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Human cytomegalovirus (CMV) is a ubiquitous opportunistic pathogen that causes significant morbidity
and mortality in immuncompromised people. An understanding of how CMV induces and circumvents host
immunity is of critical importance in efforts to design effective therapeutics. It was recently discovered that
mere cell contact by CMV particles leads to profound modulation of cellular gene expression, including
induction of inflammatory cytokines and interferon-stimulated genes characteristic of innate immune detec-
tion. These findings suggest that a membrane receptor recognizes a CMV envelope protein(s), leading to innate
immune activation. Here, we show that the pattern recognition receptors Toll-like receptor 2 (TLR2) and CD14
recognize CMV virions and trigger inflammatory cytokine production. Induction of inflammatory cytokines is
mediated via TLR2-dependent activation of NF-�B. Since many of the pathological processes associated with
CMV disease are facilitated or directly mediated by inflammatory cytokines, identification of the host mem-
brane detection machinery may ultimately lead to improved therapeutics.

Human cytomegalovirus (CMV) is a ubiquitous opportunis-
tic pathogen. Clinically, CMV disease correlates with immune
suppression in which severe presentations are evident in neo-
nates, persons with AIDS, and other immune-suppressed pa-
tient groups (38). CMV infection of neonates is associated with
deafness, mental retardation, and mortality, whereas AIDS
patients often suffer a blinding CMV retinitis, as well as pneu-
monia and gastrointestinal inflammation. In organ transplant
recipients, a patient group hard hit by CMV infection, disease
is associated with an increased frequency of graft rejection and
is a major cause of posttransplant infection. The varied array of
clinical disease correlates with the exceptionally broad tropism
of this virus. Indeed, histological analysis of autopsy tissues
obtained from patients with CMV disease has demonstrated
infected cells in virtually all organs. At the cellular level, CMV
can infect monocytes/macrophages, endothelial cells, epithelial
cells, smooth muscle cells, fibroblasts, stromal cells, neuronal
cells, neutrophils, and hepatocyes (13, 17, 35, 44, 48, 49, 61). In
fact, CMV is a suspected pathogenetic agent in cardiovascular
disease due to its ability to persist in large-vessel endothelial
cells and to infect all cell types involved in cardiovascular
lesions (24).

Cells exposed to CMV undergo a number of physiological
changes that are rendered upon the cell with extremely rapid
kinetics (15). These events include changes in Ca2� homeosta-
sis (1) and activation of phospholipase C and phospholipase
A2, as well as increased release of arachidonic acid and its
metabolites (1, 59). All of these changes can be triggered by
UV-inactivated virions, suggesting that structural components

of the virus are responsible for the alterations in cell physiology
and intracellular signaling that occur during virus-cell contact
and/or virus entry. Virus-cell contact also results in the activa-
tion of the transcription factors NF-�B and SP-1, as well as
mitogen-activated protein (MAP) kinase, ERK1/2, and p38 (7,
26, 63).

Activation of transcription factors by CMV suggests that
alterations in cellular transcription should occur in CMV-in-
fected cells, and this is precisely the case. Several transcrip-
tional-profiling studies reveal that cells infected with CMV
exhibit profound reprogramming of gene expression (8, 47, 64,
65). Interestingly, the most strongly induced genes were indi-
cators of innate immune activation. Antiviral genes belonging
to the interferon-stimulated gene family (ISGs) and inflamma-
tory genes, such as those for RANTES, interleukin 6 (IL-6),
IL-7, IL-11, and cyclooxygenase 2 (COX-2), were all robustly
induced in CMV-infected fibroblasts (8, 47, 64, 65). Induction
of these innate immune markers did not require virus replica-
tion. Indeed, cells treated with only the primary ligand of
CMV, glycoprotein B (gB) (6), exhibited a response very sim-
ilar, but not wholly identical, to that of cells treated with intact
virus (47). In particular, cells treated with gB strongly induced
ISGs. Taken together, the findings suggest that a signal trans-
duction pathway is activated by cell contact of CMV envelope
proteins, resulting in numerous physiological changes that cul-
minate, in part, with innate immune activation.

The innate immune system is an ancient, universal host
defense system. A limited number of evolutionarily conserved
germ line receptors found in plants, Drosophila, and humans
mediate certain innate immune responses. Termed pattern
recognition receptors, these molecules form the basis of the
primary host alarm system in response to pathogen-associated
molecular patterns (PAMPs) (23). Toll-like receptors (TLRs)
are now understood to play a major role in pathogen recogni-
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tion. Stimulation of TLRs by pathogens activates signal trans-
duction pathways that lead to induction of a range of antimi-
crobial genes and inflammatory cytokines (2, 23, 29). In
addition, key costimulatory molecules, such as CD80 and
CD86, which are important for activation of adaptive immu-
nity, are also induced as a consequence of TLR signaling. At
present, 10 TLR molecules have been described in humans and
mice. Ligands ranging from lipopolysaccharide (LPS) of gram-
negative bacteria, peptidoglycan of gram-positive bacteria,
flagellin, CpG DNA, and various components from mycobac-
teria, yeast, and parasitic pathogens, are all detected by TLRs.
Although the precise molecular patterns are not completely
characterized, PAMPs are hypothesized to be macromolecular
modifications unique to these organisms.

Viruses have long been known to activate innate immune
responses characterized by the induction of inflammatory cy-
tokines and a comprehensive set of ISGs (45, 53). Until re-
cently, the only identified molecular trigger of host innate
responses was double-stranded RNA, a common replicative
intermediate in the life cycle of many viruses. Double-stranded
RNA can activate a key interferon transcription factor, inter-
feron regulatory factor 3 (IRF-3), and induce synthesis of
many antiviral genes. Generally, however, the mechanisms by
which viruses activate innate immunity remain largely unde-
fined. Since viruses are obligate intracellular parasites, virus-
encoded proteins are synthesized by host machinery and ulti-
mately bear protein modifications reflective of the host. Thus,
it is not immediately obvious what PAMPs are displayed on
viruses. Currently, however, data are clearly emerging showing
that TLRs detect viruses and trigger inflammatory responses.
Respiratory syncytcial virus (RSV) and mouse mammary tu-
mor virus (MMTV) both signal through TLR4 (28, 42), the
well-described LPS receptor. In the case of RSV, TLR4-defi-
cient mice challenged with RSV exhibited a variety of impaired
innate immune functions and an inability to clear the virus
(20). These findings strongly suggest that Toll signaling path-
ways have an important role in the innate immunity to RSV.
More recently, measles virus was reported to be detected by
TLR2, a TLR with broad ligand recognition properties (5).
The most striking common feature of these first three reports
of virus detection by TLRs is that TLR responses were trig-
gered by viral envelope glycoproteins. Specifically, the fusion
protein of RSV, the envelope (env) protein of MMTV, and the
hemagglutinin protein of measles virus were the identified
triggers of the TLR responsiveness in their respective systems.
Interestingly, all of these proteins play key roles in the virus
entry pathway, such as attachment and fusion. These studies
plainly point to a heretofore-unknown ability of the host to
detect viruses during entry but prior to the onset of any repli-
cation events. Here, we report that TLR2 and CD14 form
the central basis of the membrane detection machinery for
CMV.

MATERIALS AND METHODS

Reagents and cells. Human peripheral blood mononuclear cells (PBMC) were
isolated from heparinized blood of healthy volunteers. The cells were purified
using Lymphocyte Separation Medium (MediaTech/CellGro, Herndon, Va.).
TLR2-deficient mice were engineered as described previously (55) and were the
gift of S. Akira (Osaka, Japan). TLR4-deficient C57BL10/ScNCR mice were
obtained from the National Cancer Institute. C57BL/6 � 129 F2 (B6129F2) and

C57BL10/SnJ mice were purchased from Jackson Laboratories (Bar Harbor,
Maine). The mice were injected intraperitoneally with 1 ml of 3% thioglycolate,
and cells were harvested 4 days later by peritoneal lavage. MY4 anti-CD14
antibody was purchased from Beckman Coulter (Miami, Fla.) and dialyzed
against phosphate-buffered saline prior to use. Control immunoglobulin G was
purchased from eBioscience (San Diego, Calif.). Phytohemagglutinin, phorbol
myristate acetate, ionomycin, yeast zymosan, and LPS (Escherichiacoli 0111:B4)
were obtained from Sigma (St. Louis, Mo.). The LPS was repurified by phenol
extraction prior to use to remove lipopeptides, as described previously (21).
IL-1� was purchased from R&D Systems (Minneapolis, Minn.). The AD169
strain of CMV was propagated in human diploid fibroblasts. UV inactivation of
virions (UV-CMV) was performed in a UV Stratalinker 2400 (StrataGene) for 4
min at 9.9 � 105 �J. UV inactivation of virions was confirmed by monitoring
expression of the immediate-early (IE) gene products (IE1 and IE2) in infected
human fibroblasts as previously described (7). The UV treatment described was
sufficient to completely abolish IE gene expression. Dense bodies (DBs) and
enveloped virions were purified by density gradient centrifugation (11, 22, 56).
Cytokine-specific enzyme-linked immunosorbent assays (ELISAs) were per-
formed using the OptEIA dual-antibody detection assay (BD Pharmingen, San
Diego, Calif.) according to the manufacturer’s directions.

Cytokine assays. PBMC were plated in 24-well tissue culture dishes at 106/ml
in RPMI 1640 medium (Gibco/BRL, Grand Island, N.Y.) supplemented with
10% fetal calf serum (Atlanta Biological, Norcross, Ga.) and antibiotics. The
cells were incubated with no stimulus or with UV-irradiated CMV (1 � 103 to 2
� 104 PFU/ml). Control cultures were stimulated with LPS (10 to 100 ng/ml),
zymosan (10 �g/ml), or IL-1� (100 ng/ml). The cultures were incubated for 18 h
at 37°C, and the levels of IL-6 and IL-8 secretion were determined by ELISA
analysis of culture supernatants. Human embryonic kidney HEK293 cells (Amer-
ican Type Culture Collection, Rockville, Md.) stably expressing CD14, TLR2,
and TLR4 were cloned as previously described (27). HEK293 cells were plated
in 24-well plates and allowed to grow to confluence, followed by stimulation with
the appropriate treatment as described for PBMC. IL-8 secretion was measured
in supernatants collected 18 h after stimulation. Peritoneal exudate cells (PECs)
were isolated from wild-type and TLR2- or TLR4-deficient mice 4 days after
intraperitoneal injection with thioglycolate. PECs were plated at 106 per well in
24-well plates and incubated with no stimulus or with CMV, as described for
PBMC. The culture supernatants were harvested 18 h later, and IL-6 levels were
determined by ELISA (OptEIA). The data shown are representative of three to
five independent experiments.

NF-�B transcription assays. For flow cytometry analysis of CHO transfec-
tants, adherent monolayers of CHO/CD14 or CHO/CD14/TLR2 cells (14) were
plated in six-well tissue culture dishes. After overnight incubation, the cells were
washed twice with phosphate-buffered saline and mock treated, stimulated with
zymosan A (10 �g/ml), or infected with CMV (multiplicity of infection, 0.1) in
serum-free F12 medium. At 18 h posttreatment, the cells were detached from the
surface with trypsin-EDTA, and CD25 surface expression was measured by flow
cytometry as previously described (14).

NF-�B luciferase reporter gene assays in HEK293 cells. HEK293 cells ex-
pressing TLR2, TLR4, and/or MD2 were transiently transfected with an NF-�B
reporter construct using GeneJuice Transfection Reagent from Novagen (Mad-
ison, Wis.) according to the manufacturer’s instructions. Briefly, the cells were
plated on 96-well plates at 2.5 � 104 1 day before transfection. A total of 0.3 �g
of DNA was used per well, containing 10 ng of human CD14 in pcDNA3 or
empty vector (Invitrogen), 80 ng of NF-�B-driven firefly luciferase plasmid
(pGL-3-Basic vector; Promega), 20 ng of herpes simplex virus thymidine kinase
promoter containing Renilla luciferase plasmid (phRL-TK vector; Promega) and
pUC18 plasmid DNAs. The cells were incubated overnight at 37°C in a 5% CO2

humidified incubator. The next day, the cells were stimulated for 6 to 8 h with
UV-irradiated CMV. Control wells were stimulated with 100 ng of human IL-
1�/ml. Then, the cells were lysed with 50 �l of Passive Lysis Buffer (Promega),
and firefly and Renilla luciferase activities were measured using the Dual-Glo
Luciferase Assay System (Promega) according to the manufacturer’s instruc-
tions. Luciferase activity was calculated in relative light units as a ratio of
NF-�B-dependent firefly luciferase activity to NF-�B-independent Renilla lucif-
erase activity. The results are shown as the mean plus standard deviation of
triplicate wells.

RESULTS

Inflammatory cytokines are induced by CMV-cell contact in
human mononuclear cells. The majority of the studies of CMV
effects on host cell gene expression have been conducted in
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human fibroblasts, the primary permissive cultured cell type.
However, in vivo, CMV can infect many cell types, and it has
a particularly critical relationship with monocytes. CD14�

monocytes and/or myeloid progenitor populations are sites of
CMV latency and are capable of harboring quiescent viral
genomes (30, 33). Virus replication can be reactivated from
latently infected monocyte populations in a differentiation-
dependent manner. Allogeneic stimulation or addition of in-
terferon gamma to latently infected CD14� monocytes results
in dramatic onset of replication and release of infectious virus
(50–52). Given the delicate balance between the host immune
response and CMV’s existence between the latent and active
states, we asked if inflammatory responses were activated in
monocytes exposed to CMV. When human PBMC were incu-
bated with UV-inactivated CMV particles UV-CMV), IL-8
(Fig. 1) and IL-6 (data not shown) were induced. The response
was similar regardless of whether the PBMC were obtained
from CMV-immune or naïve donors (data not shown). These
data support the notion that cellular contact with virus parti-
cles triggers signaling events that lead to inflammatory cyto-
kine production. Although the virus stocks were negative for
detectable interferon and LPS (data not shown), we wished to
further rule out the possibility of a contaminating soluble fac-
tor. To that end, we tested the ability of purified defective
particles known as DBs to illicit inflammatory cytokine pro-
duction in PBMC. DBs are enveloped particles that arise dur-
ing tissue culture growth. They contain virus-encoded envelope
proteins and at least some tegument proteins but lack capsids
and DNA (4, 46). Figure 1B shows that IL-8 and IL-6 were

induced in monocytes by DBs in a dose-dependent manner.
These data strongly support the conclusion that inflammatory
cytokines are induced by CMV and that this induction does not
require viral gene expression. The fact that DBs are primarily
composed of envelope glycoproteins argues that envelope pro-
tein-cellular receptor interactions initiate the triggering event.
Since CD14� monocytes are targeted by CMV and CD14 is a
known pattern recognition component and a facilitator of in-
flammatory responses to many bacterial ligands, we asked if
CD14 was involved in CMV-activated inflammation. We ob-
served that IL-8 secretion in response to UV-CMV and to DBs
was inhibited in PBMC treated with an anti-CD14 antibody but
not in PBMC treated with isotype-matched control antibody
(Fig. 2). The modest increase in IL-8 in high concentrations of
CMV treated with the isotype control was very reproducible in
our studies and in other viral systems, such as RSV; however,
the mechanism for this enhancement is not known. Taken
together, these data suggest that CD14 formed at least part of
the membrane detection machinery for CMV.

CMV virions trigger inflammatory cytokine production in a
CD14-, TLR2-dependent manner. The fact that the CD14 pat-
tern recognition receptor is involved in CMV inflammatory
cytokine induction led us to consider the role of TLRs in
mediating responses to CMV. Human embryonic kidney
(HEK) cells or Chinese hamster ovary (CHO) cells exposed to
CMV do not produce either inflammatory cytokines or ISGs
(K. W. Boehme and T. Compton, unpublished results). Tran-
script analysis and fluorescence-activated cell sorting (FACS)
assays suggest that HEK cells constitutively express TLR1,

FIG. 1. CMV activation of human PBMC. (A) CMV stimulates cytokine secretion from normal human PBMC. Human PBMC (5 � 105/well)
were incubated with no stimulus (Medium) or with UV-inactivated CMV (2.5 � 103 to 2 � 104 PFU/well), phenol reextracted LPS (pLPS; 100
ng/ml; TLR4 ligand), yeast zymosan (Zym; 10 �g/ml; TLR2 ligand), or IL-1� (100 ng/ml; TLR- and CD14-independent positive control ligand).
The supernatants were harvested 18 h later, and IL-8 levels were determined by ELISA. The error bars indicate standard deviations. (B) CMV
DBs induce both IL-6 and IL-8 cytokine secretion from human PBMC. CMV DBs (0.01 to 5 �l/well) were added to human PBMC as described
for panel A. The supernatants were harvested 18 h later, and IL-6 and IL-8 levels were determined by ELISA.
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TLR3, TLR5, TLR6, TLR7, and TLR9 but do not express
TLR2 and TLR4. HEK cells that stably express CD14, TLR2,
TLR4, or combinations of these receptors were generated.
Secretion of the inflammatory cytokine IL-8 in response to
CMV was measured by ELISAs (27). In this experiment, we
tested responses to purified banded virions, UV-inactivated
virions, and DBs. As shown in Fig. 3A, all three CMV prepa-
rations stimulated IL-8 production in the TLR2-expressing
cells but not in HEK cells or in HEK cells expressing TLR4. To
further test the role of TLRs in CMV innate responses, the
inflammatory cytokine responses of wild-type and TLR-defi-
cient mice to CMV were determined. Thioglycolate-elicited
peritoneal macrophages (PECs) were isolated from wild-type,
TLR2�/�, or TLR4�/� mice and tested for the induction of
IL-6 secretion after exposure to CMV. Control cultures were
stimulated with known TLR2 or TLR4 ligands. PECs from
wild-type and TLR4�/� mice secreted IL-6 in response to
CMV (Fig. 3B). In contrast, cells from the TLR2�/� mice
exhibited no detectable IL-6 induction when exposed to CMV.
The TLR2�/� cells did exhibit normal responsiveness to LPS,
a TLR4 ligand. As expected, TLR2�/� PECs were unrespon-
sive to the TLR2 ligand zymosan. Taken together, these data
suggest that TLR2 is capable of recognizing CMV particles
regardless of replication competence. The result of this recog-

nition is the activation of a signal transduction pathway that
leads to IL-8 synthesis.

We next asked if CD14 was required for the TLR2-activated
cytokine response. HEK TLR2 lines expressing or lacking
CD14 were further characterized for CMV-induced inflamma-
tory cytokine secretion. The data shown in Fig. 4 support an
important enhancer role for CD14 in TLR2-dependent CMV
responses. HEK cells expressing only TLR2 secreted modest
but detectable levels of IL-8 in response to CMV. However,
this response was significantly enhanced when CD14 was ex-
pressed on the same cells. These findings suggest that CD14
facilitates signaling in response to CMV, similar to its role as
an important coreceptor in TLR-dependent responses to a
diverse group of microbial components.

TLR2 detection of CMV leads to NF-�B-dependent tran-
scription. Fibroblasts and monocytes infected with CMV have
been shown to exhibit activated NF-�B, as evidenced by nu-
clear translocation and increased DNA binding activity (62,
63). TLR signaling pathways trigger a series of interactions
among specific intracellular mediators that ultimately result in
the release of NF-�B from its endogenous inhibitor (2). Acti-
vated NF-�B undergoes nuclear translocation that leads to
transcription of many genes containing NF-�B elements in
their promoters, including many inflammatory cytokines. Two

FIG. 2. IL-8 secretion from human monocytes is CD14 dependent. Human PBMC (5 � 105/well) were incubated with no stimulus (Medium)
or with UV-inactivated CMV (2.5 � 103 to 2 � 104 PFU/well) or DBs (0.01 to 5 �l/well). The supernatants were harvested 18 h later, and IL-8
levels were determined by ELISA. Anti-CD14 monoclonal antibody (MY4; 5 �g/ml) or isotype control antibody was added to the cultures 30 min
prior to the addition of stimulants. The error bars indicate standard deviations.
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approaches were taken to test the hypothesis that CMV acti-
vation of TLR2 leads to an NF-�B-driven transcription re-
sponse. First, CHO cells expressing CD14 and human TLR2
which had been engineered to contain an NF-�B-CD25 re-
porter construct (18) were analyzed. When NF-�B is activated
in these cells, CD25 is transcribed, expressed, and displayed on
the cell surfaces. FACS analysis was used to measure CD25
expression in cells exposed to CMV. CD25 expression was
induced by zymosan and CMV in the TLR2-expressing cells,
whereas little to no expression was detected in CHO cells
expressing only CD14 (Fig. 5). Second, we characterized
NF-�B responsiveness in HEK293 cells expressing combina-
tions of TLR2, TLR4, MD2, and CD14 using an NF-�B-driven
luciferase reporter gene assay (Fig. 6). These experiments
demonstrate that CMV activates NF-�B in a TLR2-dependent

manner, consistent with our observation of the TLR2-depen-
dent induction of cytokine secretion by CMV. Also, as dem-
onstrated for cytokine secretion from monocytes, CD14 serves
an important enhancer function in modulating TLR-mediated
NF-�B responses (Fig. 6).

DISCUSSION

TLRs transmit signals that lead to innate immune activation
in response to a wide range of microbial pathogens. Our find-
ings show that TLR2 detects CMV, which results in activation
of innate immune responses. This brings the number of viruses
known to be sensed by TLRs to four. RSV and MMTV signal
through TLR4 (28, 42), while measles virus, a member of the

FIG. 3. CMV-induced cytokine secretion is CD14 and TLR2 dependent. (A) HEK293 cells stably transfected with CD14 alone or in
combination with TLR2 or TLR4 were incubated with no stimulus (Mock) or with IL-1� (100 ng/ml; TLR- and CD14-independent positive control
ligand), phenol-reextracted LPS (pLPS; 10 ng/ml; TLR4 ligand), yeast zymosan (10 �g/ml; TLR2 ligand), or virions, UV-inactivated virions, or
DBs. The supernatants were harvested 18 h later, and IL-8 levels were determined by ELISA. The error bars indicate standard deviations.
(B) PECs (105/well) isolated from thioglycolate-injected wild-type (wt), TLR2�/�, or TLR4�/� mice were incubated with no stimulus (Medium)
or with pLPS (10 ng/ml; TLR4 ligand), yeast zymosan (10 �g/ml; TLR2 ligand), or UV-inactivated CMV (1 � 103 to 3 � 104 PFU/well). The
supernatants were harvested 18 h later, and IL-6 levels were determined by ELISA.
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paramyxovirus family, like RSV, (5) and CMV, a herpesvirus,
activate innate responses in a TLR2-dependent manner. All do
so at the very earliest stages of the life cycle during the initial
virus-cell contact. In addition, CD14 serves a critical function
in eliciting inflammatory cytokine induction. The facilitating
role of CD14 is an emerging paradigm in TLR signaling, al-
though even in the well-studied LPS research, the precise role
it serves is not known. In general, however, these findings
suggest that the TLR system may be broadly capable of de-
tecting viruses during the entry stage of infection. In the case
of CMV, where the actual entry receptor is not known, we
must further examine the relationship of CD14 and TLR2 in
the virus life cycle itself, and these studies are under way. At
present, however, there are no data to suggest that either of
these proteins is an entry mediator, since CMV can bind, enter,
and establish IE gene expression in the TLR2-negative, CD14-
negative HEK cell line.

In the case of the simpler RNA viruses that have one or two
envelope glycoproteins serving ligand and fusion functions, a
single protein was the identified molecular trigger. Herpesvi-
ruses are considerably more structurally complex, and CMV
contains at least 10 distinct envelope complexes organized into
a variety of homooligomeric and heterooligomeric complexes.

To date, we have been unable to achieve levels of inflammatory
cytokine secretion with soluble gB comparable to those ob-
served with CMV (data not shown). One possibility is that
efficient activation is context specific and requires the higher
valency of gB found in virions. It is also conceivable that the
triggering mechanism for TLR2 activation may be more com-
plex for herpesviruses than for the paramyxoviruses and
MMTV. One possible molecular pattern for TLR activation
pertains to structures formed during virus-cell fusion. While
the RNA viruses mentioned above have single-component
fusion systems, the herpesviruses employ multicomponent
machines. At least three envelope glycoproteins conserved
throughout the herpesviruses are needed to mediate mem-
brane fusion in a number of human herpesviruses, including
CMV, but the molecular basis of fusion structures has not been
determined (9, 19, 39, 40; E. R. Kinzler and T. Compton,
unpublished data). It is possible that fusion of a viral particle
with the cell membrane leads to changes in the orientation of
cell surface proteins that are critical to the signal transduction
events. Further studies are required to decipher the triggering
mechanism for CMV activation of inflammatory responses.

CMV has an intimate relationship with the host immune
system. Individuals infected with CMV mount a robust im-

FIG. 4. TLR2-dependent responses require CD14. HEK293 cell lines stably transfected with CD14, TLR2 alone, or a combination of TLR2
and CD14 were incubated with no stimulus (Medium) or with UV-inactivated HCMV (102 to 104 PFU/well), zymosan (10 �g/ml; TLR2 ligand),
or IL-1� (100 ng/ml; TLR- and CD14-independent positive control ligand). The supernatants were harvested 18 h later, and IL-8 levels were
determined by ELISA. The error bars indicate standard deviations.
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mune response that suppresses persistent viral replication and
facilitates a lifelong latency (34). Loss of immune control fa-
vors reactivation and the onset of disease. CMV devotes sig-
nificant coding capacity to immune modulation. At least four
gene products interfere with major histocompatibility complex
class I antigen presentation (16, 58), and two CMV-encoded
proteins interact with HLA-E, which leads to suppression of
NK responses and protection from NK-mediated lysis (12, 54,
57). Although many immune functions are directly repressed
during replication, here we have shown that CMV activates
inflammatory cytokine responses via TLR2 during the prerep-
lication phase of the life cycle. At first glance, activation of
innate responses during virus entry would appear to be a stra-
tegic flaw in the anti-immune arsenal. However, data are
emerging to suggest that inflammation induced by CMV may
in fact facilitate its replication and dissemination. For example,
the inflammatory mediator COX-2 is strongly induced by
virion particles (8, 64). COX-2 induction leads to synthesis of
prostaglandin (PG) E2. PGE2 then positively influences the
expression of the critical viral transcriptional regulatory pro-
tein and overall infectious yields (66). In addition, NF-�B has
well-described regulatory activity over the expression of the
critical major IE proteins of CMV. The IE promoter contains
consensus NF-�B elements that are crucial for their regulation
(43). Later during the replication cycle, CMV encodes several
chemokines and chemokine receptors that also provide potent
inflammatory signals that are likely to contribute to pathogen-
esis as well (3, 34). Indeed, dissemination within an infected

person is also aided by inflammation. Neutrophils and mono-
cytes are recruited from the circulation to sites of infection by
inflammatory cytokines. Neutrophils then greatly facilitate dis-
semination of infection by transporting infectious virions to
alternate sites of infection, whereas monocytes harbor latent
virus. Thus, the initial burst of inflammatory cytokines may
facilitate mononuclear cell recruitment.

Interferon and ISGs are also robustly induced by CMV
particles during entry. It is not yet clear what role, if any, CMV
activation of TLR2 plays in these responses. TLR2 can activate
the MAP kinase p38, which can lead to activation of IRF-3, a
key transcriptional inducer of interferon, and a subset of ISGs
(36, 60). CMV is known to activate p38 (10, 62) and IRF-3 (37,
41). The relationship of the virus with the interferon response,
however, is different from that with inflammation. Replication-
dependent shutoff of the interferon pathway and of ISG tran-
scription is well documented (8, 31, 32). Further studies are
required to determine the mechanism of CMV activation and
modulation of these two powerful branches of the innate im-
mune system. Many of the pathological processes associated
with CMV reactivation (including retinitis, accelerated vascu-
lar disease, and graft rejection) appear to be mediated by the
release of inflammatory cytokines. The definition of the host
proteins involved in these events (TLR2 and CD14) should
allow us to devise more specific ways to inhibit these responses.
These studies also provide a mechanism for the association of
polymorphisms in the TLR genes with the development of
vascular disease (25).

FIG. 5. TLR2 is required for NF-�B activation in response to CMV. (A and B) CHO/CD14 (A) or CHO/CD14/TLR2 (B) reporter cells were
mock infected, treated with zymosan A (10 �g/ml), or infected with CMV (multiplicity of infection, 0.1), and NF-�B activity was measured using
the NF-�B-driven CD25 reporter. At 18 h posttreatment-infection, cell surface expression of CD25 was measured by FACS. For each histogram,
the vertical axis represents the relative cell numbers, and the horizontal axis represents the intensity of fluorescence staining. The shaded areas
represent the isotype control, the dotted lines represent mock-infected cells, the thin solid lines represent zymosan A-treated cells, and the thick
solid lines represent CMV-infected cells. IgG, immunoglobulin G; FITC, fluorescein isothiocyanate. (C) The percentages of CD25-positive cells
from the data in panels A and B are presented graphically.
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