
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cytomegalovirus (CMV): Virology, pathogenesis and 
immunology 
 

ABSTRACT 
Cytomegalovirus (CMV) belongs to the 
Betaherpesvirinae subfamily of Herpesviridae 
viruses. A primary CMV infection, which usually 
occurs in childhood, is asymptomatic in immuno-
competent individuals. Usually, following the 
primary infection, the virus cannot be fully 
eliminated from the host, thus resulting in latent 
infection of the host’s tissues, mainly in myeloid 
precursor cells. Although such latently infected 
CMV seldom causes severe infectious disease in 
an immunocompetent state, it does provoke 
various types of inflammatory diseases, such as 
pneumonitis, retinitis, gastritis, and colitis, in 
immunosuppressed patients. It has been recently 
reported that latent infection and the reactivation 
process of CMV are closely associated with the 
differentiation state of immature precursor cells 
and chromatin remodeling of the latently infected 
cells. Considering that symptomatic CMV diseases 
are observed in such immunosuppressed patients 
as transplant and AIDS patients, it is true that the 
host’s immunity must have a crucial role in the 
pathogenesis of CMV. In addition, some gene 
products derived from human CMV act to induce 
immune evasion of the virus from the host’s CD8 
T cells. Therefore, immunity is closely related to 
the pathogenesis and regulation of CMV. In this 
review article, the relationship between CMV 
and immunity is discussed using the research 
 
 

results of our group and addressing other related 
published manuscripts. 
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INTRODUCTION 
Cytomegalovirus (CMV) is a ubiquitous beta 
human herpesvirus type 5. Compared to other 
human herpesviruses, CMV is the largest, with a 
genome of 235kb encoding 165 genes [34], and is 
morphologically indistinguishable from other 
human herpesviruses. The CMV virion consists of 
a double-stranded linear DNA core in an 
icosahedral nucleocapsid, enveloped by the 
tegument [26]. These components are enclosed in 
a lipid bilayer envelope that contains a number of 
viral glycoproteins. In 1970, the first human CMV 
(HCMV) strain was isolated by Thomas H. Weller 
[177]. 
CMV can be transmitted via urine, saliva, sexual 
contact, placental transfer, breast-feeding, blood 
transfusion, solid-organ transplantation (SOT), or 
hematopoietic stem cell transplantation (SCT) 
[146]. CMV is highly prevalent in most populations 
(the Japanese population is 70% seropositive, and 
more than 90% of the population is seropositive in 
developing countries). Usually, CMV asymptomatically 
infects the host during childhood, and establishes 
life-long latency. CMV shows its pathogenic 
properties in immunocompromised hosts such as 
organ transplant recipients, patients with AIDS,
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DNA-dependent DNA polymerase, and the viral 
late (L) genes, which encode virion structural 
proteins.  
The assembly of the CMV virion include steps 
involving capsid formation, viral DNA packing, 
and envelopment that are likely shared by all 
herpesviruses. The pathway of virus assembly 
involves both nuclear and cytoplasmic steps. 
Within the nucleus, the viral capsid is formed as a 
130-nm icosahedral nucleocapsid by scaffold 
formation. Viral DNA is synthesized as long 
chains of genome-length DNA that are cleaved 
into unit length genomes during packaging and 
capsid maturation. Capsids are thought to exit the 
nucleus by sequential budding through the inner 
and outer leaflets of the nuclear membrane, 
tegument, and eventually become enveloped in 
the cytoplasm. Mature virions have a diameter of 
180 nm (Fig. 1, [109]). The release of infectious 
viruses is thought to occur either by exocytosis or 
following the death of host cells late in infection. 
The tegument compartment contains the majority 
of the virion proteins, with the most abundant 
tegument protein being the lower matrix 
phosphoprotein 65 (pp65), called unique long 83 
(UL83). The tegument proteins are important for 
the assembly of virions and the disassembly of  
the particle during entry. Another function is 
immunomodulation of the infection. The host  
cell endoplasmic reticulum-Golgi intermediate 
compartment-derived lipid bilayer envelope 
surrounding the tegument contains at least 20 
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and cancer patients. Presently, CMV infection 
is mostly controlled in immunocompromised 
patients by available antiviral drugs. In addition, 
congenital CMV infection occasionally causes 
microcephaly, sensorineural hearing loss and 
mental retardation. Therefore, CMV infection is 
still a major health problem, thus warranting 
strong preventive measures.  
The CMV genome contains a number of 
accessory genes. Most of them are engaged in 
immune evasion or inhibition of cell death, 
possibly resulting in a symbiosis between the 
virus and host. CMV, like all herpesviruses, 
undergoes latency and reactivation in the host. 
CMV has been shown to infect a broad spectrum 
of cells in vivo [149]. However, the only cells that 
are permissive for CMV replication in vitro are 
human fibroblasts. In these cells, virus replication 
results in the formation of intranuclear and 
intracytoplasmic inclusion bodies, with the former 
full of nucleocapsids and the latter containing 
several dense bodies. CD34+ myeloid progenitor 
cells are considered as the site of latency. 
However, the molecular mechanisms by which 
CMV establishes and maintains latency and is 
reactivated still remain poorly understood. 
 
Virology: Replication, transmission, latency, 
and reactivation  
CMV attaches to target cells through nonspecific 
interactions with glycosaminolycans followed by 
specific interactions with high-affinity cell surface 
receptors. The cell surface receptors include 
integrins, the epidermal growth factor receptor, 
the platelet-derived growth factor-alpha receptor, 
and heparan sulfate proteoglycans. Binding of 
CMV glycoproteins to the cell surface initiates 
both virion entry and various host cell responses. 
After fusion and penetration of CMV, viral 
nucleocapsids containing infectious DNA are 
translocated to the nucleus by a pathway that 
appears to involve microtubular transport. 
Once the virion DNA has entered the nucleus, the 
transcriptional program is initiated by cellular 
factors that activate the expression of viral 
immediate-early (IE) genes. The expression of IE 
genes leads to the sequential expression of the 
viral early (E) genes, which are required for 
viral nucleic acid synthesis, including the viral 
 
 

Fig. 1. The basic structure of human cytomegalovirus 
(HCMV). 
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infected granulocyte-macrophage progenitor cells 
and in naturally infected bone marrow and 
granulocyte colony-stimulating factor mobilized 
blood samples [72]. The UL138 open reading 
frame (ORF) detected in latently infected CD14+ 
monocytes and CD34+ progenitor cells from 
CMV-seropositive donors was the first viral 
sequence proven to be functionally required for 
CMV latency [57]. Furthermore, a CLT that is 
antisense to UL81-82 of CMV has been identified 
[7]. The function of this CLT is the inhibition of 
the expression of the UL82 protein (pp71), which 
activates viral IE transcription and thus plays a 
role in initiating lytic infection [20].  
It is well known that CMV reactivation can 
be detected in response to immunosuppression, 
inflammation, infection, or stress ([89, 113, 127], 
Fig. 2). The reactivation of CMV from latency is a 
key step in the pathogenesis of CMV infection. 
The mechanism of CMV reactivation has not been 
elucidated. However, tumor necrosis factor alpha 
(TNF-α) and cyclic AMP are considered to be key 
factors ([45], Fig. 2). TNF-α binds to the TNF 
receptor of latently infected cells, inducing the 
activation of protein kinase C and NF-κB and, 
subsequently, the transcription of the CMV IE 
genes, which triggers the onset of virus replication 
[126, 162]. The reactivation of CMV can also 
be achieved through stress catecholamines, 
epinephrine, and norepinephrine, which increase 
the concentrations of cyclic AMP, thus resulting 
in the stimulation of the IE enhancer/promoter 
[127]. In turn, proinflammatory prostaglandins 
stimulated in the course of various inflammatory 
processes also promote viral reactivation through 
the cyclic AMP pathway [84]. 
 
Pathogenesis 
Infection of immunocompetent adults  
Primary CMV infection in the immunocompetent 
adult is usually asymptomatic and rarely causes 
illness. Primary CMV infection is clinically 
indistinguishable from primary Epstein-Barr virus 
infection. The complications of primary CMV 
infections include arthralgia and arthritis, myalgia, 
lymphadenopathy, hepatomegaly, splenomegaly, 
ulcerative colitis, pneumonitis, hepatitis, aseptic 
meningitis, and myocarditis [51]. 
 

virus-encoded glycoproteins that are involved in 
cell attachment and penetration [109]. These 
include glycoprotein B (gB, UL55 gene product), 
gH (UL75 gene product), gL (UL115 gene 
product), gM (UL100 gene product), gN (UL73 
gene product), and gO (UL74 gene product) 
([173], Fig. 1).  
CMV transiently expresses a unique subset of 
viral genes in the absence of productive virus 
replication, and the virus does not initiate a 
productive infection within cells before the 
establishment of latency. However, the mechanism 
by which CMV establishes and maintains latency 
and is reactivated remains poorly understood. 
During latent infection, the CMV genome is 
estimated to be carried in 0.004-0.01% of 
mononuclear cells from granulocyte colony-
stimulating factor-mobilized peripheral blood or 
bone marrow, with 2-13 genome copies per 
infected cell [153]. The exact site of latent 
infection has not been determined, but appears to 
be in cells of the myeloid lineage [148]. Genomic 
DNA can be detected in various cell types, 
including monocytes, macrophages [155], 
lymphocytes [143], CD34+ bone marrow cells 
(105), immature dendritic cells (DC) [144], and 
endothelial cells [149]. CMV can enter the cell, 
but the transcriptional repression of the major IE 
(MIE) promoter suppresses the production of new 
virions [151]. The active viral replication is 
directly related to the state of cell differentiation. 
For example, differentiated cell types permit viral 
replication, but the undifferentiated cells are 
nonpermissive for viral replication ([151], Fig. 2). 
Nevertheless, nonpermissive cells do play an 
important role in the dissemination of the virus 
throughout the body.  
Elucidation of the latency controlling factors will 
be required to restrict CMV disease. CMV-
associated latency specific transcripts (CLTs), 
which are encoded within the MIE promoter 
region of the CMV genome, have been identified 
by experimental infection of granulocyte-
macrophage progenitor cells [85, 86]. However, 
the functions of CLTs remain undefined. CLTs 
derived from the UL111.5A region, encoding a 
variant of the viral interleukin-10 (IL-10) 
homolog, have been detected within latently 
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recurrent infections, due to the latency following 
primary infection and periodical reactivation of 
CMV replication causing recurrent infections [1, 
142, 161]. It is commonly recognized that primary 
CMV infections are transmitted more frequently 
to the fetus and are more likely to cause fetal 
damage than recurrent infections [48]. In addition, 
it seems that primary infection occurring at an 
early stage of pregnancy is related to a worse 
outcome [39, 158].  
About 10-15% of congenitally infected infants are 
symptomatic at birth, exhibiting intrauterine 
growth retardation, hepatitis with jaundice and 
hepatosplenomegaly, thrombocytopenia with 
petechiae, pneumonitis, and severe central nervous 
system damage with microcephaly, intracerebral 
calcifications, chorioretinitis, and sensorineural 
hearing loss [79, 99]. In symptomatic infants, a 
mortality rate of 30% has been reported, while 
many others display serious neurological, visual, 
and hearing impairment [99]. The majority of 
congenitally infected infants are asymptomatic at 
birth, however, 10-17% subsequently develop 
hearing defects or neurodevelopmental sequelae 
[51]. 
In the case of primary infection, the antiviral 
immune response begins with virus transmission 
to the fetus, whereas in the case of recurrent 
infection, virus transmission occurs in the 
presence of both humoral and cell-mediated 
immune responses. As a result, viremia occurs as 
a rule only in primary infections [132], whereas it
  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Congenital and neonatal infection  
Congenital CMV infection causes severe 
morbidity and mortality in newborns and is 
the leading infectious cause of poor hearing 
and a large contributor to neuro-developmental 
abnormalities in infants [47, 134]. It is currently 
accepted that congenital CMV infection may be 
the consequence of either a primary or recurrent 
maternal infection [160]. The risk of primary 
infection in a seronegative mother is 1-4%, which 
carries a 30-40% risk of congenital infection [79, 
158]. Recurrent infections may consist of either 
reactivation of the virus strain causing primary 
infection or reinfection by a new virus strain. The 
incidence of symptomatic congenital CMV 
infections in immune mothers has been shown 
to be similar in primary or recurrent maternal 
infections [14]. In addition, symptomatic congenital 
CMV infections appear to be mostly caused by 
reinfection in mothers with a new CMV strain 
during pregnancy [15]. On the other hand, 
congenital infections following reactivated, but 
not reinfected, maternal infections are almost 
always asymptomatic [159].  
The rate of vertical transmission was found to 
be 0.2-2.2% in immune mothers undergoing 
recurrent infection during pregnancy and 20-40% 
in pregnant women with primary infections. Thus, 
the ratio of transmitting to nontransmitting 
mothers is about 1% between those with recurrent 
and those with primary infections. Transmission 
of CMV in utero may follow either primary or 
 

Fig. 2. Various factors affected upon the reactivation of CMV. 
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required for invasion, in addition to molecules 
inducing maternal immune tolerance, such as 
human leukocyte antigen (HLA)-G [87] and 
interleukin-10, which suppress the activation of 
MMP-9 [135, 136]. In guinea pigs (gp), the 
placenta behaves as a reservoir in which gpCMV 
replicates prior to being transmitted to the fetus 
[92].  
In the case of congenital CMV infection following 
recurrent maternal infection, it must be considered 
that the placenta is a hemiallograft inducing local 
immunosuppression in the uterus [46, 136]. This 
may cause reactivation of latent virus in the 
macrophages of the uterine wall, with CMV 
transmission to the invading cytotrophoblasts. 
Therefore, the virus can spread to anchoring 
villi and subsequently to the fetus [111]. CMV 
establishes a true latent infection in CD14+ 
monocytes, which can be reactivated upon 
allogeneic stimulation of monocyte-derived 
macrophages from healthy blood donors [156]. 
Reactivation of latent CMV is dependent on the 
production of gamma interferon (IFN-γ) during 
the differentiation process [157]. 
In primary infection, leukocytes carry the 
infectious virus and transmit CMV infection to the 
uterine microvascular endothelial cells [53, 132]. 
These cells are in direct contact with cyto-
trophoblasts of anchoring villi invading maternal 
arterioles and hybrids of maternal-fetal cells. The 
infected cytotrophoblasts may transmit CMV 
infection to the underlying tissues of villous cores, 
including fibroblasts and fetal endothelial cells, 
thereby spreading the virus to the fetus [150]. In 
the case of primary maternal infection, infected 
maternal leukocytes transmit CMV infection to 
the villous stroma through breaches of the 
syncytiotrophoblast layer [66, 71]. Furthermore, 
another hypothesis suggests that maternal low 
avidity IgG-coated CMV virions are transported 
to the fetus by a process of transcytosis through 
intact syncytiotrophoblasts [46]. Finally, syncytio-
trophoblasts may be directly infected, but the 
infection likely proceeds slowly and remains 
predominantly cell-associated until the infected 
cells can be eliminated during the normal 
physiological turnover [66, 154].  
The diagnosis of primary CMV infection in a 
pregnant patient is usually made by detection of 
 
 

is either absent or undetectable in recurrent 
infections of an immunocompetent host [132], and 
is common in recurrent infections of immuno-
compromised patients [44, 73, 112]. Since, 
following primary CMV infection, intrauterine 
transmission occurs in approximately 30% of 
cases, an innate barrier seems to partly inhibit 
vertical transmission [39, 158]. Furthermore, a 
similar event seems to occur among infected 
newborns, as fewer than 15% of newborns show 
symptomatic infections in the great majority of 
cases resulting from primary maternal infection 
[1, 39]. Although existing immunity does not 
prevent transmission of the virus to the fetus, 
reactivated infections are less likely to cause 
damage to infants than primary infections [48]. 
Therefore, the risk of symptomatic congenital 
infections is even markedly lower in reactivated 
maternal infections [1, 158]. 
The mechanisms of CMV transmission to the 
fetus are still poorly understood. It has been 
reported that about 15% of female patients who 
experience a primary infection during the first 
months of pregnancy abort spontaneously, 
showing placental (but not fetal) infection [63]. 
Subsequently, placental infection has been shown 
to be consistently associated with fetal infection 
[111]. A better understanding of the mechanisms 
of CMV transmission to the fetus is thus required 
to elucidate the major steps during placental 
development. The development of the placenta 
requires differentiation of specialized epithelial 
stem cells, called cytotrophoblasts, in both 
floating villi and anchoring villi. Cytotrophoblasts 
fuse into multinucleate syncytiotrophoblasts 
covering the villous surface. The syncytiotropho-
blasts are in direct contact with maternal blood, 
mediating transport of multiple substances to and 
from the fetus. Cytotrophoblasts also form cell 
columns and then invade maternal arterioles by 
replacing endothelial and smooth muscle cells, 
thus generating a hybrid cell population of fetal 
and maternal cells inside uterine vessels. 
Syncytiotrophoblasts upregulate the expression of 
the neonatal immunoglobulin G (IgG) Fc receptor, 
involved in the transport of maternal IgG to the 
fetus [91, 147]. The invading cytotrophoblasts 
initiate the expression of adhesion molecules, 
such as integrin α1β1, and proteinases, which are
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disease, depending on the serostatus of the 
recipient and donor [137]. The matching of CMV-
seronegative recipients to CMV-seronegative 
donors is ideal. The highest risk for CMV 
infection is the combination of a CMV-
seronegative patient receiving an organ from a 
CMV-seropositive donor, with disease being more 
severe in this group of patients, due to their lack 
of a host-derived CMV-specific immune response 
[95]. Other risk factors for CMV infection 
include the type of organ transplantation [147], 
coinfection with human herpesvirus type 6 [41], 
and the type and intensity of the immuno-
suppressive therapy, including the use of antibodies 
to T cell receptors (TCRs) [10, 123]. Clinically, 
acute CMV infection in the SOT patient causes 
fever, leukopenia, malaise, arthralgia, and a 
mascular rash, or as tissue-invasive disease, which 
presents as hepatitis, pneumonitis, enterocolitis, 
encephalitis, chorioretinitis, nephritis, cystitis, 
myocarditis, or pancreatitis. The diagnosis of 
CMV disease is made according to clinical signs 
and symptoms in conjunction with the detection 
of CMV in the blood and in the involved tissues 
[69]. In addition to causing end-organ disease, 
CMV has also been indirectly associated with a 
number of disease in SOT patients. These include 
graft rejection, renal artery stenosis, coronary 
artery stenosis, bronchiolitis obliterans, and 
vanishing bile duct syndrome.  
CMV infections following SCT occur more 
frequently than in SOT patients due to a 
prolonged period of immunodeficiency and the 
potential for reactivation of latent viruses [17, 22]. 
Primary CMV infection develops in 30% of 
seronegative recipients, and reactivation of CMV 
occurs in 80% of patients who are seropositive 
before transplantation [97]. The risk of CMV 
infection following allo-SCT is affected by the 
patient’s serostatus, age, source of donor stem 
cells, degree of HLA disparity, use of T cell-
depleted grafts or anti-T cell antibodies, 
conditioning regimen, posttransplant immuno-
suppression, time to engraftment, and prophylaxis 
for acute graft-versus-host disease [63]. The most 
common clinical symptom of CMV disease 
during the early SCT period are pneumonitis and 
enterocolitis. It was shown that late CMV disease 
developed in about 20% of patients after 
transplantation, with a mortality rate of 46% [12].  
 

seroconversion. The presence of CMV-specific 
IgM antibodies in pregnant patients is not related 
to primary CMV infection during pregnancy. The 
IgG avidity test may be of great help in both 
confirming and clarifying the clinical significance 
of the IgM antibody. When a primary CMV 
infection is diagnosed or suspected, a prenatal 
diagnosis should be offered to a pregnant woman 
to confirm whether CMV infection has been 
transmitted to the fetus. The detection of virus or 
virus products in the blood of the mother may 
further confirm or substantially support the 
diagnosis of a primary infection. 

Infection in immunocompromised patients  
CMV is a serious opportunistic infection in 
immunocompromised hosts such as human 
immunodeficiency virus (HIV)-infected patients 
and transplant patients on immunosuppressive 
medication due to their impaired adaptive immune 
system. A major risk factor for CMV disease in 
CMV-seropositive HIV-infected patients is a 
CD4+ T cell count below 100 cells/µl. The 
incidence of CMV in HIV-infected patients has 
significantly declined with the use of highly active 
antiretroviral therapy (HAART) [117, 139]. 
Although the incidence has declined, CMV 
infection continues to be problematic for HIV 
patients, and it is suggested that CMV infection 
can directly or indirectly accelerate the 
progression to AIDS and death [60, 139, 177]. 
The most common symptom of CMV disease in 
HIV patients is retinitis, which accounts for 85% 
of all cases, and is characterized by hemorrhagic 
retinal necrosis [163, 182]. The availability of 
HAART has led to a new symptom, called 
immune recovery vitritis, associated with 
posterior segment inflammation. This occurs 
almost exclusively in patients with a previous 
history of CMV retinitis as the CD4+ T cell count 
reconstitutes on antiretroviraltherapy [77]. Other 
symptoms of CMV-associated disease include 
enterocolitis, gastritis, esophagitis, hepatitis, and 
encephalitis. 
In SOT and allogeneic SCT (allo-SCT) recipients, 
CMV is regarded as the most significant 
infectious pathogen. More than half of SOT 
recipients show evidence of CMV infection, with 
10-50% of patients developing symptomatic
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NK cells and IFN-α/β play a major role in the 
innate control of MCMV replication [141], and 
MCMV encodes several gene products which 
target these defenses [38, 93]. NK cells are an 
integral part of the innate immune response to 
CMV. Cmv1 contained in the NK gene complex 
on mouse chromosome 6 controls both the 
survival and viral titers in the murine spleen 
[140], and this resistance is mediated by the 
murine NK cell activation receptor, Ly-49H, 
contained in the NK gene complex [18]. In 
humans, NK cells are also critical for controlling 
CMV infection [11]. In renal transplant patients, 
NK activity was shown to increase during both 
primary and recurrent CMV infection, thus 
indicating that NK cells contribute to the recovery 
from CMV infection [174].  
 
Adaptive immunity  

Humoral immune responses 
The humoral immune response plays an 
important role in the protection against CMV 
infection. The neutralizing antibodies to CMV 
restrict viral dissemination and limited the organ 
injury due to the disease (Fig. 4). The major target 
for neutralizing antibodies to CMV is gB and gH 
[16, 103, 129]. The gB protein is involved in cell 
 
 

Immune responses against CMV 

Innate immunity  
The innate immune system plays an important 
role in the protection against CMV infection and 
in priming the adaptive immune response. CMV 
is a potent immunogen that triggers strong 
immune responses from all arms of the immune 
system. It is becoming increasingly apparent that 
CMV is subject to innate sensing by Toll-like 
receptors (TLRs). The stimulation of TLRs by 
CMV activates signal transduction pathways, 
which induce the production of inflammatory 
cytokines that recruit cells of the innate immune 
system, and the upregulation of costimulatory 
molecules such as CD80 and CD86, which are 
important for the activation of adaptive immunity 
[27]. In humans, CMV has been demonstrated to 
activate and signal through interactions with 
gB/gH and TLR2, which triggers inflammatory 
cytokine induction [13]. In mice, TLR9 and TLR3 
have also been proven to be critical components 
of the innate immune system against MCMV. 
Once TLRs recoginaize viral compornents, their 
signaling pathways are activated, which leads 
to the production of IFN-α/β by DCs and 
macrophages. And subsequently, IFN-α/β is 
induced by natural killer (NK) cells (Fig. 3).  

Fig. 3. Innate immunity against CMV. 

 

Innate immunity against CMV

Elimination of infected cells 

Interferons 

Inhibition of viral replication 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

36 Chikara Kohda et al.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

increased MCMV titers [115]. In renal transplant 
patients, a significant increase in the levels of 
circulating γδT cells from 5 to 40% of total T cells 
was coincident with active CMV infection [36], 
and delayed γδT cell expansion was associated 
with prolonged and elevated antigenemias and 
increased severity of CMV disease [90]. It has 
been indicated that γδT cells specific for CMV 
have a potential crossreactivity, because CMV- 
specific γδT cells are cross-reactive against 
intestinal tumor epithelial cells [62]. Therefore, 
these data indicate that γδT cells are associated 
with the anti-CMV immune response. 
The role of the major histocompatibility complex 
(MHC) class I-restricted CD8+ T cell immune 
response against CMV is also clearly apparent 
(Fig. 4). In MCMV-infected mice, the selective 
depletion of CD4+ T cells resulted in an increased 
incidence of recurrent MCMV infection [122]. 
CD4+ T cells have been shown to contribute to the 
control of primary MCMV infection in mice that 
were long-term depleted of CD8+ T cells before 
infection [76]. 
In healthy CMV-infected infants, prolonged viral 
urinary and salivary shedding is linked to a 
persistent and selective deficiency of CMV-
specific CD4+ T cell immunity. Low levels of 
CMV-specific CD4+ T cells also correlate 
significantly with susceptibility to infectious 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

attachment and penetration, and the gH protein is 
involved in the fusion of the viral envelope with 
the host cell membrane. The transfer of antibodies 
from a CMV-seropositive mother to a newborn 
infant was shown to be protective against CMV 
infection from seropositive blood transfusions 
[181]. It is well known that the ratio of vertical 
tranmission in a CMV-seropositive mother is 
lower than that in a CMV-seronegative mother. 

T cell-mediated immune responses 
The cell-mediated immune response is the 
predominant mechanism by which CMV 
replication is controlled. It is clear that γδT cells, 
CD4+ T cells, and CD8+ T cells are all important 
for controlling and restricting viral replication in 
hosts with persistent CMV infection. 

The γδT cell subset comprises less than 6% of  
T cells in the blood of healthy humans, but 
represents a more substantial fraction of lymphoid 
cells in areas of the body exposed to the external 
milieu, such as the intestinal mucosa [37]. It has 
been demonstrated that γδT cells play an 
important role in host immunity to viral 
infections, including herpes simplex virus type 1 
and MCMV [23]. An accumulation of γδT cells 
has been shown to occur in the salivary glands of 
MCMV-infected mice ([23], Fig. 4), while the 
depletion of γδT cells resulted in significantly 
 
 

Fig. 4. Adaptive immunity against CMV. 
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CTLs have identified the highly immunodominant 
peptide epitope, DYSNTHSTRYV, from gB, 
which is restricted through HLA-DRB [42]. In 
another study, TCR-Vβ13.1 CD4+ T cells 
recognized the HLA DR7-restricted CMV-
specific CD4+ T cell epitope, DYSNTHSTRYV 
[31].  
CD8+ T cells are the most important component in 
the immune control of MCMV infection [122]. In 
human fetuses, mature and functional CD8+ 
T lymphocytes have been shown to expand 
in utero in response to a primary CMV infection 
[101]. IFN-γ-producing CMV-specific CD8+ 
T cells also appear to be protective against CMV-
associated retinitis in HIV-infected patients [70]. 
A crucial role of CD8+ T cells in the control of 
CMV infection was also confirmed in BMT 
patients. The development of CMV-specific CTL 
responses following BMT has been shown to 
correlate with protection and recovery from CMV 
disease [94]. It has been shown that more than 
50% of patients lacking a detectable anti-CMV 
T cell response developed CMV disease [131]. In 
addition, the infusion of donor-derived CMV-
specific CD8+ T cells effectively restored antigen-
specific cellular immunity in allogeneic BMT 
recipients, with the immune reconstitution 
coincident with protection from CMV-associated 
clinical complications in the recipients [133]. A 
similar observation of CD8+ T cell immunity has 
been shown in the SOT setting.  
The analyses of virus-specific T cell responses in 
renal transplant recipients demonstrated the 
presence of dominant CD8+ T cell responses that 
may limit viremia and protect against CMV 
disease [128, 130]. In lung transplant recipients, 
the acquisition of CMV-specific CD8+ T cell 
immunity, in addition to CD4+ T cell immunity, 
was associated with both freedom from CMV 
disease and the preservation of allograft function 
compared with those who failed to develop 
CMV immunity [145]. Furthermore, in a study 
involving heart and lung transplant recipients, 
high frequencies of IE-1-specific CD8+ T cells 
were shown to correlate with protection from 
CMV disease [19]. 
The specificity of the CD8+ CMV-specific T cell 
response and the viral proteins to which they are 
directed has been comprehensively examined in 
 
 
 

complications with CMV in lung transplant 
recipients. After renal transplantation, the clinical 
symptoms of CMV have been shown to be 
preceded by a decrease in the levels of CMV-
specific CD4+ T cells and an increase in viral 
load. In addition, the effector-memory CD4+ 
T cells are necessary to control viral replication 
and for recovery after infection [50]. In bone-
marrow transplantation (BMT) recipients, the 
presence of a detectable CD4+ T-helper (Th) 
response has been associated with protection from 
CMV infection [64, 88]. Furthmore, recovery of 
CD4+ CMV-specific Th cells is required for  
the endogenous reconstitution of CD8+ cytotoxic 
T lymphocytes (CTL) and the persistence of 
adoptively transferred T cells [131]. The adoptive 
transfer of predominantly CD4+ CMV-specific 
T cells lead to a significant reduction of viral load 
in allo-SCT patients [58].  
An extremely high frequency of CD4+ T cells in 
healthy seropositive individuals is committed to 
anti-CMV immunity. CMV-exposed individuals 
devote approximately 10% of their circulating 
CD4+ memory T cell population to this virus. 
Analysis of the specificity of the CMV-specific 
CD4+ T cell response has indicated apparent 
broad antigen recognition. Although gB-specific 
CD4+ T cell responses are most frequently 
detected in healthy subjects, a large number of 
precursors specific for TRL14 and UL16 can be 
detected in a small number of individuals [166].  
The role of CD4+ T cells in latent infections has 
been considered to be indirect through the 
maintenance of virus-specific antibody responses 
and expansion of the CD8+ T cell populations 
[33, 175]. However, the direct role of CMV-
specific CD4+ T cells was reported, and gB-
specific CD4+ T cells with cytotoxic activity from 
healthy seropositive individuals and pregnant 
patients have been expanded in vitro [42, 68]. 
Furthermore, the acquisition of direct cytolytic 
activity by pp65-specific CD4+ T cells has been 
shown to occur as a function of the differentiation 
state [21]. Evidence for a direct cytolytic role for 
gB-specific CD4+ CTLs in vivo was provided 
by a study where CD4+ T cells directly purified 
from the blood secreted granzyme B, in response 
to glial cells expressing endogenous gB [65]. 
Characterizations of these gB-specific CD4+
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but also a slightly altered ligand, which thus leads 
to a partial activation of the T cells. It has been 
reported that T cells were widely cross-reactive, in 
fact, CD8+ T cells cross-reactively recognize two 
proteins within the same virus, similar proteins of 
closely related viruses, and different proteins from 
unrelated viruses [104]. The cross-reactive epitopes 
did not require significant amino acid homology 
and have been noted even between the proteins of 
viruses and bacteria [67].  
Immunological memory can be divided into two 
phases: a short-term phase, lasting weeks to 
months, followed by a long-term phase, lasting 
years when clonally expanded effector and 
memory T cells are redistributed to the host’s 
nonlymphoid tissue [98]. The persistent restimulation 
might promote short-term memory, whereas long-
term memory was thought to be maintained 
independently of antigen [98]. In our work, the 
IE1-specific memory T cells detected at 6 months 
after infection might be considered to work in a 
long-term memory phase, which was maintained 
by the microbiota.   
A number of studies have examined the impact of 
chronic CMV infection on memory T cell 
homeostasis and the differentiation phenotype of 
antigen-experienced CD8+ T cells. Various 
phenotypic markers, including CD45RA, CD45RO, 
CCR7, CD27, CD28, CD62L, and CD57, in 
addition to functional markers such as the 
expression of IFN-γ, granzyme, and perforin, have 
been commonly used to study the differentiation 
and effector functions of naïve and memory 
antigen-specific T cells. During acute CMV 
infection, the main CD8+ effector T cell 
population shows a CD45RA- CD45RO+ CD27+ 
CD28+/- CCR7- phenotype, while in chronic CMV 
infection, two types of CMV-specific T cells 
appear to exist: CD45RA- CD45RO+ CD27- 
CD28- CCR7- effector-memory and CD45RA+ 
CD45RO- CD27- CD28- CCR7- terminally 
differentiated effector T cells [3, 50]. It has been 
shown that the adoptive transfer of CMV-specific 
CD8+ T cells derived from central memory 
T cells, which express CD62L and CCR7, but not 
those derived from effector memory T cells, 
persisted long term in the blood, and migrated to 
lymph nodes and bone marrow [9].  
 

healthy CMV-seropositive donors. It has been 
shown that the CD8+ or CD4+ T cells are directed 
toward more than 70% of the ORFs, using 
overlapping from 213 ORFs and ex vivo T cell 
assays [100]. The CD8+ CMV-specific T cell 
response is considerably diverse, with recognition 
of a variety of structural, early, and late antigens, 
in addition to CMV-encoded immunomodulators, 
including pp28, pp50, pp150 gH, gB, unique short 
2 (US2), US3, US6, US11, UL16, and UL18 [43]. 
These studies, in combination with the data 
reported by other groups, revealed that these 
responses were directed toward CMV-encoded 
proteins expressed at different stages of viral 
replication (IE, E, and L) and also proteins 
associated with the capsid, tegument, glyco-
protein, and immune evasion. It can be seen that 
the most of the immunodominant antigens to 
which CMV-specific CD8+ T cells respond are 
directed include UL123 (IE-1), UL122 (IE-2), and 
UL83 (pp65). The majority of T cell studies have 
focused on IE-1 and pp65.  
The pulmonary-infiltrating CD8+ T cells can exert 
an antiviral effect after MCMV clearance [121]. 
We identified that activated T cells accumulated 
in the lungs of MCMV-infected mice even after 
the virus could not be detected, and IE1-specific 
memory T cells were detected at 6-12 months 
after MCMV infection [167, 168, 169]. In 
addition, in the germfree (GF) mouse, which 
lacked any microbiota, the ratio of IE1-specific 
memory T cells reached its peak at 1 month after 
MCMV infection, and thereafter decreased. In 
contrast, in the specific pathogen free (SPF) 
mouse, the ratio of IE1-specific memory T cells at 
6-12 months after MCMV infection was higher 
than that at 1 month [169]. These results suggest 
that microbiota profoundly affected the expansion 
of memory T cells. In fact, when GF mice were 
reconstituted with microbiota, the ratio of IE1-
specific memory T cells in the MCMV-infected 
GF mice returned to the level observed in 
MCMV-infected SPF mice [169]. 
Memory T cells to MCMV-IE1 can cross-
reactively recognize several epitopes derived from 
other microbiota. This is referred to as 
heterologous immunity [178]. Kersh and Allen 
[80] reported that αβT cells could recognize not 
only a ligand of a peptide bound to a self-MHC, 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

which develops in person over 80 years old, and is 
predictive of decreased immune function and poor 
patient survival [119]. The degree of the cellular 
immune response to various pathogens has been 
investigated in donors of different ages, showing 
that immunity to the influenza virus and varicella-
zoster virus decreases with increasing age [5, 40]. 
In addition to CMV seropositivity, the parameters 
of the immune risk profile include an inverted 
CD4+/CD8+ T cell ratio, an increased proportion 
of highly differentiated CD8+ CD28- T cells, the 
presence of CD8+ T cell clonal expansions, and 
reduced mitogen-stimulated proliferative responses 
[119]. Additionally, the apparent immunodominance 
by CMV may inhibit responses to other 
pathogens, because CMV seropositivity is a 
cofactor of the progression of HIV to AIDS and is 
associated with lower success rates for influenza 
virus vaccination [60, 138, 176]. 

Immune evasion  
Multiple mechanisms of immune evasion for 
CMV could be related to the pathogenic role of 
the virus. Recently, the expression of immune 
evasion genes US3, US6, and US11 of CMV has 
been investigated in the blood of solid organ 
transplant recipients, showing that, after clinical 
recovery, transcripts of these genes remain 
detectable, indicating that persistent low viral 
activity may have implications for long-term 
control of CMV infection [59]. 
The inhibition of MHC class I-restricted antigen 
presentation plays a pivotal role on a major 
evasion mechanism [6]. An effective immune 
response to CMV is critically dependent on the 
generation of antigenic peptides, which can be 
presented in complex with MHC class I molecules 
to CTLs [30, 61]. During the IE phase of a CMV 
infection, a CTL response is directed against 
antigenic peptides derived from a 72-kDa IE-1 
transcription factor. The matrix protein, pp65, 
which has kinase activity, can phosphorylate the 
IE-1 protein [54]. In turn, this response selectively 
blocks the processing and presentation of IE-
derived antigenic peptides via the MHC class I 
pathway, and thus prevents an IE-1-specific CTL 
response. In addition, the CMV genome encodes 
five proteins, US2, US3, US6, US10, and US11, 
that block the generation and export of MHC class
  

Immune senescence  
CMV infection might be considered as an 
important factor driving immune senscence in 
elderly. A high proportion of CD8+ T cells is 
committed to the anti-CMV response. A median 
of 10% of the CD8+ T cells in the peripheral blood 
of healthy CMV carriers and up to 40% of CD8+ 
T cells in the peripheral blood of elderly persons 
can be specific for CMV antigens [32, 55, 81, 
116]. This proportion is increased with increasing 
age. In addition, the CD8+ T cell response to 
CMV is due to the accumulation of oligoclonal 
T cells and a reduction in the naïve T cell pool 
[35]. This increase in virus-specific CTLs, called 
memory inflation, is a phenomenon seen with the 
CD8+ T cell immune response to MCMV [78] and 
was shown to extend to the CMV-specific CD4+ 
T cell response [124]. The CMV-specific CD8+   

T cell expansions are consistently oligoclonal. 
And CMV-specific CD8+ T cells have a highly 
differentiated effector memory cell phenotype 
[82]. These data suggest that CMV may 
significantly contribute to immune senescence, 
which is characterized by a reduction in the levels 
of naïve cells, the accumulation of clonally 
expanded CD28 memory T cells, and a decline in 
immune responsiveness [119].  
TCR selection is a highly complex process 
influenced by the functional avidity of the 
antigen-specific CD8+ T cells. The high avidity 
and efficiency of endogenous viral epitope 
presentation, in combination with the biophysical 
characteristics of the HLA-peptide complex, are 
the major determinants which offer a competitive 
advantage for selection of the antigen-specific 
CD8+ T cells into the memory repertoire. 
Dominant CMV-specific clonotypes selected into 
the long-term memory pool have been shown to 
have high functional avidity, while subdominant 
clonotypes which were contracted following 
primary infection were characterized by 
substantially lower avidity [125]. In addition, 
clonotypes with restricted TCR usage demonstrated 
more efficient recognition of virus-infected cells 
and put up a terminally differentiated phenotype 
compared to T cells expressing diverse TCRs 
[180]. 
CMV is associated with a cluster of immune 
parameters referred to as the immune risk profile, 
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CMV also encodes a variety of other homologs 
with distinct subversive functions and which 
mimic the behavior of host proteins to divert the 
immune response. One such homolog is the 
human MHC class I homolog UL18, which, like 
MHC class I, binds β2-microglobulin and 
peptides, but shows specific binding only with 
leukocyte immunoglobulin-like receptor 1, a 
receptor prominently displayed on monocytes and 
B cells [28]. The binding of leukocyte immuno-
globulin-like receptor 1 to UL18 resembles the 
binding to MHC class I molecules [24]. However, 
the UL18 activity during viral infection remains 
unclear. In addition, CMV encoded homologs of 
seven transmembrane G-protein-coupled receptors, 
including UL33, UL78, US27 and US28 [25, 
102]. US28 encodes a chemokine receptor that 
binds most human CC chemokines and CX3C 
chemokine fractalkin [52, 83, 114]. CMV also 
encodes a homolog of the immunosuppressive 
cytokine IL-10 (UL111a), a viral TNF receptor 
(UL144) [8], and a potent IL-8-like chemokine, 
which induces the chemotaxis of human 
peripheral blood neutrophils (UL146) [120]. 

Inhibition of apoptosis and necrosis  
Programmed cell suicide (i.e. apoptosis) has the 
potential to serve as an effective strategy to 
restrict viral replication and spread at very early 
points in the first populations of infected cells. As 
a result, almost all viruses, including CMV, have 
developed strategies to block apoptosis at multiple 
levels. CMV encodes several gene products 
restricting the activation of both the intrinsic  
(i.e. mitochondria/Bcl-2-dependent) and extrinsic 
(i.e. death-receptor mediated) pathways, and these 
include UL36, UL37x1, UL38, and UL45 
products in HCMV. M36, m38.5, M38, and M45, 
were also identified in MCMV. The UL36 and 
M36 proteins suppress caspase 8-induced 
apoptosis [152]. The product of the UL37x1 and 
m38.5 gene inhibits Fas-mediated apoptosis at 
caspase 8 activation and Bid cleavage, 
respectively [56]. The UL38 and M38 proteins 
have the potential to restrict ER stress-induced 
apoptosis [110]. UL45 encodes homologs of a 
ribonucleotide reductase, but the function of the 
UL45 protein is not clear yet. In the mouse, the 
M45 protein of MCMV contains both a receptor 
interacting protein homotypic interaction motif

I-peptide complexes and induce a rapid 
downregulation in MHC class I expression [2, 49, 
74, 75]. Antigen presentation through the MHC 
class II pathway is also prevented by CMV 
through US2 targeting of the MHC class II DR-α 
and DM-α molecules for degradation by 
proteasomes and via the expression of proteins at 
the IE and E phases of a CMV infection (IE/E 
product), which interfere with the IFN-γ-induced 
expression of MHC class II molecules [106, 107]. 
NK cells selectively recognize and kill targets that 
lack cell surface-expressed self-MHC class I 
products [96]. This recognition is mediated by a 
complex balance of regulatory activating and 
inhibitory receptors on the surface of NK cells 
[118]. CMV-infected cells with downregulated 
MHC molecules would be expected to be 
vulnerable to NK-mediated lysis. However, CMV 
has responded by implementing various tactics 
to impede NK cell recognition, thus including 
the expression of virus-encoded MHC class I 
homologs to act as decoy proteins [108]. For 
example, the expression of the nonclassical class I 
molecule, HLA-E, is dependent on the binding 
of a signal peptide derived from other host 
MHC class I molecules, and suppresses NK cell 
recognition by binding the inhibitory CD94/ 
NKG2A receptor [170]. The UL40 gene product 
of CMV contains a sequence homologous to such 
signal peptides, which can substitute and upregulate 
cell surface HLA-E expression to protect virus-
infected cells. CMV UL16 binds UL16 binding 
proteins (ULBPs) and also binds MHC class I 
chain-related gene B (MICB gene) [165]. The 
ULBPs are another family of ligands that activate 
the human NK cell receptor, NKG2D, and they 
have been reported to be upregulated in CMV-
infected cells. UL16 can block the binding of 
NKG2D to ULBP1 and ULBP2, and to the MICB 
gene, consequently preventing the activation of 
NK cells [29]. Other mechanisms designed by 
CMV to evade NK cell killing include pp65 
inhibition of the NK cell-activating receptor, 
NKp30 [4], a CMV UL122-encoded microRNA 
that downregulates MICB gene expression and 
subsequently reduces NK cell killing [164], the 
inhibition of NK cell-mediated lysis by CMV 
UL142 [179], and CMV UL141-mediated blocking 
of the surface expression of CD155 [171]. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(RHIM) domain as well as a ribonucleotide 
reductase homology domain. A functional M45 
RHIM domain is required to block MCMV-
induced endothelial cell death, indicating that 
MCMV infection triggers the initiation of 
necroptosis, but that M45 subsequently blocks it 
[172].  
 
CONCLUDING REMARKS 
We have discussed a number of the findings 
regarding the relationship between CMV and 
immunity, because immunity against CMV is 
closely related to the pathogenesis and regulation 
of CMV. As CMV infects more than half of the 
world population, a high priority for the scientific 
community is the development of an anti-CMV 
vaccine for use in combating congenital infection. 
The development of an effective vaccine for 
CMV-associated diseases remains a significant 
challenge. Significant advances both in the 
understanding of the immunobiology of CMV and 
in the diagnosis and treatment of CMV disease 
have been made. However, there are still many 
things that remain to be clarified with regard to 
the immune response to CMV. We hope that this 
review will allow for conceptualization of what 
needs to be accomplished for this purpose. 
 
REFERENCES 
1. Ahlfors, K., Ivarsson, S. A., Harris, S., 

Svanberg, L., Holmqvist, R., Lernmark, B., 
and Theander, G. 1984, Scand. J. Infect. 
Dis., 16, 129. 

2. Ahn, K., Gruhler, A., Galocha, B., Jones, 
T. R., Wiertz, E. J., Ploegh, H. L., 
Peterson, P. A., Yang, Y., and Fruh, K. 
1997, Immunity, 6, 613. 

3. Appay, V., Dunbar, P. R., Callan, M., 
Klenerman, P., Gillespie, G. M., Papagno, 
L., Ogg, G. S., King, A., Lechner, F., 
Spina, C. A., Little, S., Havlir, D. V., 
Richman, D. D., Gruener, N., Pape, G., 
Waters, A., Easterbrook, P., Salio, M., 
Cerundolo, V., McMichael, A. J., and 
Rowland-Jones, S. L. 2002, Nat. Med., 8, 
379. 

4. Arnon, T. I., Achdout, H., Levi, O., 
Markel, G., Saleh, N., Katz, G., Gazit, R., 
Gonen-Gross, T., Hanna, J., Nahari, E., 
 

 Porgador, A., Honigman, A., Plachter, B., 
Mevorach, D., Wolf, D. G., and Mandelboim, 
O. 2005, Nat. Immunol., 6, 515. 

5. Asanuma, H., Sharp, M. Maecker, H. T., 
Maino, V. C., and Arvin, A. M. 2000, J. 
Infect. Dis., 181, 859. 

6. Basta, S., and Bennink, J. R. 2003, Viral 
Immunol., 16, 231. 

7. Bego, M., Maciejewski, J., Khaiboullina, 
S., Pari, G., and St. Jeor, S. 2005, J. Virol., 
79, 11022. 

8. Benedict, C. A., Butrovich, K. D., Lurain, 
N. S., Corbeil, J., Rooney, I., Schneider, P., 
Tschopp, J., and Ware, C. F. 1999, J. 
Immunol., 162, 6967. 

9. Berger, C., Jensen, M. C., Lansdorp, P. M., 
Gough, M., Elliott, C., and Riddell, S. R. 
2008, J. Clin. Investig., 118, 294. 

10. Best, N. G., Trull, A. K., Tan, K. K., 
Spiegelhalter, D. J., Wreghitt, T. G., and 
Wallwork, J. 1995, Transplantation, 60, 
689. 

11. Biron, C. A., Byron, K. S., and Sullivan, J. 
L. 1989, N. Engl. J. Med., 320, 1731. 

12. Boeckh, M., Nichols, W. G., Papanicolaou, 
G., Rubin, R., Wingard, J. R., and Zaia, J. 
2003, Biol. Blood Marrow Transplant., 
9, 543. 

13. Boehme, K. W., Guerrero, M., and 
Compton, T. 2006, J. Immunol., 177, 7094.

14. Boppana, S. B., Fowler, K. B., Britt, W. J. , 
Stagno, S., and Pass, R. F. 1999, 
Pediatrics, 104, 55. 

15. Boppana, S. B., Rivera, L. B., Fowler, K. 
B., Mach, M., and Britt, W. J. 2001, N. 
Engl. J. Med., 344, 1366. 

16. Britt, W. J., Vugler, L. Butfiloski, E. J., 
and Stephens, E. B. 1990, J. Virol., 64, 
1079. 

17. Broers, A. E., van Der Holt, R., van Esser, 
J. W., Gratama, J. W., Henzen- Logmans, 
S., Kuenen-Boumeester, V., Lowenberg, 
B., and Cornelissen, J. J. 2000, Blood, 95, 
2240. 

18. Brown, M. G., Dokun, A. O., Heusel, J. W., 
Smith, H. R., Beckman, D. L., 
Blattenberger, E. A., Dubbelde, C. E., 
Stone, L. R., Scalzo, A. A., and Yokoyama, 
W. M. 2001, Science, 292, 934. 

Cytomegalovirus (CMV): Virology, pathogenesis and immunology           41



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

19. Bunde, T., Kirchner, A., Hoffmeister, B., 
Habedank, D., Hetzer, R., Cherepnev, G., 
Proesch, S., Reinke, P., Volk, H. D., 
Lehmkuhl, H., and Kern, F. 2005, J. Exp. 
Med., 201, 1031. 

20. Cantrell, S. R. and Bresnahan, W. A. 2005, 
J. Virol., 79, 7792. 

21. Casazza, J. P., Betts, M. R., Price, D. A., 
Precopio, M. L., Ruff, L. E., Brenchley, J. 
M., Hill, B. J., Roederer, M., Douek, D. C., 
and Koup, R. A. 2006, J. Exp. Med., 203, 
2865. 

22. Castro-Malaspina, H., Harris, R. E., 
Gajewski, J., Ramsay, N., Collins, R., 
Dharan, B., King, R., and Deeg, H. J. 
2002, Blood, 99, 1943. 

23. Cavanaugh, V. J., Deng, Y., Birkenbach, 
M. P., Slater, J. S., and Campbell, A. E. 
2003, J. Virol., 77, 1703. 

24. Chapman, T. L., Heikeman, A. P., and 
Bjorkman, P. J. 1999, Immunity, 11, 603. 

25. Chee, M. S., Satchwell, S. C., Preddie, E., 
Weston, K. M., and Barrell, B. G. 1990, 
Nature, 344, 774. 

26. Chen, D. H., Jiang, H., Lee, M., Liu, F., 
and Zhou, Z. H. 1999, Virology, 260, 10. 

27. Compton, T., Kurt-Jones, E. A., Boehme, K. 
W., Belko, J., Latz, E., Golenbock, D. T., and 
Finberg, R. W. 2003, J. Virol., 77, 4588. 

28. Cosman, D., Fanger, N., and Borges, L. 
1999, Immunol. Rev., 168, 177. 

29. Cosman, D., Mullberg, J., Sutherland, C. 
L., Chin, W., Armitage, R., Fanslow, W., 
Kubin, M., and Chalupny, N. J. 2001, 
Immunity, 14, 123. 

30. Cresswell, P., Ackerman, A. L., Giodini, 
A., Peaper, D. R., and Wearsch, P. A. 
2005, Immunol. Rev., 207, 145. 

31. Crompton, L., Khan, N., Khanna, R., 
Nayak, L., and Moss, P. A. 2008, Blood, 
111, 2053. 

32. Crough, T., Burrows, J. M., Fazou, C., 
Walker, S., Davenport, M. P., and Khanna, 
R. 2005, Eur. J. Immunol., 35, 139. 

33. Davignon, J. L., Castanie, P., Yorke, J. A., 
Gautier, N., Clement, D., and Davrinche, 
C. 1996, J. Virol., 70, 2162. 

34. Davison, A. J., Dolan, A., Akter, P., 
Addison, C., Dargan, D. J., Alcendor, D. 
J., McGeoch, D. J., and Hayward, G. S. 
2003, J. Gen. Virol., 84, 17. 

35. Day, E. K., Carmichael, A. J., ten Berge, I. 
J., Waller, E. C., Sissons, J. G., and Wills, 
M. R. 2007, J. Immunol., 179, 3203. 

36. Dechanet, J., Merville, P., Berge, F., Bone-
Mane, G., Taupin, J. L., Michel, P., Joly, 
P., Bonneville, M., Potaux, L., and 
Moreau, J. F. 1999, J. Infect. Dis., 179, 1. 

37. Dechanet, J., Merville, P., Lim, A., 
Retiere, C., Pitard, V., Lafarge, X., 
Michelson, S., Meric, C., Hallet, M. M., 
Kourilsky, P., Potaux, L., Bonneville, M., 
and Moreau, J. F. 1999, J. Clin. Investig., 
103, 1437 

38. DeFilippis, V. R. 2007, Adv. Exp. Med. 
Biol., 598, 309.  

39. Demmler, G. J. 1991, Rev. Infect. Dis., 13, 
315. 

40. Deng, Y., Jing, Y., Campbell, A. E., and 
Gravenstein, S. 2004, J. Immunol., 172, 
3437. 

41. Dockrell, D. H., Prada, J., Jones, M. F., 
Patel, R., Badley, A. D., Harmsen, W. S., 
Ilstrup, D. M., Wiesner, R. H., Krom, R. 
A., Smith, T. F., and Paya, C. V. 1997, J. 
Infect. Dis., 176, 1135. 

42. Elkington, R., Shoukry, N. H., Walker, S., 
Crough, T., Fazou, C., Kaur, A., Walker, 
C. M., and Khanna, R. 2004, Eur. J. 
Immunol., 34, 3216. 

43. Elkington, R., Walker, S., Crough, T., 
Menzies, M., Tellam, J., Bharadwaj, M., 
and Khanna, R. 2003, J. Virol., 77, 5226. 

44. Evans, T. J., Mc Collum, J. P. K., and 
Valdimarssan, H. 1975, Lancet, i, 1359. 

45. Fietze, E., Prosch, S., Reinke, P., Stein, J., 
Docke, W. D., Staffa, G., Loning, S., 
Devaux, S., Emmrich, F., von Baehr, R., 
Kruger, D. H., and Volk, H. D. 1994, 
Transplantation, 58,675. 

46. Fisher, S., Genbacev, O., Maidji, E., and 
Pereira L. 2000, J. Virol., 74, 6808. 

47. Fowler, K. B. and Boppana, S. B. 2006, J. 
Clin. Virol., 35, 226. 

48. Fowler, K. B., Stagno, S., Pass, R. F., Britt, 
W. J., Boll, T. J., and Alford, C. A. 1992, 
N. Engl. J. Med., 326, 663. 

49. Furman, M. H., Dey, N., Tortorella, D., 
and Ploegh, H. L. 2002, J. Virol., 76, 
11753. 

42 Chikara Kohda et al.



65. Hegde, N. R., Dunn, C., Lewinsohn, D. M., 
Jarvis, M. A., Nelson, J. A., and Johnson, D. 
C. 2005, J. Exp. Med., 202, 1109. 

66. Hemmings, D. G., Kilani, R., Nykiforuk, 
C., Preiksaitis, J., and Guilbert, L. J. 1998, 
J. Virol., 72, 4970.  

67. Hohn, H., Kortsik, C., Tully, G., Nilges, 
K., Necker, A., Freitag, K., Neukirch, C., 
Galle, P., Lohr, H., and Maeurer, M. J. 
2003, Eur. J. Immunol., 33, 1613. 

68. Hopkins, J. I., Fiander, A. N., Evans, A. S., 
Delchambre, M., Gheysen, D., and 
Borysiewicz, L. K. 1996, J. Med. Virol., 
49, 124. 

69. Humar, A. and Michaels, M. 2006, Am. J. 
Transplant., 6, 262. 

70. Jacobson, M. A., Maecker, H. T., Orr, P. 
L., D’Amico, R., Van Natta, M., Li, X. D., 
Pollard, R. B., and Bredt, B. M. 2004, J. 
Infect. Dis., 189, 1362. 

71. Jacques, S. M. and Qureshi, F. 1993, Arch. 
Pathol. Lab. Med., 117, 1032. 

72. Jenkins, C., Abendroth, A., and 
Slobedman, B. 2004, J. Virol., 78, 1440. 

73. Jones, M. M., Lidsky, M. D., Brewer, E. J., 
Yow, M. D., and Williamson, W. D. 1986, 
Arthritis Rheum., 29, 1402. 

74. Jones, T. R. and Sun, L. 1997, J. Virol., 71, 
2970. 

75. Jones, T. R., Wiertz, E. J., Sun, L., Fish, K. 
N., Nelson, J. A., and Ploegh, H. L. 1996, 
Proc. Natl. Acad. Sci. USA, 93, 11327. 

76. Jonjic, S., Pavic, I., Lucin, P., Rukavina, 
D., and Koszinowski, U. H. 1990, J. Virol., 
64, 5457. 

77. Karavellas, M. P., Plummer, D. J., 
Macdonald, J. C., Torriani, F. J., Shufelt, 
C. L., Azen, S. P., and Freeman, W. R. 
1999, J. Infect. Dis., 179, 697. 

78. Karrer, U., Sierro, S., Wagner, M., 
Oxenius, A., Hengel, H., H. Koszinowski, 
U., Phillips, R. E., and Klenerman, P. 
2003, J. Immunol., 170, 2022. 

79. Kenneson, A. and Cannon, M. J. 2007, 
Rev. Med. Virol., 17, 253. 

80. Kersh, G. J. and Allen, P. M. 1996, Nature, 
380, 495. 

81. Khan, N., Hislop, A., Gudgeon, N., 
Cobbold, M., Khanna, R., Nayak, L., 
Rickinson, A. B., and Moss, P. A. 2004, J. 
Immunol., 173, 7481. 

50. Gamadia, L. E., Remmerswaal, E. B. Weel, 
J. F., Bemelman, F., van Lier, R. A., and 
Ten Berge, I. J. 2003, Blood, 101, 2686. 

51. Gandhi, M. K. and Khanna, R. 2004, 
Lancet Infect. Dis., 4, 725. 

52. Gao, J. L. and Murphy, P. M. 1994, J. Biol. 
Chem., 269, 28539. 

53. Gerna, G., Percivalle, E., Sarasini, A., and 
Revello, M. G. 2002, J. Clin. Microbiol., 
40, 233.  

54. Gilbert, M. J., Riddell, S. R., Li, C. R., and 
Greenberg, P. D. 1993, J. Virol., 67, 3461. 

55. Gillespie, G. M., Wills, M. R., Appay, V., 
O’Callaghan, C., Murphy, M., Smith, N. 
Sissons, P., Rowland-Jones, S., Bell, J. I., 
and Moss, P. A. 2000, J. Virol., 74,  8140. 

56. Goldmacher, V. S., Bartle, L. M., 
Skaletskaya, A., Dionne, C. A., Kedersha, 
N. L., Vater, C. A., Han, J. W., Dionne, C. 
A., Lutz, R. J., Watanabe, S., Cahir 
McFarland, E. D., Kieff, E. D., Mocarski 
E. S., and Chittenden, T. 1999, Proc. Natl. 
Acad. Sci. USA, 96, 12536. 

57. Goodrum, F., Reeves, M., Sinclair, J., High, 
K., and Shenk, T. 2007, Blood, 110, 937. 

58. Goodrum, F. D., Jordan, C. T., High, K., 
and Shenk, T. 2002, Proc. Natl. Acad. Sci. 
USA, 99, 16255. 

59. Greijer, A. E., Verschuuren, E. A. M., 
Dekkers, C. A. J., Adriaanse, H. M. A., 
van der Bij, W., The, T. H., and 
Middeldorp, J. M. 2001, J. Infect. Dis., 
184, 247. 

60. Griffiths, P. D. 2006, J. Clin. Virol., 35, 489. 
61. Groothuis, T. A., Griekspoor, A. C., 

Neijssen, J. J., Herberts, C. A., and Neefjes, 
J. J. 2005, Immunol. Rev., 207, 60. 

62. Halary, F., Pitard, V., Dlubek, D., 
Krzysiek, R., de la Salle, H., Merville, P., 
Dromer, C., Emilie, D., Moreau, J. F., and 
Dechanet-Merville, J. 2005, J. Exp. Med., 
201, 1567. 

63. Hayes, K. and Gibas, H. 1971, J. Pediatr., 
79, 401. 

64. Hebart, H., Daginik, S., Stevanovic, S., 
Grigoleit, U., Dobler, A., Baur, M., 
Rauser, G., Sinzger, C., Jahn, G., Loeffler, 
J., Kanz, L., Rammensee, H. G., and 
Einsele, H. 2002, Blood, 99, 3830. 

Cytomegalovirus (CMV): Virology, pathogenesis and immunology           43 



100. Manley, T. J., Luy, L., Jones, T., Boeckh, 
M., Mutimer, H., and Riddell, S. R. 2004, 
Blood, 104, 1075. 

101. Marchant, A., Appay, V., Van Der Sande, 
M., Dulphy, N., Liesnard, C., Kidd, M., 
Kaye, S., Ojuola, O., Gillespie, G. M., 
Vargas Cuero, A. L., Cerundolo, V., 
Callan, M., McAdam, K. P., Rowland-
Jones, S. L., Donner, C., McMichael, A. J., 
and Whittle, H. 2003, J. Clin. Investig., 
111, 1747. 

102. Margulies, B. J., Browne, H., and Gibson, 
W. 1996, Virology, 225, 111. 

103. Marshall, G. S., Rabalais, G. P., Stout, G. 
G., and Waldeyer, S. L. 1992, J. Infect. 
Dis., 165, 381. 

104. Mason, D. 1998, Immunol. Today, 19, 395.
105. Mendelson, M., Monard, S, Sissons, P., 

and Sinclair, J. 1996, J. Gen. Virol., 77, 
3099. 

106. Miller, D. M., Rahill, B. M., Boss, J. M., 
Lairmore, M. D., Durbin, J. E., Waldman, 
J. W., and Sedmak, D. D. 1998, J. Exp. 
Med., 187, 675. 

107. Miller, D. M., Zhang, Y., Rahill, B. M., 
Waldman, W. J., and Sedmak, D. D. 1999, 
J. Immunol., 162, 6107. 

108. Mocarski, E. S. Jr. 2002, Trends 
Microbiol., 10, 332. 

109. Mocarski, E. S. Jr., Shank, T., and Pass, R. 
F. 2007, Fields virology, 5th Ed., vol. 2, 
Knipe, D. M., Howley, P. M., Griffin, D. 
E., Lamb, R. A., Martin, M. A., Roizman, 
B., and Straus, S. E. (Ed.), Williams & 
Wilkins, Philadelphia, 2701. 

110. Moorman, N. J., Cristea, I. M., Terhune, S. 
S., Rout, M. P., Chait, B. T., and Shenk, T. 
2008, Cell Host Microbe., 3, 253. 

111. Mühlemann, K., Miller, R. K., Metlay, R., 
and Menegus, M. A. 1992, Hum. Pathol., 
23, 1234. 

112. Muss-Pinhata, M. M., Yamamoto, A. Y., 
Figueiredo, L. T. M., Cervi, M. C., and 
Duarte, G. 1998, J. Pediatr., 132, 285. 

113. Mutimer, D. J., Shaw, J., O’Donnell, K., 
and Elias, E. 1997, Liver Transpl. Surg., 3, 
506. 

114. Neote, K., DiGregorio, D., Mak, J. Y., 
Horuk, R., and Schall, T. J. 1993, Cell, 72, 
415. 

82. Khan, N., Shariff, N., Cobbold, M., 
Bruton, R., Ainsworth, J. A., Sinclair, A. 
J., Nayak, L., and Moss, P. A. 2002, J. 
Immunol., 169, 1984. 

83. Kledal, T. N., Rosenkilde, M. M., and 
Schwartz, T. W. 1998, FEBS Lett., 441, 
209. 

84. Kline, J. N., Hunninghake, G. M., He, B., 
Monick, M. M., and Hunninghake, G. W. 
1998, Exp. Lung Res., 24, 3. 

85. Kondo, K., Kaneshima, H., and Mocarski, 
E. S. 1994, Proc. Natl. Acad. Sci. USA., 
91, 11879. 

86. Kondo, K. and Mocarski, E. S. 1995, 
Scand. J. Infect. Dis. Suppl., 99, 63. 

87. Kovats, S., Main, E. K., Librach, C., 
Stubblebine, M., Fisher, S. J., and DeMars, 
R. 1990, Science, 248, 220. 

88. Krause, H., Hebart, H., Jahn, G., Muller, 
C. A., and Einsele, H. 1997, Bone Marrow 
Transplant, 19, 1111. 

89. Kutza, A. S., Muhl, E., Hackstein, H., 
Kirchner, H., and Bein, G. 1998, Clin. 
Infect. Dis., 26, 1076. 

90. Lafarge, X., Merville, P., Cazin, M. C., 
Berge, F., Potaux, L., Moreau, J. F., and 
Dechanet-Merville, J. 2001, J. Infect. Dis., 
184, 533. 

91. Leach, J. L., Seomak, D. D., Osborne, J., 
Rahill, B., Lairmore, M. D., and Anderson, 
C. L. 1996, J. Immunol., 157, 3317. 

92. Leiser, R. and Kaufmann, P. 1994, Exp. 
Clin. Endocrinol., 102, 122. 

93. Lenac, T., Arapovic, J., Traven, L., 
Krmpotic, A., and Jonjic, S. 2008, Med. 
Microbiol. Immunol., 197, 159.  

94. Li, C. R., Greenberg, P. D., Gilbert, M. J., 
Goodrich, J. M., and Riddell, S. R. 1994, 
Blood, 83, 1971. 

95. Limaye, A. P., Raghu, G., Koelle, D. M., 
Ferrenberg, J., Huang, M. L., and Boeckh, 
M. 2002, J. Infect. Dis., 185, 20. 

96. Ljunggren, H. G. and Karre, K. 1990, 
Immunol. Today, 11, 237. 

97. Ljungman, P. 2007, Best Pract. Res. Clin. 
Haematol., 20, 209. 

98. Mackay, C. R. and von Andrian, U. H. 
2001, Science, 291, 2323. 

99. Malm, G. and Engman, M. L. 2007, 
Semin. Fetal Neonatal Med., 12, 154. 

44 Chikara Kohda et al.



128. Radha, R., Jordan, S., Puliyanda, D., 
Bunnapradist, S., Petrosyan, A., Amet, N., 
and Toyoda, M. 2005, Am. J. Transplant., 
5, 110. 

129. Rasmussen, L., Matkin, C., Spaete, R., 
Pachl, C., and Merigan, T. C. 1991, J. 
Infect. Dis., 164, 835. 

130. Reusser, P., Cathomas, G., Attenhofer, R., 
Tamm, M., and Thiel, G. 1999, J. Infect. 
Dis., 180, 247. 

131. Reusser, P., Riddell, S. R., Meyers, J. D., 
and Greenberg, P. D. 1991, Blood, 78, 
1373. 

132. Revello, M. G., Zavattoni, M., Sarasini, A., 
Percivalle, E., Simoncini, L., and Gerna, 
G. 1998, J. Infect. Dis., 177, 1170. 

133. Riddell, S. R., Watanabe, K. S., Goodrich, 
J. M., Li, C. R., Agha, M. E., and 
Greenberg, P. D. 1992, Science, 257, 238. 

134. Ross, S. A. and Boppana, S. B. 2005, 
Semin. Pediatr. Infect. Dis., 16, 44. 

135. Roth, I. and Fisher, S. J. 1999, Dev. Biol., 
205, 194. 

136. Roth, I., Corry, D. B., Locksley, R. M., 
Abrams, J. S., Litton, M. J., and Fisher, S. 
J. 1996, J. Exp. Med., 184, 539. 

137. Rubin, R. H. 2007, Curr. Opin. Infect. Dis., 
20, 399. 

138. Sabin, C. A., Devereux, H. L., Clewley, 
G., Emery, V. C., Phillips, A. N., Loveday, 
C., Lee, C. A., and Griffiths, P. D. 2000, J. 
Infect. Dis., 181, 1800. 

139. Salmon-Ceron, D., Mazeron, M. C., 
Chaput, S., Boukli, N., Senechal, B., 
Houhou, N., Katlama, C., Matheron, S., 
Fillet, A. M., Gozlan, J., Leport, C., 
Jeantils, V., Freymuth, F., and Costagliola, 
D. 2000, AIDS, 14, 1041. 

140. Scalzo, A. A., Fitzgerald, N. A., Wallace, 
C. R., Gibbons, A. E., Smart, Y. C., 
Burton, R. C., and Shellam, G. R. 1992, J. 
Immunol., 149, 581. 

141. Scalzo, A. A., Corbett, A. J., Rawlinson, 
W. D., Scott, G. M., and Degli-Esposti, M. 
A. 2007, Immunol. Cell Biol., 85, 46.  

142. Schopfer, K., Lauber, E., and Krech, U. 
1978, Arch. Dis. Child., 53, 536. 

143. Schrier, R. D., Nelson, J. A., and Oldstone, 
M. B. 1985, Science, 230, 1048. 

115. Ninomiya, T., Takimoto, H., Matsuzaki, 
G., Hamano, S., Yoshida, H., Yoshikai, Y., 
Kimura, G., and Nomoto, K. 2000, 
Immunology, 99, 187. 

116. Ouyang, Q., Wagner, W. M., Wikby, A., 
Walter, S., Aubert, G., Dodi, A. I., Travers, 
P., and Pawelec, G. 2003, J. Clin. 
Immunol., 23, 247. 

117. Palella, F. J. Jr., Delaney, K. M., 
Moorman, A. C., Loveless, M. O., Fuhrer, 
J., Satten, G. A., Aschman, D. J., 
Holmberg, S. D., and The HIV Outpatient 
Study Investigators. 1998, N. Engl. J. 
Med., 338, 853. 

118. Papamichail, M., Perez, S. A., Gritzapis, 
A. D., and Baxevanis. C. N. 2004, Cancer 
Immunol. Immunother., 53, 176. 

119. Pawelec, G., Akbar, A., Caruso, C., 
Solana, R., Grubeck-Loebenstein, B., and 
Wikby, A. 2005, Immunol. Rev., 205, 257. 

120. Penfold, M. E., Dairaghi, D. J., Duke, G. 
M., Saederup, N., Mocarski, E. S., 
Kemble, G. W., and Schall, T. J. 1999, 
Proc. Natl. Acad. Sci. USA, 96, 9839. 

121. Podlech, J., Holtappels, R., Pahl-Seibert, 
M. F., Steffens, H. P., and Reddehase M. J. 
2000, J. Virol., 74, 7496. 

122. Polic, B., Hengel, H., Krmpotic, A., 
Trgovcich, J., Pavic, I., Luccaronin, P., 
Jonjic, S., and Koszinowski, U. H. 1998, J. 
Exp. Med., 188, 1047. 

123. Portela, D., Patel, R., Larson-Keller, J. J., 
Ilstrup, D. M., Wiesner, R. H., Steers, J. L., 
Krom, R. A., and Paya, C. V. 1995, J. 
Infect. Dis., 171, 1014. 

124. Pourgheysari, B., Khan, N., Best, D., 
Bruton, R., Nayak, L., and Moss, P. A. 
2007, J. Virol., 81, 7759. 

125. Price, D. A., Brenchley, J. M., Ruff, L. E., 
Betts, M. R., Hill, B. J., Roederer, M., 
Koup, R. A., Migueles, S. A., Gostick, E., 
Wooldridge, L., Sewell, A. K., Connors, 
M., and Douek, D. C. 2005, J. Exp. Med., 
202, 1349. 

126. Prosch, S., Staak, K., Stein, J., Liebenthal, 
C., Stamminger, T., Volk, H. D., and 
Kruger, D. H. 1995, Virology, 208, 197. 

127. Prosch, S., Wendt, C. E., Reinke, P., 
Priemer, C., Oppert, M., Kruger, D. H., 
Volk, H. D., and Docke, W. D. 2000, 
Virology, 272, 357. 

Cytomegalovirus (CMV): Virology, pathogenesis and immunology           45 



161. Stagno, S., Reynolds, D. W., Huang, E. S., 
Thames, S. D., Smith, R. J., and Alford, C. 
A. 1977, N. Engl. J. Med., 296, 1254. 

162. Stein, J., Volk, H. D., Liebenthal, C., 
Kruger, D. H., and Prosch, S. 1993, J. Gen. 
Virol., 74, 2333. 

163. Steininger, C., Puchhammer-Stockl, E., 
and Popow-Kraupp, T. 2006, J. Clin. 
Virol., 37, 1. 

164. Stern-Ginossar, N., Elefant, N., 
Zimmermann, A., Wolf, D. G., Saleh, N., 
Biton, M., Horwitz, E., Prokocimer, Z., 
Prichard, M., Hahn, G., Goldman-Wohl, 
D., Greenfield, C., Yagel, S., Hengel, H., 
Altuvia, Y., Margalit, H., and 
Mandelboim, O. 2007, Science, 317, 376. 

165. Sutherland, C. L., Chalupny, N. J., and 
Cosman, D. 2001, Immunol. Rev., 181, 185.

166. Sylwester, A. W., Mitchell, B. L., Edgar, J. 
B., Taormina, B. L., Pelte, C., Ruchti, F. , 
Sleath, P. R., Grabstein, K. H., Hosken, N. 
A., Kern, F., Nelson, J. A., and Picke, L. J. 
2005, J. Exp. Med., 202, 673. 

167. Tanaka, K., Koga, Y., Lu, Y. Y., Zhang, X. 
Y., Wang, Y., Kimura, G., and Nomoto, K. 
1994, J. Clin. Invest., 94, 1019. 

168. Tanaka, K., Nakazawa, H., Okada, K., 
Umezawa, K., Fukuyama, N., and Koga, 
Y. 1997, J. Clin. Invest., 100, 1822. 

169. Tanaka, K., Sawamura, S., Satoh, T., 
Kobayashi, K., and Noda, S. 2007, J. 
Immunol., 178, 5209. 

170. Tomasec, P., Braud, V. M., Rickards, C., 
Powell, M. B., McSharry, B. P., Gadola, 
S., Cerundolo, V., Borysiewicz, L. K., 
McMichael, A. J., and Wilkinson, G. W. 
2000, Science, 287, 1031. 

171. Tomasec, P., Wang, E. C., Davison, A. J., 
Vojtesek, B., Armstrong, M., Griffin, C., 
McSharry, B. P., Morris, R. J., Llewellyn-
Lacey, S., Rickards, C., Nomoto, A., 
Sinzger, C., and Wilkinson, G. W. 2005, 
Nat. Immunol., 6, 181. 

172. Upton, J. W., Kaiser, W. J., and Mocarski, 
E. S. 2008, J. Biol. Chem., 283, 16966. 

173. Varnum, S. M., Streblow, D. N., Monroe, 
M. E., Smith, P., Auberry, K. J., Pasa-
Tolic, L., Wang, D., Camp II, D. G., 
Rodland, K., Wiley, S., Britt, W., Shenk, 
T., Smith, R. D., and Nelson, J. A. 2004, J. 
Virol., 78, 10960. 

144. Senechal, B., Boruchov, A. M., Reagan, J. 
L., Hart, D. N., and Young, J. W. 2004, 
Blood, 103, 4207. 

145. Shlobin, O. A., West, E. E., Lechtzin, N., 
Miller, S. M., Borja, M., Orens, J. B., 
Dropulic, L. K., and McDyer, J. F. 2006, J. 
Immunol., 176, 2625. 

146. Sia, I. G. and Patel, R. 2000, Clin. 
Microbiol. Rev., 13, 83. 

147. Simister, N. E., Story, C. M., Chen, H. L., 
and Hunt, J. S. 1996, Eur. J. Immunol., 26, 
1527. 

148. Sinclair, J. and Sissons, P. 2006, J. Gen. 
Virol., 87, 1763. 

149. Sinzger, C., Grefte, A., Plachter, B., Gouw, 
A. S., The, T. H., and Jahn, G. 1995, J. 
Gen. Virol., 76, 741. 

150.  Sinzger, C., Müntefering, H., Löning, T., 
Stöss, H., Plachter, B., and Jahn, G. 1993, 
Virchows Arch. A Pathol. Anat. 
Histopathol., 423, 249. 

151.  Sissons, J. G., Bain, M., and Wills, M. R. 
2002, J. Infect., 44, 73. 

152. Skaletskaya, A., Bartle, L. M., Chitteden, 
T., McCormic, A. L., Mocarski, E.S., and 
Goldmacher, V. S. 2001, Proc. Natl. Acad. 
Sci. USA., 98, 7829. 

153. Slobedman, B. and Mocarski, E. S. 1999, 
J. Virol., 73, 4806. 

154. Smith, S. C., Baker, P. N., and Symonds, 
E. M. 1997, Am. J. Obstet. Gynecol., 177, 
57. 

155. Soderberg, C., Larsson, S., Bergstedt-
Lindqvist, S., and Moller, E. 1993, J. 
Virol., 67, 3166. 

156. Söderberg-Naucler, C., Fish, K. N., and 
Nelson, J. A. 1997, Cell, 91, 119. 

157. Söderberg-Naucler, C., Streblow, D. N., 
Fish, K. N., Allan-Yorke, J., Smith, P. P., 
and Nelson, J. A. 2001, J. Virol., 75, 7543. 

158. Stagno, S., Pass, R. F., Cloud, G., Britt, W. 
J., Henderson, R. E., Walton, P. D., Veren, 
D. A., Page, F., and Alford, C. A. 1986, 
JAMA, 256, 1904. 

159. Stagno, S., Pass, R. F., Dworsky, M. E., 
and Alford, C. A. 1982, Clin. Obstet. 
Gynecol., 25, 563. 

160. Stagno, S., Pass, R. F., Reynolds, D. W., 
Moore, M. A., Nahmias, A. J., and Alford, 
C. A. 1980, Pediatrics, 65, 251. 

46 Chikara Kohda et al.



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

179. Wills, M. R., Ashiru, O., Reeves, M. B., 
Okecha, G., Trowsdale, J., Tomasec, P., 
Wilkinson, G. W., Sinclair, J., and Sissons, 
J. G. 2005, J. Immunol., 175, 7457. 

180. Wynn, K. K., Fulton, Z., Cooper, L., 
Silins, S. L., Gras, S., Archbold, J. K., 
Tynan, F. E., Miles, J. J., McCluskey, J., 
Burrows, S. R., Rossjohn, J., and Khanna, 
R. 2008, Blood, 111, 4283. 

181. Yeager, A. S., Grumet, F. C., Hafleigh, E. 
B., Arvin, A. M., Bradley, J. S., and 
Prober, C. G. 1981, J. Pediatr., 98, 281 

182. Yust, I., Fox, Z., Burke, M., Johnson, A., 
Turner, D., Mocroft, A., Katlama, C., 
Ledergerber, B., Reiss, P., and Kirk, O. 
2004, Eur. J. Clin. Microbiol. Infect. Dis., 
23, 550. 

 

174. Venema, H., A. van den Berg, P., van 
Zanten, C., van Son, W. J., van der 
Giessen, M., and The T. H. 1994, J. Med. 
Virol., 42, 188. 

175. Walter, E. A., Greenberg, P. D., Gilbert, 
M. J., Finch, R. J., Watanabe, K. S., 
Thomas, E. D., and Riddell, S. R. 1995, N. 
Engl. J. Med., 333, 1038. 

176.  Webster, A., Lee, C. A., Cook, D. G., 
Grundy, J. E., Emery, V. C., Kernoff, P. 
B., and Griffith., P. D. 1989, Lancet, 
ii, 63. 

177. Weller, T. H. 1970, J. Infect. Dis., 122, 
532. 

178. Welsh, R. M., Selin, L. K., and 
Szomolanyi-Tsuda E. 2004, Annu. Rev. 
Immunol., 22, 711. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cytomegalovirus (CMV): Virology, pathogenesis and immunology           47


