (Tomazin et al. 1999; 
Alcami and Koszinowski 2000; Gewurz et al. 2001; Scalzo et al. 2007).  

 Using the mouse model, Holtappels and co-workers have provided evidence 
that immune evasion genes encoded by MCMV m04, m06 and m152 cannot over-
come the CTL response to a peptide encoded by m164, even though the immune 
evasion genes could blunt the response to the immunodominant pp89 target 
 peptide (Holtappels 2002). They have suggested that the m164 target peptide over-
comes the immune evasion system simply by being present in saturating quantities 
in infected cells and thus remaining as a target peptide that can be presented to 
CTL (Holtappels 2002). The observation that the viral immune evasion functions 
do not significantly alter CD8 T cell priming in vivo has been further supported in 
studies utilizing a large number of MCMV antigens to examine CD8 T cell immu-
nodominance over time in infected mice (Munks et al. 2007). Together with 
findings that CTL specific for the products of the m83 and m84 can provide pro-
tection from lethal MCMV infection in the mouse, even though these viral proteins 
do not induce dominant CTL responses, it was argued that a polyclonal CTL 
response to MCMV is generated and that this response can be protective even in the 
presence of virus-encoded immune evasion functions, an interpretation consistent 
with the limited pathogenicity of CMVs in the normal, immunocompetent host. 
Similar studies in humans have shown that even in the presence of known immune 
evasion functions encoded by US2,3,6, and 11 of HCMV (see the chapter by 
C. Powers et al., this volume), a broad CD8 +  cytotoxic T lymphocyte response was 
generated in immunocompetent individuals (Manley et al. 2004; Khan et al. 2005). 
The role of the immune modulatory functions of HCMV, immune evasion, and the 
focusing of the CTL responses continue to merit additional investigation. What 
is clear is that under normal circumstances, the host CTL response is sufficient to 
protect from uncontrolled virus replication in the presence of virus-encoded 
immune evasion functions and that exogenous immune suppression of host 
responses of significant magnitude can tip the balance in favor the virus. Finally, 
it should be emphasized that antiviral antibodies, particularly virus-neutralizing 
antibodies, almost certainly play a role in the protective immune response to CMV. 
Passive administration of virus-neutralizing antibodies can protect immunocompro-
mised mice from disseminated MCMV infection and disease (Jonjic et al. 1994). 
Likewise studies in bone marrow and solid organ allograft recipients have demon-
strated that passive administration of antiviral antibodies can protect from disease 
and that the quantity of virus neutralizing activity correlates with protection 
(Snydman et al. 1987; Schoppel et al. 1997, 1998a). Previous studies have argued 
that antibodies induced by gB (UL55), the gH/gL/gO complex (UL75,115,74) and 
the gM/gN (UL100,73) represent the bulk of virus-neutralizing antibodies in 
humans, whereas in the mouse only anti-gB antibodies appear protective (Rapp et 
al. 1992; Britt and Mach 1996). Studies in guinea pigs and rhesus macaques have 
also identified gB as target of virus-neutralizing antibodies (Britt and Harrison 1994; 
Kropff and Mach 1997).  
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  Patients with AIDS 

 Human cytomegalovirus was one of the first opportunistic pathogens identified in 
patients with the acquired immunodeficiency syndrome (AIDS). In fact, the initial 
descriptions of patients with AIDS suggested that HCMV was an important cause 
of pneumonia in these patients, a claim that was not substantiated in later studies 
(Jacobson et al. 1991). Several unique features of the end-organ disease associated 
with HCMV infection in these patients extended the spectrum of disease phenotypes 
associated with HCMV infections. In contrast to infections associated with other 
opportunistic agents, patients with HIV infections frequently maintained sufficient 
immune responsiveness to HCMV until the very late stages of their immune deficiency 
(Komanduri et al. 1998). In fact, the manifestations of HCMV infections were 
routinely seen only after several more virulent pathogens such as  Pneumocystis 
carnii  and  Mycobacterium  were controlled by effective chemotherapy.  

 Another feature of HCMV infections in AIDS patient was that high levels of 
viral replication as detected by the presence of viral DNA in peripheral blood could 
exist for a considerable period of time prior to the onset of disease (Bowen et al. 
1995; Spector et al. 1998; Emery et al. 1999). Disease manifestations of HCMV 
infection unique to AIDS patients included end-organ disease in two organ systems, 
the gastrointestinal tract and the eye, both of which were uncommon sites of 
end-organ disease in even the most immunocompromised allograft recipient. The 
pathogenesis of disease in the gastrointestinal tract is still unclear but included the 
presence of focal areas of virus replication, focal colitis, and chronic dysfunction 
of the absorptive functions of the intestinal tract (Francis et al. 1989; Wu et al. 
1989; Dieterich and Rahmin 1991; Wilcox et al. 1998). Gastrointestinal disease 
secondary to HCMV is infrequently seen in transplant patients and is not well 
described in infants with congenital CMV infections, raising the possibility that 
other pathogens present in these patients contributed to CMV disease. Conversely, 
in vitro studies suggest that CMV infection of resident mononuclear cells in the 
intestinal tract could lead to enhanced production of inflammatory mediators and 
chronic inflammation in the intestinal tract (Smith et al. 1992). A similar disease is 
seen in rhesus macaques infected with rhesus CMV and simian immunodeficiency 
virus. However, the possibility that other pathogens are responsible for the gastroin-
testinal disease in these animals has been difficult to exclude, and a polymicrobial 
etiology was often invoked to explain the pathogenesis of disease in these animals 
(Kuhn et al. 1999).  

 A second unique manifestation of HCMV infection in AIDS patients is retinitis, 
a disease that rarely occurs in transplant patients but is a well recognized manifestation 
of congenital HCMV infection. However, the disease in AIDS patients differed 
both clinically and pathologically from the disease seen in infants with congenital 
HCMV infection. Retinitis was frequent in patients in the late stages of AIDS and 
in some studies was reported in as many as 25% of patients with AIDS (Gallant 
et al. 1992; Pecorella et al. 2000). This manifestation of AIDS is uncommonly 
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reported in children with AIDS for reasons that have not been fully determined. 
Infection of the retina developed in patients with high HIV loads, nearly absent 
CD4 +  lymphocytes, and importantly, periods of prolonged HCMV replication and 
presumably viremia. The disease was best characterized by an exuberant inflammation 
of the retina associated with infection of the vessels entering the retina from its 
anterior surface (Pepose et al. 1987; Glasgow and Weisberger 1994; Rao et al. 
1998). Infection could be seen in the perivascular glial cells, neuronal cells, and 
pigmented retinal epithelium and associated with the loss of vascular integrity 
(Pepose et al. 1987; Glasgow and Weisberger 1994; Rao et al. 1998). Intense 
inflammation was associated with loss of retinal structure and in some cases, 
edema, detachment of the retina and loss of vision. Antiviral therapy, both local and 
systemic, that effectively inhibited virus replication also halted disease progression 
and led to resolution of the acute symptoms of the disease. Yet virus remained in 
the retina and disease recurrence and reinfection of other areas of the retina or the 
other eye were considered as part of the natural history of this infection. Prior 
to HAART, anti-HCMV drugs were continued for the life of the patient. Once 
HAART protocols that limited HIV replication and reversed the immunodeficiency 
associated with the late stages of AIDS were in widespread use, the incidence of 
HCMV retinitis fell dramatically, and today it is seen in patients who have failed 
HAART protocols either because of: (a) HIV drug resistance, (b) noncompliance, 
or (c) a first diagnosis in late stage AIDS (Whitcup et al. 1999; Torriani et al. 2000). 
In resource-limited regions of the world, CMV retinitis remains an important 
opportunistic infection in AIDS patients. 

 An interesting syndrome was reported by investigators who had successfully 
treated AIDS patients with HAART. In these patients, anti-HCMV antiviral therapy 
was discontinued once there was evidence of HIV suppression and immune recon-
stitution. These investigators noted that several patients with retinitis with improving 
immune function developed a recurrence of their retinitis that was associated with 
prominent findings of uveitis and less convincing findings of progressive HCMV 
retinitis; they coined the term immune recovery uveitis (IUR) for this syndrome 
(Karavellas et al. 1998; Holland 1999). It was suggested that following reconstitution 
of HCMV CD8 +  responses in patients treated with HAART, clearance of the 
HCMV-infected cells in the retina by the reconstituted cytotoxic response could 
lead to an exacerbation of local disease by immunopathogenic mechanisms. The 
immunopathogenesis of this syndrome remains unclear at this time; however, 
several risk factors have been identified for development of IRU. These include 
response to HAART with drop in viral load, greater than 25%-30% surface area of 
retinal involvement at time of active retinitis, and treatment with the potent antiviral 
cidofovir (Karavellas et al. 2001; Kempen et al. 2006). More recent studies of one 
cohort of patients revealed that aqueous humor from the involved eye contained 
high levels of IL-12, moderate levels of IL-6, interferon gamma, but no viral DNA 
(Schrier et al. 2006). These latter findings together with early findings demonstrating 
the presence of CD8 +  lymphocytes in the involved eyes and clinical response to 
intraocular corticosteroids suggested that IUR was an immunopathogenic response 
to HCMV infection. 
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 Pathological descriptions of diseased tissue from patients with invasive HCMV 
infection and AIDS are most consistently interpreted as providing evidence of lytic 
infection leading to cell death and organ damage, except in the case of IUR. Studies 
of eye tissue from patients from retinitis also provided evidence of apoptosis in retinal 
cells but the cellular loss secondary to apoptosis failed to correlate with vision loss, 
suggesting other mechanisms accounted for loss of organ function (Buggage et al. 
2000). A variety of cell types were demonstrated to be infected with HCMV in 
these patients including endothelial cells, epithelial cells in the gastrointestinal 
tract, neuronal cells in the retina and the brain and cells from the macrophage/
monocytic lineage (Pepose et al. 1987; Wiley and Nelson 1988; Francis et al. 1989; 
Wu et al. 1989; Glasgow and Weisberger 1994; Rao et al. 1998). Whether viral gene 
expression that was not associated with lytic infection contributed to disease has not 
been well studied due to the lack of convenient animal model. Numerous studies 
suggested that HCMV gene products could transactivate HIV LTRs, but the impor-
tance of this in vitro-defined phenomenon to the pathogenesis of HCMV disease in 
patients with AIDS has not been clarified (Moreno et al. 1997; Ranga et al. 1997; 
McCarthy et al. 1998).  

 Similarly, the possibility that active HCMV replication could contribute to the 
overall immunodeficiency in patients with AIDS has been suggested by the finding 
that persistent HCMV replication in these patients was associated with a more rapid 
decline in CD4 +  lymphocyte counts and decreased duration of survival (Webster 
et al. 1989; Spector et al. 1999). Animal models have provided some additional 
information, but it appears that only the rhesus macaque model of AIDS is suffi-
ciently similar to human AIDS to permit investigators to address these questions. 
Concomitant infection with SIV and rhesus CMV led to a more rapid onset of 
disease in experimental animals as compared to animals given SIV alone (Sequar 
et al. 2002). Inoculation of animals with SIV prior to CMV infection lead to an 
uncontrolled CMV replication and the absence of a primary immune response to 
rhesus CMV (Sequar et al. 2002). In this model of acute infection, disease was 
correlated with high levels of rhesus CMV replication.  

 Finally, several studies have clearly demonstrated that HCMV infection of 
macrophage/monocytes can lead to the production of inflammatory mediators, 
which could recruit inflammatory cells as well as amplifying the inflammatory 
response of noninfected resident cells. The induction of IL-8 by infected lamina 
propria macrophages in AIDS patients could recruit and activate neutrophils to 
sites of virus infection and thus lead to focal inflammation in the colon, as observed 
in biopsy from patients with gastrointestinal disease thought to be caused by 
HCMV (Redman et al. 2002). Other mediators induced by HCMV infection including 
MIP-1α could recruit mononuclear cells, thus amplifying the inflammatory 
response in tissue (Redman et al. 2002). Without an effective CD8 +  response to 
clear virus-infected cells, the inflammatory response could be exaggerated in the 
absence of extensive virus replication and or local virus spread. This pathogenic 
mechanism may represent a bridge between the syndromes associated with an acute 
CMV infection that are best characterized by active virus replication and cell death 
secondary to lytic infection and those syndromes associated with chronic infection 
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in which virus gene expression and virus replication are closely related to host 
inflammatory responses and likely promote host inflammatory responses leading to 
tissue damage.   

  Diseases Associated with Chronic Infection 

 Although the concept that chronic HCMV infection could be associated with 
identifiable disease syndromes seems likely because of the persistent nature of 
HCMV infection, definitive evidence linking HCMV with chronic disease is 
 limited. Several characteristics of this virus-host relationship has made definitive 
studies difficult. First, the virus is ubiquitous in the population, with the incidence of 
infection exceeding 80% in some populations, often higher than the incidence 
of common chronic diseases. The high prevalence of infection has made epidemi-
ological studies of disease association nearly impossible because of the need to 
study large numbers of patients to obtain sufficient statistical power. In addition, 
many studies have flaws in their design such as differing disease classifications, 
confounders such as race and other independent risk factors of disease, and 
differences in classifications of HCMV infection. Secondly, pathogenic mecha-
nisms other than lytic virus replication are not well understood and animal model 
systems that may permit more informative studies of potential mechanisms have 
only recently been described. Moreover, the presence of viral nucleic acid or 
virus-encoded proteins in a tissue does not necessarily reflect disease association 
and may merely represent virus present as a passenger in a circulating mononu-
clear cells or tissue macrophages. Recent evidence has also indicated that viral 
strains from different patients may differ genetically and in their cellular tropism, 
thus offering another layer of complexity in the lytic and nonlytic effects of 
HCMV infections that could contribute to chronic disease. Finally, studies in 
animal models have demonstrated that the pattern of viral gene expression varies 
within the host depending on the site of infection (Streblow et al. 2007). This 
latter finding provides an especially strong argument for the bidirectional rela-
tionship between CMV and the host and suggests that merely detecting viral 
nucleic acids or viral protein expression will provide only a limited understanding 
of the contribution of this virus to organ-specific chronic diseases. Even with 
these limitations in mind, a myriad of studies from allograft transplant recipients 
and normal hosts have presented a strong case for HCMV as a co-factor in 
chronic inflammatory processes, particularly those resulting in vascular disease. 
Studies in experimental animals have also revealed several plausible mechanisms 
for a potential contribution of HCMV to chronic vascular disease. Lastly, HCMV 
has been suggested to be a co-factor in some human malignancies based on 
epidemiological studies in populations with a high incidence of HCMV infection 
(Huang et al. 1984; Shen et al. 1993; Han et al. 1997). More recent studies suggest 
that HCMV could also have a potential role in specific human malignancies, 
perhaps serving as a promoter for tumor invasion or proliferation. Several 



Manifestations of Human Cytomegalovirus Infection 443

mechanisms, including its reported capacity to inhibit the function of tumor sup-
pressor genes, induce chromosome breaks and possibly as a promoter of neoang-
iogenesis could contribute indirectly to the malignant phenotype of transformed 
cells (Cinatl et al. 1996, 1999; Moreno et al. 1997; Shen et al. 1997; Fortunato 
and Spector 1998; Zhu et al. 1998). HCMV infections have been previously impli-
cated as a cause or co-factor of other diseases, including rheumatologic disorders 
such as rheumatoid arthritis and some rare autoimmune diseases; however, we 
will limit this brief overview to possible pathogenic mechanisms of vascular dis-
ease associated with HCMV infection and chronic allograft rejection because 
these groups of diseases have provided the most compelling evidence linking 
HCMV infection to disease. 

  Chronic Vascular Disease in the Normal Host 

 The association of a herpesvirus infection and vascular disease was made nearly 30 
years ago when Marek’s disease virus, an avian herpesvirus was shown to induce 
atherosclerotic disease in chickens (Fabricant et al. 1978; Fabricant and Fabricant 
1999). Herpesviruses were detected in arterial endothelial cells and smooth muscle 
cells from patients with atherosclerotic heart disease and HCMV has been shown to 
replicate in arterial smooth muscle cells (Gyorkey et al. 1984; Tumilowicz et al. 
1985; Hendrix et al. 1989, 1991; Wu et al. 1992; Melnick et al. 1993; Shi and 
Tokunaga 2002). More recently, findings in patients undergoing coronary artery 
angioplasty for atherosclerotic heart disease and studies using in vitro models of 
HCMV infection of endothelial and smooth muscle cells have provided additional 
evidence for the role of HCMV infection in vascular disease (Muhlestein et al. 2000; 
Mueller et al. 2003; Nerheim et al. 2004; Westphal et al. 2006). Epidemiological 
studies, including some with prospective study design, have suggested that individu-
als with serological reactivity to HCMV are at increased relative risk for coronary 
atherosclerotic disease as well as increased risk for arteriosclerotic disease (Nieto 
et al. 1996; Zhou et al. 1996, 2001; Drover et al. 1998; Sorlie et al. 2000; Grahame-
Clarke et al. 2003; Horne et al. 2003; Mueller et al. 2003). In several of these studies, 
the risk for atherosclerotic disease attributable to HCMV infection was less than well-
accepted risk factors such as serum lipid concentration, yet infection was consistently 
associated with atherosclerotic vascular disease. Infections with other herpesviruses 
such as HSV were not associated with a definable risk. Finally, animal models of 
atherosclerosis have demonstrated accelerated disease development following 
infection with CMV (Hsich et al. 2001; Vliegen et al. 2004). Overall there appears 
to be a body of provocative evidence implicating CMV infection as a contributor to 
atherosclerotic vascular disease in the normal host. This disease association is even 
more plausible when viewed together with the proposed role of this virus in the 
accelerated vascular disease observed in allograft recipients. 

 The presence of herpes virus-like particles in inflammatory cells from atheromatous 
plaques from patients with coronary artery disease initially suggested that the virus 
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was an active participant in the disease process (Gyorkey et al. 1984). A study of 
atheromatous tissue from patients with restenosis following angioplasty for coronary 
artery atherosclerotic disease also demonstrated HCMV nucleic acids in a significant 
number of specimens, and more recent studies have shown that HCMV infection is 
more efficient in atherosclerotic blood vessels (Speir et al. 1994; Nerheim et al. 
2004; Westphal et al. 2006). In one study, smooth muscle cells isolated from athero-
sclerotic plaques often contained cytoplasmic p53 and the protein product of the IE-2 
gene of HCMV, findings consistent with the interpretation that HCMV IE-2 inhibited 
the normal functions of p53 in smooth muscle cells (Speir et al. 1994). This led to the 
hypothesis that HCMV could promote atherosclerotic vascular disease by inducing 
smooth muscle cell proliferation through its interaction with p53, particularly if 
mitogenic signals provided by growth factors and cytokines were also present as a 
result of ongoing inflammation and the accumulation of circulating mononuclear 
cells (Libby et al. 1988a, 1988b; Speir et al. 1994; Zhou et al. 1999). Subsequent 
studies from other laboratories have demonstrated inactivation of p53 function fol-
lowing HCMV infection and an anti-apoptotic effect provided by IE-2 expression 
(Zhu et al. 1995; Kovacs et al. 1996). It should be noted that a later study of diseased 
coronary arteries also detected HCMV nucleic acids in plaques in six of 13 specimens 
but detected cytoplasmic p53 in only two of 19 of specimens from the same study 
(Baas et al. 1996). Other mechanisms that have been proposed for the contribution of 
HCMV infection to arteriosclerosis include induction of expression of adhesion 
 molecules such as ICAM-1 and growth factors such a PDGF and TGF by HCMV 
infection, elevation of IL-6 levels, induction of chemokine expression by endothelial 
cells, and endothelial cell dysfunction (Blankenberg et al. 2001; Grahame-Clarke 
et al. 2003; Petrakopoulou et al. 2004; Reinhardt et al. 2005; Westphal et al. 2006). 

 Subintimal infiltration by smooth muscle cells has been reported to be a critical 
feature of the arterial narrowing observed in atherosclerotic disease and in trans-
plant vascular sclerosis, and when viewed together with the concept that atherosclerotic 
vascular disease is an inflammatory disease suggested several potential roles for 
HCMV in this disease (Lemstrom et al. 1993; Kloppenburg et al. 2005). Streblow 
and colleagues have reported that smooth muscle cells expressing the HCMV-
encoded chemokine receptor, US28, will migrate in response to a CC chemokine 
gradient and in a rat model of transplant vascular sclerosis; similarly, the rat CMV 
encoded chemokine receptor, R33, has been shown to play a role in disease devel-
opment presumably by acting as a chemoattractant for smooth muscle cell migration 
(Streblow et al. 1999; Melnychuk et al. 2005). Chemokines that have been shown 
to induce responses from US28 expressed in HCMV-infected cells include 
RANTES and MCP-1, both of which can be produced by resident macrophages and 
infiltrating mononuclear cells present within an inflammatory focus associated with 
an atheromatous plaque (Streblow et al. 1999). These findings together with previous 
observations that described increased expression of cell adhesion molecules such as 
ICAM-1 in endothelial cells infected with HCMV suggested that adherence of 
circulating mononuclear cells could initiate an inflammatory cascade leading to 
directional migration of HCMV-infected smooth muscle cells, subintimal thickening 
and arterial narrowing (Span et al. 1991; Sedmak et al. 1994; Yilmaz et al. 1996; 
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Knight et al. 1999; Dengler et al. 2000). Similarly, a nonspecific injury to the 
vascular endothelial wall could lead to expression of ICAM-1 and other cellular 
adhesion molecules that could allow circulating HCMV-infected mononuclear or 
polymorphonuclear leukocytes to attach and infect the vessel wall. Studies in a rat 
model of virus-induced vascular disease have demonstrated that nonspecific 
endothelial injury followed by immediate infection with rat CMV leads to subintimal 
thickening and narrowing of the artery to much greater degree than seen in control, 
noninfected animals (Persoons et al. 1994; Zhou et al. 1999; Kloppenburg et al. 
2005). Thus, it appears that in several small animal models, CMV infection contrib-
utes to the development of vascular diseases. At the minimum, these models should 
help further our understanding of infection with this virus and the development and 
progression of vascular disease in the normal host. 

 Although several mechanisms that have been proposed for the pathogenesis of 
subintimal thickening and vessel narrowing do not require lytic virus replication, in 
vitro evidence suggests that viral gene expression is necessary for induction of host 
cytokines and cell adhesion molecules as well as expression virus-encoded chemokine 
receptors (Burns et al. 1999; Streblow et al. 1999). Other investigators have noted 
distal effects on surrounding uninfected cells, presumably from secreted cytokines 
and chemokines from infected endothelium, suggesting that viral genes need not be 
widely expressed in affected tissue to explain the contribution of HCMV infection 
to disease (Van Dam-Mieras et al. 1987; Stassen et al. 2006). In contrast to lytic 
infection in human fibroblasts, HCMV infection of aortic endothelial cells and 
smooth muscle cells is more prolonged and cell lysis either is not a characteristic 
of this infection or occurs at a reduced frequency (Tumilowicz et al. 1985; 
Tumilowicz 1990; Fish et al. 1998; Kahl et al. 2000). Moreover, in at least one 
experimental animal model system, subintimal thickening and vessel narrowing 
occurred after acute CMV infection, yet at the termination of the experiment, viral 
DNA could not be detected in vascular sites of disease (Zhou et al. 1999; Martelius 
et al. 2001). Although this result could be explained by lack of sufficient sensitivity 
in the detection system, it was argued that ongoing viral replication and gene 
expression were not required for disease. Potential explanations for this claim 
included early endothelial cell infection and initiation of the inflammatory cascade 
followed by virus clearance or alternatively, that distal noncardiac sites of virus 
infection were driving systemic inflammation and inflammation in the coronary 
arteries (Zhou et al. 1999; Blankenberg et al. 2001; Stassen et al. 2006). In other 
animal model systems, continued viral gene expression appears necessary for the 
development of disease, and the inhibition of pathogenic responses in experimental 
animals treated with ganciclovir argue that early and late viral genes are required 
for complete expression of CMV-associated vascular disease in these animal 
models and likely in humans (De La Melena et al. 2001; Valantine 2004; Mehra 
2006; Potena et al. 2006). In summary, there is obviously a complex interaction 
between host and virus that leads to disease and to date only observational studies 
and fragments of a potential mechanism(s) have been defined. The available animal 
models will hopefully more completely define the parameters of virus-induced disease 
and point to relevant studies in humans  .
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  Chronic Disease in the Transplanted Allograft 

 Chronic rejection is a leading cause of allograft loss and in many transplant centers 
is the most common reason that allograft recipients receive a second transplant 
(Evans et al. 1999; Hosenpud 1999). In the case of renal allograft recipients, the 
loss of the transplanted organs secondary to acute rejection has fallen dramatically 
with the availability of newer immunosuppressive agents, yet the incidence of 
chronic graft rejection and graft loss has remained relatively unchanged over the 
last decade. This complication of allograft transplantation is of utmost importance 
to recipients of cardiac and liver allografts because of the limited number of organs 
available for transplantation and the need for retransplatation if chronic rejection 
results in graft dysfunction and loss. A important observation in 1989 described the 
increased incidence of cardiac allograft rejection in patients with HCMV infection 
(Grattan et al. 1989). Subsequently, several other transplant centers reported this 
clinical association and distinctive histological changes in coronary arteries to 
patients with cardiac allograft rejection and HCMV infection (McDonald et al. 
1989; Loebe et al. 1990; Koskinen et al. 1993; Paavonen et al. 1993). Ultimately, it 
has been reported that the most common cause of cardiac allograft loss is the develop-
ment of cardiac allograft vasculopathy (CAV), a disease process most investigators 
believe to be a form of allograft rejection (Hosenpud et al. 1991; Hosenpud 1999; 
Valantine 2004; Mehra 2006). This disease is characterized by the progressive, 
diffuse concentric narrowing of allograft vasculature with loss of distal small vessels 
and by a clinical course that is relentlessly progressive. The histopathological 
findings in this disease are in contrast to focal narrowing of coronary vessels in 
normal individuals with atherosclerotic artery disease. Similarly, up to 10% of 
hepatic allografts are lost to chronic rejection in which hepatic endothelium is 
damaged and mononuclear cells infiltrate the intima. In addition, the bile duct 
epithelium is damaged and intrahepatic bile ducts are lost, a histopathologic finding 
that has been termed the vanishing bile duct syndrome (Hubscher et al. 1991). In 
both diseases, HCMV has been implicated in the acceleration of these processes. 
Similar vascular diseases are reported in renal allografts undergoing chronic rejection, 
although the association between HCMV infection and glomerular disease remains 
controversial (Richardson et al. 1981; Castro et al. 1983; Herrera et al. 1986). 
HCMV infection has been associated with chronic renal allograft rejection and 
graft dysfunction from interstitial fibrosis and loss of renal tubules (Vazquez-
Martul et al. 2004). Histologically, chronic renal rejection is defined by the degree 
of tubulointerstitial fibrosis, indicating that, similar to observations in CAV in car-
diac allografts, fibrosis is the end-stage outcome of chronic renal allograft rejection 
(Racusen et al. 1999; Vazquez-Martul et al. 2004; Hartmann et al. 2006). Rodent 
models of chronic renal allograft rejection have been developed and infection with 
rat CMV has been associated with acceleration of graft rejection in the rat model 
(Lautenschlager et al. 1997; Soots et al. 1998). 

 As a result of the clinical association of CMV infections with chronic allograft 
dysfunction, clinical trials with antiviral agents have been carried out in an attempt 
to limit this posttransplant complication. Although the results are far from  definitive, 
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evidence has been presented to suggest that prophylactic use of the antiviral 
 ganciclovir in the immediate posttransplantation period can retard the development 
of CAV and prolong graft function (Valantine et al. 1999; Valantine 2004; Fishman 
et al. 2007). Similarly, extending the duration of treatment with prophylactic anti-
viral agents has been suggested as an intervention to prevent late-onset HCMV dis-
ease and the associated graft rejection in renal and liver allograft recipients 
(Razonable et al. 2001). Models of CAV have been developed in the rat and clearly 
implicate CMV as an important cofactor in disease. In agreement with the results 
of clinical trials in humans, treatment with antivirals at the time of virus infection 
in these animal models modified disease (Lemstrom et al. 1993, 1997; Koskinen 
et al. 1999; De La Melena et al. 2001). 

 The pathogenesis of CMV-associated chronic allograft rejection in humans is 
incompletely defined perhaps because of the complexity of the disease, the patient 
populations and the potent immunosuppressive agents that are required for their 
clinical management. Approximately 5%-20% of solid organ allografts are lost as 
a result of chronic rejection but other causes such as noncompliance with antirejec-
tion medications or donor-recipient MHC matching likely contribute to graft loss 
in these patients (Morris et al. 1993). Therefore, it has been difficult to perform 
well-controlled studies in these patients. However, the overwhelming majority of 
epidemiological studies have identified HCMV as an important risk factor for 
chronic rejection and graft loss and persistent virus excretion as a key risk factor 
for chronic rejection episodes associated with HCMV infection (Everett et al. 1992; 
Evans et al. 2000). Several risk associations of chronic graft rejection have been 
identified in allograft recipients, including:  

  1. HCMV infection in donor 
 2. HCMV infection and disease in the recipient in the 1 st  year after transplantation 
 3. Transplantation of an allograft from a noninfected donor into a HCMV-infected 

recipient 
 4. Prolonged viral replication 
 5. Episodes of acute rejection (Falagas et al. 1998; Evans et al. 1999, 2000; Tong 

et al. 2002; Fateh-Moghadam et al. 2003; Sola et al. 2003; Sagedal et al. 2004; 
Chen et al. 2005; Helantera et al. 2006; Potena et al. 2006; Reischig et al. 2006; 
Stoica et al. 2006; Hussain et al. 2007)  

 Persistence of virus replication in these patients likely is reflective of the failure 
of host immunological response to control HCMV infection rather than an arbitrary 
absolute level of virus replication as estimated by viral load in the blood. Clinical 
observations have suggested that both virus replication and graft rejection are 
necessary for accelerated vascular disease. Thus, if CMV promotes inflammatory 
vascular disease and atherosclerosis in the normal host, these mechanisms could be 
greatly amplified in allograft recipients secondary to an ongoing allogenic response, 
and the course of vascular disease in these patients could be expected to be accelerated. 
This appears to be the case in experimental animal models as well as in allograft 
recipients, findings that have been used to argue for a link between CMV replication, 
viral gene expression and inflammation. 
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 The observation that persistent virus replication is correlated with CAV is consistent 
with stimulation of viral gene expression and replication by a milieu of mediators 
generated by allorecognition of the graft. Viral gene expression and/or replication 
could enhance the host inflammatory response and in effect amplify an ongoing 
inflammatory process. In support of this mechanism, animal models of transplant 
vascular sclerosis have been used to demonstrate that interruption of the virus-host 
stimulatory loop can also interrupt the development of vascular disease (Lemstrom 
et al. 1993). Either an increased level of immunosuppression or administration of 
an antiviral agent can prevent the development transplant vascular sclerosis in animals 
undergoing an allograft rejection. In cases in which virus replication is uncontrolled 
by host responses, virus infection of endothelial cells could induce a variety of 
inflammatory responses, as noted in Sect. 3.1 and the development of endotheliitis 
may potentially represent the initial insult leading to vascular sclerosis. Virus could 
directly infect and damage the endothelium, or more likely the endothelium could 
be damaged either by alloreactive T lymphocytes or as a result of ischemia/
reperfusion at the time of transplantation. Once the inflammatory response is initiated, 
a variety of cell adhesion molecules could be upregulated in the endothelium and 
recruit mononuclear and polymorphonuclear leukocytes, some of which may be 
carrying virus (Craigen et al. 1997). Infection of the endothelium followed by 
infection of smooth muscle cells could then lead to increased expression of MHC 
molecules, cytokines and chemokines such as MCP-1, MIP-1α and RANTES by 
the endothelium and IL-6 by smooth muscle cells (Taylor et al. 1992; Koskinen 
et al. 1993; Lemstrom et al. 1993; Arkonac et al. 1997; Grundy et al. 1998; 
Srivastava et al. 1999; Billstrom Schroeder and Worthen 2001; Froberg et al. 2001). 
In addition, CMVs have recently been shown to induce expression of host genes 
that promote host inflammatory responses such as Cox-2 or in the case of rhesus 
CMV actually encode this enzymatic activity (Zhu 2002; Rue et al. 2004). 
Interestingly, in a rat model of rat CMV accelerated graft loss, rat CMV has been 
shown to induce Cox-2 expression in the allograft (Martelius et al. 2002). Together, 
these pathways could create unregulated, autocrine and paracrine cascades in which 
viral gene expression could lead to an increased host inflammatory response. In 
turn, such a host response could promote virus replication and viral gene expression, 
thus creating an autostimulatory loop. It should be noted that other investigators 
have argued that the presence of virus-encoded chemokine receptors on infected 
cells could also function as immune evasion molecules and act to scavenge extra-
cellular chemokines such as RANTES from areas of HCMV infection (Bodaghi 
et al. 1998; Billstrom et al. 1999). Although this mechanism may be operative 
during infection in vitro and possibly in normal hosts, it is likely that the outpouring 
of cytokines and chemokines during an allograft rejection would quickly saturate 
such functions.    
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