
Biology and pathogenesis of
cytomegalovirus in periodontal
disease
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Our knowledge of viral infections has increased sig-

nificantly in the past couple of decades. New viruses

and their pathogenicity are constantly being identi-

fied and characterized. Norovirus has joined the

rotaviruses as a major pathogen of gastroenteritis,

and metapneumovirus, hantavirus, niphavirus, hen-

dravirus, Ebola virus and severe acute respiratory

syndrome (SARS) coronavirus were identified after

fatal respiratory outbreaks (71, 83, 85, 92, 184). Hu-

man herpesvirus species have been related to a

variety of oral and non-oral diseases (149, 150), HIV

to AIDS and the associated oral pathoses (23, 149),

and papillomaviruses to genital and oropharyngeal

cancers (110, 135). Vaccination against smallpox

virus and poliovirus has become the most successful

public health measure ever in preventive medicine.

During acute viral infections, large amounts of

virions are aerosolized or shed into the respiratory

tract, feces, saliva or other biological fluids, and pose a

risk for individuals in close contact (149, 151). Para-

myxoviruses, influenza viruses, respiratory syncytial

virus, niphavirus and Ebola virus are spread by aero-

sols (33, 71, 92, 97, 184). Relatively few viruses are

transmitted from lesions of the skin, but herpes sim-

plex virus type 1 infection is commonly acquired

through labial contact (4, 18, 60). HIV, papillomavi-

ruses and herpes simplex type 2 are examples of

sexually transmitted viruses. Cytomegalovirus can be

transmitted transplacentally from mother to child and

give rise to preterm birth and pre-eclampsia (52, 183).

Viruses infecting oral, gastric, dermal, respiratory

or genital sites encounter skin or mucosa as the first

barrier for entrance (Fig. 1). The mild acidic and dry

environment of the skin makes it difficult for most

viruses to establish infection. The oral mucosa is

thinner than the skin, and is wet but covered with

mucins, immunglobulins and other protective factors

in saliva. Saliva of cytomegalovirus-positive subjects

possesses a neutralizing activity compared with saliva

of seronegative subjects (134). Herpesviruses usually

enter the host through minor breaks or abrasions of

the skin or mucosa and replicate productively in

epidermis or dermis, fibroblasts, macrophages and

neural ending cells (16, 37, 39, 59, 68, 87, 166, 168).

Papillomaviruses can replicate in skin cells and in

mucosal cells. Respiratory and enteric viruses can

infect and replicate in epithelial cells without

requiring a break of the mucosal barrier (16, 33, 92,

132).

Herpesviruses may cause illness by mechanisms

that are direct, indirect or immune-response linked,

and illnesses range from subclinical or mild disease

to encephalitis, pneumonia and other potentially le-

thal infections, and even to lymphoma, sarcoma and

carcinoma (18, 40, 59, 60, 70, 104, 135, 150, 165).

Several herpesvirus species are present in the saliva

of most individuals, and are usually acquired through

salivary contact early in life (151). Epstein–Barr virus

can replicate in salivary glands and be released into

saliva (5, 37, 149, 151, 166). Salivary Epstein–Barr

virus and cytomegalovirus can also originate from

periodontitis lesions (136, 150, 151). In the oral cavity,

herpesviruses are involved in acute gingival infec-

tions, destructive periodontal disease, apical peri-

odontitis, ulcerations of mucosa, odontogenic cyst,

giant cell granuloma, autoimmune disease and vari-

ous types of neoplasm (7, 41, 70, 104, 133, 135, 138,

150, 155, 165).

Periodontitis is associated with a wide range

of bacteria and viruses and with complex humoral

and cellular immune responses. Porphyromonas

gingivalis, Tannerella forsythia, Aggregatibacter

actinomycetemcomitans, Treponema denticola and

some newly identified unculturable species are
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suspected pathogens of severe periodontitis (8, 64).

However, the traditional concept of periodontitis

being a bacterial disease seems unable to explain the

site-specificity and several other clinical character-

istics of the disease, whereas the notion of a com-

bined herpesvirus–bacterial periodontal infection

can at least hypothetically account for major fea-

tures of the disease (148). Close associations among

herpesviruses, bacteria and periodontitis are con-

sistent with a periodontopathic role of both types of

the infectious agents. By infecting structural cells

and host defense cells of the periodontium, herpe-

sviruses may reduce the ability of periodontal tissues

to withstand bacterial insults (24, 25). This review

presents evidence for a role of herpesviruses in the

pathogenesis of destructive periodontal disease, and

because human cytomegalovirus shows a particu-

larly strong association with disease-active peri-

odontitis (41, 99, 148, 150, 161), its pathobiology is

evaluated in greater detail.

Characteristics of herpesviruses

Herpesvirus virions vary in size from 120 to 250 nm

and consist of a double-stranded linear DNA mole-

cule surrounded by an icosahedral capsid, a pro-

teinaceous tegument and a lipid-containing envelope

with embedded viral glycoproteins. Cytomegalovirus

has the largest genome (�230 kbp) of human her-

pesviruses, coding for more than 70 viral proteins.

Herpesvirus virions acquire the envelope during the

egress through the nuclear membrane. The Herpes-

viridae family is divided into the alpha subfamily

(herpes simplex virus-1, herpes simplex virus-2 and

varicella-zoster virus), the beta subfamily (human

cytomegalovirus, human herpesvirus-6 and human

herpesvirus-7) and the gamma subfamily (Epstein–

Barr virus and human herpesvirus-8). Each herpes-

virus subfamily maintains latent infection in specific

cell population(s). Alpha herpesviruses exhibit a rel-

atively short reproductive cycle, rapid lysis of infected

cells and latency in sensory neural ganglia. Beta

herpesviruses demonstrate a long reproductive cycle,

slowly progressing infection and tropism for a large

range of cells. Gamma herpesviruses are usually

specific for B-lymphocytes, and viral latency is typi-

cally found in lymphoid tissue (2, 5, 59, 67, 68, 87,

106, 115, 142, 146).

Following initial entry, herpesviruses produce a

localized infection at the site of entry or enter the

systemic circulation to infect distant tissues and or-

gans (Fig. 1). The pattern of infection is partly

determined by the mode of release of the virions from

the infected cell (16, 167) (Fig. 2). If the release takes

place from the apical part of the cell, the infection

typically becomes localized. A release of virions from

the basolateral side of the cell tends to produce a

disseminating infection (16, 167, 168), or in the case

of Epstein–Barr virus, an infection of adjacent epi-

thelial cells (166, 168, 180).

The outcome of the viral infection depends upon

the relative efficacy of cellular components to block

viral DNA replication and of viral transcriptional

Fig. 1. Viral infection steps: entry,

replication, dissemination and

infection of target cells ⁄ organs. Vi-

rions enter the host organism and

spread to target tissues ⁄ organs

where they can replicate and ⁄ or

cause a persistent infection (la-

tency). Latent viruses can become

reactivated by several immune-

compromising events, such as

smoking, inflammation, stress,

trauma and immunosuppressive

diseases.
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products to interfere with host defenses (74, 103,

131). Herpesvirus replication and production of

infectious virions involves the sequential activation of

three sets of genes, termed immediate-early, early

and late genes (32, 123, 154, 166, 173). The immedi-

ate-early genes initiate viral DNA transcription and

viral protein production. Early gene expression de-

pends on the previous synthesis of viral proteins but

not viral DNA synthesis. Herpesvirus immediate-

early and early genes employ the host cell RNA

polymerase II for transcription. The expression of

herpesvirus late genes depends on the presence of

viral proteins and DNA synthesis (56, 173).

Herpesvirus dissemination occurs when the pro-

duction of virions prevails over the ability of the host

immune system to suppress viral replication (Fig. 1).

Viruses entering the lymphatic circulation can reach

regional lymph nodes through replication in the

vascular endothelium (2) or through infected mono-

cytes and lymphocytes (94, 168). Dissemination al-

lows viruses to reach new permissive cells to create a

productive infection or a state of latency. A secondary

viremia may subsequently translocate progeny virus

particles to additional body sites.

Virus glycoproteins mediate attachment to specific

receptors on the cell surface, which forms the basis

for cellular and tissue tropism (Table 1) (68, 142). For

example, herpes simplex viruses replicate remarkably

well in epithelial cells, fibroblasts and macrophages,

and spread to adjacent cells to produce the typical

ulcerative lesion (19). Herpes simplex virus infection

of neuronal endings (128) causes spread of the virus

to trigeminal and spinal ganglia (87), where it estab-

lishes latency and forms the main source for suc-

cessive bouts of replication.

Herpesvirus virions are released into respiratory-

tract aerosols, feces, saliva and other biological fluids,

which constitute potential sources of viral transmis-

sion. Herpesvirus primary infection is followed by

periods of latency and reactivation. In latency, the

virus resides inside the cell without being identified

by the immune system and can persist as a nonin-

fectious form for considerable periods of time and

even for a lifetime. Although the mechanisms of la-

tency may be specific for a given virus, some general

strategies include infection of nonpermissive cells,

restriction of cytolytic effect, blocking of apoptosis

and development of viral variants. Herpes simplex

virus persistence in neuronal cells is genetically

mediated by latency-associated transcripts, which

block the expression of lytic genes and prevent

apoptosis (84). Cytomegalovirus latency involves a

cellular intrinsic immunity mediated by nuclear body

proteins that suppress the expression of viral imme-

diate-early proteins and subsequently the lytic

infection (20, 57, 137, 154).

The virus genome is maintained during latency by

integrating into the host cell genome or existing as an

extrachromosomal plasmid (112). Retroviruses and

some DNA viruses make use of genome integration.

Epstein–Barr virus and herpes simplex viruses pro-

duce a nucleosome-associated circular episomal

DNA copy of the virus genome (84). Table 1 lists

anatomic sites for herpesvirus latency and, accord-

ingly, the most likely locations for recurrent clinical

infections (5, 37, 59, 60, 84, 87, 101, 104, 111, 115, 146,

173).

Mechanisms of pathogenesis of
human cytomegalovirus

Human cytomegalovirus disease can occur as a

primary infection when the virus enters an immu-

nonaive host, as an endogenous infection when

a cytomegalovirus-infected individual experiences

reactivation from latency, and as an exogenous

reinfection when a previously infected individual

becomes infected with a new cytomegalovirus strain.

The common form for cytomegalovirus transmission

is through biological fluids, but transplacental (�con-

genital�) transmission can take place from a mother

experiencing a primary infection that is not con-

trolled by neutralizing antibodies (26, 52, 88, 178,

183). Human cytomegalovirus can infect glial cells of

the nervous system, monocytes, stromal cells, endo-

thelial cells, epithelial cells, smooth-muscle cells and

fibroblasts, and may occur in saliva, serum, blood

Fig. 2. Different pathways of intracellular sorting of

viruses. Virions released from stratified epithelium (left)

or intestinal epithelium (right), by either apical sorting or

basolateral sorting, can infect adjacent cells, enter con-

nective tissue and gain access to blood vessels, or be dis-

persed into body lumens.
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cells, gingival crevicular fluid, urine, maternal milk,

tears, stool, vaginal and cervical secretions, and se-

men (111, 178). Peripheral monocytes and circulating

endothelial cells infected with cytomegalovirus may

carry the virus to distant sites in the body (2, 115).

Cytomegalovirus-infected cells can give rise to an

enlarged rounded cell size termed �cytomegalic

inclusion-bearing cells�.
Glycoprotein B is the ligand for cellular attachment

and penetration of the cytomegalovirus virion, as

evidence by the failure of glycoprotein B-deficient

cytomegalovirus to propagate in culture (145). The

predominant host defense against glycoprotein B is

antibody mediated. Once the virus penetrates the

cell, cytomegalovirus genes become activated in a

cascade-like manner. Like all viruses, cytomegalovi-

rus relies upon the protein-synthesis machinery of

the host cell for replication. The cytomegalovirus

immediate-early genes (activated 0–2 h after primary

infection) are regulators of the production of tegu-

ment phosphoproteins (pp65, pp72 and pp86) in-

volved in cell cycle regulation, cell metabolism, and

activation of later replication stages (152, 154, 164,

176). pp65 is involved in immune evasion, pp71 in

gene expression, and pp150 and pp28 in virion

assembly and egress. The tegument phosphoproteins

are the immunodominant target of the cytomegalo-

virus-specific cytotoxic T-lymphocytes. Prime candi-

dates for vaccine development are glycoprotein B and

pp65, to be used in a combination.

Cytomegalovirus initial replication takes advantage

of cellular transcriptional factors (102, 140), such as

TATA-binding protein, transcription factors IIB and

IID, transcription factors cyclic adenosine mono-

phosphate response element-binding (CREB) and

CREB-binding protein (CBP), the histone acetyl-

transferase P300 ⁄ CBP-associated factor (P ⁄ CAF)

(114, 140) and the cytomegalovirus immediate-early

proteins, which target the tumor suppressor proteins

RB and p53 to induce the S-phase for cellular quies-

cence (32). The immediate-early genes also activate

cytomegalovirus early genes (activated <24 h), which

explains the slow replication process of the virus.

Activation of the late genes (>24 h) completes the

replication process and produce components neces-

sary for genomic DNA duplication and for virion

assembly and release. The late genes are also

involved in the induction of latency by regulating

cell-cycle mechanisms, expression of class I major

histocompatibility complex and production of

interferon-c (55, 146).

Cytomegalovirus-infected cells release chemokine-

like virokines, including a fully functional homolog of

interleukin-8 capable of promoting chemotaxis and

degranulation of neutrophils (113). Also, cytomega-

lovirus transcripts of US27, US28 and US33 genes are

homologous to CC chemokine G protein-coupled

receptors (20, 96, 107). The production of both viro-

kines and their receptors may create a chemoattrac-

tant- and chemokine-depleted environment, which

may further contribute to immune evasion and tissue

destruction.

Immune response against
cytomegalovirus infection

Cytomegalovirus infections induce strong and

diverse immune responses that nonetheless are

incapable of eradicating the virus. The humoral

immune response elaborates antibodies against

viral proteinaceous surface molecules. The cellular

immune response attempts to eliminate cytomega-

lovirus-infected cells by means of cytotoxic CD8+ T-

lymphocytes that recognize viral peptides on the

surface of infected cells in the context of class I major

histocompatibility complex molecules. Perhaps, be-

cause of a herpesvirus periodontal infection, aggres-

sive periodontitis lesions contain fewer overall viable

cells, more T-suppressor lymphocytes and more B-

lymphocytes (Epstein–Barr virus effect) than chronic

periodontitis lesions or healthy periodontal sites

(143). In addition to the innate and adaptive defenses

against virus infection, a third defense mechanism

that operates at the intracellular level was discovered

recently. The intrinsic antiviral defense counteracts

cytomegalovirus infections by impeding the expres-

sion of the viral immediate-early gene (158).

The innate immune system plays roles in the early

defense against cytomegalovirus and in the priming

of the adaptive immune response. Cytomegalovirus is

subject to innate sensing by toll-like receptors and

subsequent activation of toll-like receptors. Activated

toll-like receptors trigger signal-transduction path-

ways that induce dendritic cells and macrophages to

release proinflammatory cytokines and interferon-

a ⁄ b capable of activating and recruiting polymor-

phonuclear leukocytes and natural killer cells to the

site of infection (21, 39, 40, 177). Murine cytomega-

lovirus recognizes toll-like receptors 3 and 9 (48, 69,

157), and stimulates interaction between toll-like

receptor 2 and glycoprotein B ⁄ glycoprotein H with

release of proinflammatory cytokines (21, 40, 78). Of

interest, the expression level of the toll-like receptors

2, 7 and 9, which recognize viral DNA (and some

bacterial pathogens), is significantly elevated in
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periodontitis lesions compared with gingivitis lesions

(13, 14, 79).

Natural killer cells are key participants in the

clearance of experimental murine cytomegalovirus

infections. Evidence of this can be inferred by the

ability of an adoptive transfer of natural killer cells to

protect against murine cytomegalovirus (29, 117),

and certain strains of mice, which are resistant to

murine cytomegalovirus in vivo, become susceptible

upon the depletion of natural killer cells (29). The

resistance to cytomegalovirus infection is mediated

by activation of murine natural killer cell receptor

Ly-49H in the natural killer gene complex (28, 29). In

humans, less is known about the role of natural killer

cells in the immune defense against cytomegalovirus.

Renal transplant patients show an increased activity

of natural killer cells during primary and recurrent

cytomegalovirus infections, presumably in an at-

tempt to control the cytomegalovirus infection (171).

In the adaptive immune system, the role of anti-

bodies to cytomegalovirus is unclear, but effective

humoral immunity against human and murine

cytomegalovirus seems to be necessary to restrict

viral dissemination and disease severity (22, 30, 66,

77). Passive immunization of guinea pigs with anti-

bodies against cytomegalovirus, although unable to

prevent infection, increased the survival rate of the

litter (26). Also, passive immunization of guinea pigs

with anti-glycoprotein B serum and active immuni-

zation of pregnant guinea pigs with a recombinant

glycoprotein B vaccine reduced cytomegalovirus fetal

infection and disease (35).

In humans, neutralizing antibodies against cyto-

megalovirus surface protein glycoprotein B, which is

involved in cell attachment and penetration, ac-

counts for 50% of the neutralizing antibodies in

cytomegalovirus-infected individuals (27). The cyto-

megalovirus surface protein, glycoprotein H, fuses

the viral envelope with the host cell membrane and is

also a trigger of neutralizing antibodies (124). Cyto-

megalovirus antibodies of a mother protect the fetus

against cytomegalovirus infection (88). Pregnant

women, who showed previous immunity against

cytomegalovirus, transmitted the virus to the fetus at

a significantly lower rate than women who acquired a

primary cytomegalovirus infection during pregnancy

(52). Cytomegalovirus antibodies of low avidity and

low affinity were associated with an increased rate of

viral transmission from the mother to the fetus (22).

Serum IgG against cytomegalovirus were demon-

strated more frequently in patients with periodontitis

than in patients with gingivitis, but their role in the

periodontal disease process is not known (79).

Cytomegalovirus replication is primarily controlled

and restricted by cell-mediated immunity, involving

CD8+ T-cells, CD4+ T-cells and cd T-cells. Serious

cytomegalovirus diseases occur almost exclusively

in patients with deficient cellular immunity. The

essential role of T-cell immunity was first recognized

in murine cytomegalovirus models, where the elimi-

nation of lymphocytes coincided with increased

cytomegalovirus reactivation and dissemination, and

the adoptive transfer of virus-specific CD8+ cytotoxic

T-cells conferred protection from an otherwise lethal

cytomegalovirus challenge (46). A selective depletion

of lymphocyte subsets in mice showed CD8+ T-cells

to be the most important component of the immune

control of cytomegalovirus (105, 125). Depletion of

CD8+ T-cells in simian immunodeficiency virus-in-

fected monkeys reactivated a latent cytomegalovirus

infection (11).

In humans, a primary cytomegalovirus infection

during pregnancy caused fetal CD8+ lymphocytes to

expand into mature and functional T-cells (95). In

AIDS patients, interferon-c-producing cytomegalo-

virus-specific CD8+ T-cells conferred protection

against cytomegalovirus-associated retinitis (73). In

allogenic bone marrow transplant recipients, infu-

sion of donor-derived cytomegalovirus-specific CD8+

T-cells restored antigen-specific cellular immunity

and protected against cytomegalovirus-associated

clinical complications (129, 174). Analyses of virus-

specific T-cell responses in renal transplant recipi-

ents demonstrated that CD8+ T-cell responses were

able to limit viremia and protect against cytomega-

lovirus disease. Studies have found that half of

transplant patients lacking a detectable anti-cyto-

megalovirus T-cell response developed cytomegalo-

virus disease (31, 126, 141).

The cytomegalovirus CD8+ T-cell response is

characterized by an accumulation of a polyclonal T-

cell repertoire and a reduction in the naive T-cell pool

(47, 118). The cytomegalovirus-specific CD8+ T-cell

response depends on the functional avidity of anti-

gen-specific CD8+ T-cells, which is substantially

lower during an acute infection than in the long-term

pool of memory T-cells (47). The selection of the

cytomegalovirus-specific repertoire of T-cells is also

determined by the structural organization of the hu-

man leukocyte antigen–peptide complex and the

efficiency of the endogenous antigen presentation by

the virus-infected cells (179). Clonotypes with a

restriction in T-cell receptors demonstrate a more

efficient recognition of virus-infected cells and a

more terminally differentiated phenotype than

T-cells expressing a diverse repertoire of T-cell
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receptors. Taken together, the hierarchy of host im-

mune responses and the memory-cell repertoire in

cytomegalovirus infections depends on the avidity of

the antigen-specific CD8+ T-cells, the efficiency of

viral epitope presentation and characteristics of the

HLA–peptide complex (98).

The memory T-cell population in most viral

infections expands during acute infection, contracts

once the infection is cleared and finally survives as a

stable pool of memory T cells (153). However, the

latent herpesvirus infection displays continuous

expansions and contractions in the memory T-cell

pool similar to that seen during the acute phase of

infection (45). The cytomegalovirus-specific memory

CD8+ T-cell population fluctuates both in function

and in absolute numbers, despite an overall stable

count of total T-cells (49). The fluctuation of the

memory CD8+ T-cell population takes place in the

absence of detectable cytomegalovirus virions, indi-

cating that the T-cell fluctuation is not caused by a

periodic viral reactivation.

In addition to the CD8+ T-cells, CD4+ T-cells are

critical in the control of cytomegalovirus infections

(51). A selective depletion of CD4+ T-cells increases the

incidence of recurrent murine cytomegalovirus infec-

tion in mice (117). Also, CD4+ T-cells contribute to the

control of primary murine cytomegalovirus infection

in mice depleted of CD8+ T-cells (76). Deficiency in

cytomegalovirus-specific CD4+ T-cell immunity has

been linked to a prolonged urinary and salivary shed-

ding of cytomegalovirus in otherwise healthy children

(111). Similarly to the CD8+ cytomegalovirus-specific

T-cell compartment, a high proportion of CD4+ T-cells

in healthy seropositive individuals are committed to

anti-cytomegalovirus immunity (46). The specificity of

the cytomegalovirus-specific CD4+ T-cell response

exhibits broad antigen recognition, with glycoprotein

B-specific CD4+ T-cell responses predominating in

healthy individuals (>30%), although UL14 and UL16

specific responses are prominent in a small number

(<5%) of individuals (156).

Avoidance and subversion of host
defenses by cytomegalovirus

Although cytomegalovirus can induce cytolysis in a

wide range of cells, the viral-associated pathology

cannot be explained merely by direct cellular killing.

Herpesviruses establish a lifelong latent infection by

subverting the host�s innate and adaptive immune

defenses and the intrinsic antiviral defense mecha-

nisms (172). Cytomegalovirus suppresses the antivi-

ral function of the cellular proteins involved in the

intrinsic antiviral defense by elaborating viral regu-

latory proteins that either disrupt the subnuclear

structure or induce a proteasomal degradation of the

intrinsic antiviral proteins (158). It is of pathogenetic

importance that viral proteins produced during rep-

lication can subvert critical functions of the host cell,

such as modulation of the cell cycle and cellular gene

expression, down-regulation of class I major histo-

compatibility complex and inhibition of apoptosis

(32, 46, 114, 139, 185).

A major immune-evasion mechanism of cytomeg-

alovirus is related to class I major histocompatibility

complex-restricted antigen presentation (12). Cyto-

toxic T-lymphocytes recognize cytomegalovirus

antigenic peptides, which are generated by means

of an immediate-early-1 transcription factor and

presented in complex with class I major histo-

compatibility complex molecules (63). However, the

cytomegalovirus phosphoprotein pp65, which has

kinase activity capable of phosphorylating and

selectively blocking the processing and presentation

of immediate-early-derived antigenic peptides (57),

can prevent the cytotoxic T-lymphocyte response

(58). Also, the cytomegalovirus genome encodes five

proteins – US2, US3, US6, US10 and US11 – that block

the formation and ⁄ or export of class I major

histocompatibility complex–peptide complexes and

induce a rapid down-regulation of class I major

histocompatibility complex expression (3, 74, 75).

Cytomegalovirus can also interfere with antigen

presentation through the class II major histocom-

patibility complex pathway by means of US2, which

can target the class II major histocompatibility

complex molecules for proteasome degradation

(163), and by proteins that hinder the interferon-

c-induced expression of class II major histocompat-

ibility complex molecules (100).

Natural killer cells selectively recognize and kill cells

lacking cell-surface-expressed major histocompati-

bility complex class I molecules (91), making cyto-

megalovirus-infected cells with down-regulated major

histocompatibility complex molecules potentially

vulnerable to natural killer cell-mediated lysis. How-

ever, human cytomegalovirus produces proteins, such

as pp65 and UL16, which can block natural killer cell

activation (9, 44). Cytomegalovirus matrix protein

pp65 phosphorylates the immediate-early-1 peptides,

which selectively blocks the processing and presenta-

tion of the immediate-early-1 protein via the major

histocompatibility complex class I pathway, thereby

preventing the immediate-early-1 specific cytotoxic

T-lymphocyte immune response. This mechanism
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acts in conjunction with other human cytomegalovi-

rus proteins (US2, US3, US6, US10 and US11) that

block the production, the export and the expression of

major histocompatibility complex class I molecules (3,

43, 46, 53, 57, 58, 74, 75, 176). Furthermore, the

expression of the molecules CD40 and CD80, which

serve as co-stimulators for antigen presentation, are

down-regulated in cytomegalovirus-infected mono-

cytes (62).

Cytomegalovirus can also impede natural killer

cell recognition by expressing virus-encoded major

histocompatibility complex class I homologues that

act as decoy proteins (103). For example, the major

histocompatibility complex class I molecule, human

leukocyte antigen-E, which depends on the binding

of a signal peptide derived from other host

major histocompatibility complex class I molecules,

suppresses natural killer cell recognition by binding

the inhibitory receptor CD94 ⁄ NKG2A (46, 89, 162).

However, the cytomegalovirus gene products UL40

and UL16 contain a sequence homologous to the

signal peptides, which can substitute and up-regu-

late cell-surface expression of human leukocyte

antigen-E to protect virus-infected cells from natural

killer cell-induced killing (89, 162).

The cytomegalovirus genome also encodes a vari-

ety of homologues that mimic the behavior of host

proteins and divert the immune response. One such

homologue is the human major histocompatibility

complex class I homologue UL18, which, like major

histocompatibility complex class I molecules, binds

b2-microglobulin but, in contrast to the human

molecule, shows specific binding only to leukocyte

immunoglobulin-like receptor 1, a receptor promi-

nently displayed on monocytes and B-cells (43). The

binding of leukocyte immunoglobulin-like receptor 1

to UL18 resembles the binding to host major histo-

compatibility complex class I molecules (34), but the

precise biological effects of UL18 activity during a

cytomegalovirus infection are unknown (127). Four

cytomegalovirus genes – UL33, UL78, US27 and US28

– encode homologues of seven transmembrane G

protein-coupled receptors (36), and of these, US28

encodes a chemokine receptor that binds most hu-

man CC chemokines and the CX3C chemokine,

fractalkine (54, 82). Cytomegalovirus also encodes a

homologue (UL111a) of the immunosuppressive

cytokine interleukin-10 (86), a viral tumor necrosis

factor receptor (UL144) (15), a potent interleukin-8-

like chemokine, viral CXC-1, which is capable of

inducing chemotaxis of human peripheral blood

neutrophils (UL146) (113), and various anti-apoptotic

gene products (UL36 and UL37) (61, 147).

Cytomegalovirus can inhibit apoptosis by synthesis

of proteins that prevent killing of the infected cell.

Inhibition of apoptosis is essential for the accumu-

lation of molecular precursors necessary for virion

assembly and release. Cytomegalovirus immediate-

early-1 and immediate-early-2 proteins inhibit

apoptosis induced by tumor necrosis factor-a (185).

Cytomegalovirus proteins also block caspase 8-in-

duced apoptosis, and cytomegalovirus UL36 and

UL37 genes inhibit Fas ligation-mediated apoptosis

(61). Sustained viral activity in nonapoptotic cells can

give rise to chronic inflammation.

Periodontopathogenicity of
cytomegalovirus

Periodontitis may, at least in part, result from the

attempt of the host to neutralize infecting viruses and

bacteria. While specific bacteria are widely consid-

ered to be the main etiologic agents of periodontitis,

various herpesviruses have been revealed to have a

close relationship with the disease. Cytomegalovirus

has been detected immunohistologically in biopsies

from marginal (155) and apical (133) periodontitis

lesions, in gingival monocytes and in T-cells from

periodontitis patients (42), and in periapical cysts (7).

An active cytomegalovirus periodontal infection has

been linked to disease-active periodontitis (41, 161),

and the virus may also play a role in other types of

periodontal disease (149).

Several mechanisms exist by which cytomegalovi-

rus may contribute to periodontitis. As depicted in

Fig. 3, the herpesviral–bacterial interactive model for

destructive periodontal disease starts with dental-

plaque bacteria inducing inflammation of gingiva.

The first cells to respond to the bacterial challenge

are sulcular and junctional epithelial cells, which

release defensins and cytokines, notably interleukin-

8 and interleukin-1b (6, 8, 50). The gingival con-

nective tissue reacts by recruiting monocytes,

macrophages and neutrophils (50, 81, 170), followed

by CD4 cells in a T helper-1 and T helper-2 combined

response (14, 181). The cytomegalovirus latent gen-

ome is carried into the periodontium by infected

macrophages and T-cells (42), and cytomegalovirus

activation may subsequently give rise to infection of

additional cell types. An active cytomegalovirus

infection in macrophages and T-cells triggers a sig-

nificant release of interleukin-1b and tumor necrosis

factor-a (40, 72, 80, 94, 119, 121). These proinflam-

matory mediators recruit antiviral inflammatory cells

to the site of infection but also induce osteoclast
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differentiation and the release of matrix metallopro-

teinases (109). Cytomegalovirus activation takes place

with decreased cellular immunity and the activation

process itself can further reduce the host immunity.

Macrophages infected with cytomegalovirus or Ep-

stein–Barr virus exhibit a decreased host response,

with inhibition of phagocytic activity, tumor necrosis

factor-a production and toll-like receptor-9 expres-

sion (90). If the duration of diminished immunity is

sufficiently long, an upgrowth of specific periodon-

topathic bacteria and destructive periodontal disease

may ensue (1, 150). Cytomegalovirus can replicate in

cultured gingival tissue (65) and enhance the adher-

ence of A. actinomycetemcomitans to such cells (160),

thereby providing an additional mechanism for

increasing the pathogen load.

Cytomegalovirus-induced inflammation may

either aggravate or control the cytomegalovirus

infection. Tumor necrosis factor-a can activate the

cytomegalovirus immediate-early gene promoter

(120, 121), a necessary step in the replication of the

virus. Interleukin-1b and interleukin-4 have been

shown to up-regulate the activity of the cytomega-

lovirus immediate-early gene promoter in human

umbilical vein endothelial cells (130). It is of interest

that positive correlations have been found between

the levels of tumor necrosis factor-a and interleukin-

1b, and the severity of periodontal disease (144, 159).

However, tumor necrosis factor-a and interleukin-1b

serve ultimately an anti-cytomegalovirus function by

stimulating the cellular immunity and promoting an

influx of cytotoxic lymphocytes. The complex profile

of cytokines in the periodontal disease microenvi-

ronment may be supportive for activation of cyto-

megalovirus, at least for a limited period until cellular

immune responses reverse the viral activation

(Fig. 3).

Psychosomatic stress can significantly affects the

body�s immune systems, and chronic stress has been

associated with an enhanced risk of periodontal dis-

ease (38, 122). Stress responses serve as a replication

stimulatory signal for herpesviruses. Catecholamines

[epinephrine (adrenaline), norepinephrine (nor-

adrenaline) and dopamine] released during stressful

events directly stimulate the cytomegalovirus imme-

diate-early gene enhancer ⁄ promoter in monocytic

cells via b2 adrenergic receptors (119, 120). In addi-

tion, catecholamines are involved in the regulation of

immunoresponsiveness through the interleukin-10

promoter ⁄ enhancer via the cyclic adenosine mono-

phosphate (cAMP) ⁄ protein kinase A-dependent

pathway (86, 116) (Fig. 3).

Cytomegalovirus DNA can be detected in neutro-

philic leukocytes during a productive infection,

probably as a result of phagocytosis (102). Infection

of neutrophils with cytomegalovirus may induce

abnormalities in adherence, chemotactic, phagocytic,

oxidative, secretory and bactericidal activities of

Fig. 3. Proposed model linking cytomegalovirus to peri-

odontal breakdown. Cytomegalovirus-infected cells reach

periodontal connective tissues, and reactivation or latency

occur within the connective tissues. Virions infect other

cells (gingival fibroblasts and inflammatory cells), which

results in the release of proinflammatory cytokines and

increased susceptibility to tissue breakdown, including loss

of aveolar bone and periodontal attachment. GCF, gingival

crevicular fluid; IL, interleukin; MHC-I, major

histocompatibility complex class I; MMP, matrix metallo-

proteinase; TNF-a, tumor necrosis factor-a.
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polymorphonuclear neutrophils (1). Neutrophils are

key cells in controlling periodontal bacterial infec-

tions (169, 170), and the phagocytic and bactericidal

capacities of periodontal neutrophils seem to be sig-

nificantly impaired in subjects carrying herpesviruses

in oral lymphocytes and epithelial cells, compared

with virus-free subjects (108). The functional defects

of neutrophils identified in patients with localized

aggressive periodontitis (170) may partly be caused by

an ongoing cytomegalovirus-active infection of these

patients (161) (Fig. 3).

Cytomegalovirus can infect and establish latency in

gingival fibroblasts. Primary cultured gingival fibro-

blasts are permissive for cytomegalovirus infection

(Fig. 4), and the pp72 cytomegalovirus antigen iden-

tified by immunofluorescence staining is expressed

in fibroblasts within 24 h of replication (Fig. 5). Bo-

tero et al. (25) demonstrated that in vitro cultured

gingival fibroblasts infected with cytomegalovirus

resulted in a dose-dependent down-regulation of

mRNA expression for collagens I and III, compared

with UV-light-inactivated inoculated cells. mRNA

analysis of gingival specimens showed that the

expression of collagens was lower in cytomegalovi-

rus-positive periodontitis samples than in healthy

gingiva samples (25). Cytomegalovirus can also affect

the production of matrix metalloproteinases. An up-

regulation of the expression of mRNA for matrix

metalloproteinases 1 and 2 was detected in cyto-

megalovirus-positive gingival biopsies (25) (Fig. 3).

Studies on guided tissue regeneration have found an

interesting relationship between periodontal herpe-

sviruses and impairment of clinical attachment gain

(17, 93).

Gingival fibroblasts, although not inflammatory

cells per se, are able to produce a wide assortment of

proinflammatory cytokines (24). Cytomegalovirus-

infected gingival fibroblasts produced more interleu-

kin-1b, tumor necrosis factor-a, interleukin-1a,

A B C

D E F

Fig. 4. Primary culture of gingival fibroblasts infected with cytomegalovirus Towne strain. Gingival fibroblasts are shown

before infection (A), 1 day after infection (B), 2 days after infection (C), 4 days after infection (D), 5 days after infection (E)

and 6 days after infection (F). Note the characteristic cytopathic effects and the increasing number of infected cells over time.

Fig. 5. Indirect immunofluorescence staining of cyto-

megalovirus-infected gingival fibroblasts with the primary

antibody against the immediate-early pp72 protein.
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interleukin-12p40, interleukin-12p70, interleukin-6,

interleukin-8 and interferon-c than noninfected

control fibroblasts (24). Gingival specimens from

cytomegalovirus-positive periodontitis lesions showed

an up-regulation of mRNAs for interleukin-1b and

tumor necrosis factor-a (24). The proinflammatory

cytokines produced in response to a cytomegalovirus

infection aim to attract antiviral cytotoxic T cells and

natural killer cells to the site of infection. However, at

high levels, proinflammatory cytokines may interfere

with collagen production by fibroblasts (24) and

stimulate bone-resorbing osteoclasts (24). Also, as

proinflammatory cytokines suppress the release of

anti-inflammatory cytokines, which are involved in

antibody production and in the containment of bac-

terial pathogens, an active cytomegalovirus infection

may result in the overgrowth of periodontopathic

bacteria (41, 148).

Cytomegalovirus stimulates cytokine release from

infected monocytes. Contreras et al. (42) found the

cytomegalovirus genome in gingival mononuclear

cells (55%) and T-cells (20%) from periodontitis

patients. Cytomegalovirus-infected monocytes pro-

duce more interleukin-1b than noninfected mono-

cytes, perhaps because of interactions between viral

proteins and gene promoters within the infected cell

(72, 175). Cytomegalovirus proteins bG and glyco-

protein H bind to the monocyte toll-like receptor-2

that leads to nuclear factor-jB, and probably

C ⁄ EBPb, activation via a p38-dependent phosphor-

ylation event (10, 39). In addition, direct transacti-

vation of the interleukin-1b promoter by immediate-

early proteins 1 and 2 results in a high and sustained

production of interleukin-1b (40, 72, 140, 175, 182)

(Fig. 3).

Conclusions and perspectives

Cytomegalovirus infections of the periodontium may

explain several features of periodontitis, such as the

insidious disease onset, the site-specificity of the

periodontal attachment loss, the mirror-like disease

pattern of localized aggressive periodontitis, and the

overgrowth of specific bacterial species in the peri-

odontal pocket. The dynamic interaction between

infectious cytomegalovirus and host immune re-

sponses may partly account for the discontinuous

pattern of periodontal disease progression and for the

refractory state of disease in the case of inadequate

immunity. Cytomegalovirus may participate in the

development of periodontitis by causing macro-

phages and T-cells to release osteoclast-inducing

interleukin-1b and tumor necrosis factor-a. Also,

gingival fibroblasts infected with cytomegalovirus

exhibit diminished production of collagens I and III

and enhanced generation of matrix metalloprotein-

ases 1 and 2. However, although biologically plausi-

ble, the extent to which cytomegalovirus participates

in the destruction of the human periodontium is still

a matter of research. Studies are needed to identify

the environmental events and pathogenic pathways

that trigger activation of cytomegalovirus in the

peridontium, the possible link between cytomegalo-

virus reactivation and periodontitis disease activity,

and the importance of anti-cytomegalovirus immu-

nity in controlling periodontal disease. Such infor-

mation may help to explain why cytomegalovirus and

other ubiquitous herpesviruses may cause peri-

odontitis only in a relatively small subset of individ-

uals and teeth. Hopefully, increased knowledge of the

immunovirology of cytomegalovirus and other her-

pesviruses in periodontitis may lead to a greater

understanding of periodontal host responses and to

more effective preventive and therapeutic interven-

tions, including future vaccination against period-

ontopathic herpesviruses.
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