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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 HCMYV 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, HCMYV 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. 1a). 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 HCMYV 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 HCMYV 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 HCM V-infected cell cultures.
Irrespective of the great morphological differences between cultured cells prior to infection,
HCMYV 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 HCMYV 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 HCMYV 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 HCMYV 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 HCMYV 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 HCMYV 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 HCMYV, 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 HCMYV replication, similar to the apparent tropism of MCMYV 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 HCMYV infection, e.g., by analyzing complex
organ tissue cultures (Reinhardt et al. 2003).

In conclusion, the strict host tropism of HCMYV 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 HCMYV 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
HCMYV 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.

blood vessel lung

endothelial cell

hepatocyte
fibroblast
muscle cell
leukocyte
dendritic cell

HCMV virions ® @ intestine

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 HCMYV 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 HCMYV 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 IT 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, HCM V-
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
DC:s 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
HCMYV 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 HCMYV to replicate in virtually every
organ. Consequently, infected connective tissue cells are assumed to contribute to
efficient spread of HCMYV 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 HCMYV is considered a possible pathogenetic (co)factor in the
context of atherosclerosis (Stassen et al. 20006).

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 HCM V-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. 20006).

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
HCMYV 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 (pULS83) 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 HCMYV, 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 HCMYV 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 HCMYV 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 HCMYV 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 HCMYV 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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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

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 CMYV 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 CM V-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 MCMYV 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 MCMYV 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
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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 MCMYV 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 MCMYV, 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 MCMYV, 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 HCMYV 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.



78 C. Sinzger et al.

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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