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Pattern recognition receptors
TLR4 and CD 14 mediate response
to respiratory syncytial virus

Evelyn A. Kurt-Jones'? Lana Popova? Laura Kwinn? Lia M. Haynes?, Les P. Jones’,
Ralph A.Tripp®, Edward E.Walsh*, Mason W. Freeman?®, Douglas T. Golenbocké,
Larry J. Anderson® and Robert W. Finberg'2

The innate immune system contributes to the earliest phase of the host defense against foreign
organisms and has both soluble and cellular pattern recognition receptors for microbial products.
Two important members of this receptor group, CDI14 and the Toll-like receptor (TLR) pattern
recognition receptors, are essential for the innate immune response to components of Gram-
negative and Gram-positive bacteria, mycobacteria, spirochetes and yeast. We now find that these
receptors function in an antiviral response as well. The innate immune response to the fusion protein
of an important respiratory pathogen of humans, respiratory syncytial virus (RSV), was mediated by
TLR4 and CDI14. RSV persisted longer in the lungs of infected TLR4-deficient mice compared to
normal mice.Thus,a common receptor activation pathway can initiate innate immune responses to
both bacterial and viral pathogens.

CD14 and Toll-like receptors (TLRs) are essential for initiating the = Gram-positive bacteria, mycoplasmas, spirochetes and fungi''’. The
innate response to lipopolysaccharide (LPS) from Gram-negative bac- role of innate immune receptors in the response to viruses has been
teria as well as other microbial components of Gram-negative and largely unexplored. We have examined the interactions of several res-
piratory syncytial virus (RSV) proteins with human mono-
cytes and demonstrate that the fusion protein of RSV
induces proinflammatory cytokines, and that this response
is dependent on expression of CD14 and TLR4. We also
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Figure 1.Viral proteins stimulate cytokine secretion from PBMC
and monocytes. Purified human monocytes were stimulated with either
Control antibody (@) LPS (10 ng/ml) or (b) RSV fusion (F) protein (I ug/ml).Where indicated
Anti-CD14 the cells were treated with 10 pg/ml of anti-CD2 (control antibody), 10
. ug/ml of MY4 (anti-CD14) or | pg/ml of polymyxin B (PMB). Control cul-
Polymyxin B tures were stimulated with medium alone or with the elution buffer used to
isolate the viral proteins. Supernatants of PBMC cultures were collected |8
h after addition of the stimulants for analysis of cytokine secretion. IL-6 con-
centration was determined by enzyme-linked immunosorbent assay (ELISA).
(ng/mil) T Medum ] (c) Purified human monocytes were stimulated with various concentrations
3 | i of RSV F.IL-8, IL-6 and TNF-a. concentrations in 18 h culture supernatants
were determined by ELISA. (d) Purified human monocytes were stimulated
with various levels of sucrose gradient purified and UV-inactivated RSV.Virus
| levels are expressed as plaque forming units of live virus before inactivation.
o | H | wediom Culture supernatants were collected 16 h after the addition of virus and IL-
e s RSVF 8 concentrations determined by ELISA. (e,f)CHO cells stably transfected
4 with human CD14 and an NF-kB promoter driven CD25 reporter gene

No antibody

IL-6 {ngfml)

BEDOEC

IL-6 (ng/ml)
O =N WA OO

LPS RSVF

o
(0]

(o

IL-8 IL6 TNF-u (ng/ml) L8
L —h— -

60 25- 035 34

50 5| 03 -
0.25 ]
1.5+ 0.2 A

14 0154

40 -
30
20

were incubated with either (e) LPS (100 ng/ml) or (f) RSV F (I pg/ml). CD25

0.1 4 1 : . ¥
0o 054 3 0+ ‘ 1 4 S
0.05 3 N 104 105 A f expression was measured by flow cytometry of cells stained using a control
od od o1 : ' one - o , PE-labeled mAb (solid figure) or PE-labeled CD25-specific mAb. CD25 stain-
0.1 03 ! Plaque forming unils 25 expression ing of cells incubated in medium alone are shown as a gray lines. CD25 stain-

RSV F (ug/ml) (NF-xB activity) ing of cells incubated with (e) LPS or (f) RSV F are shown as black lines.
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Figure 2. Cytokine-stimulating activity of RSV F protein is trypsin-sensi-
tive. LPS or RSV F protein were incubated with trypsin immobilized on agarose
beads for 15 min. Trypsin-digested (shaded bars) or mock-treated (filled bars) LPS
and RSV F protein were then added to cultures of purified (a) human monocytes or
(b) mouse peritoneal macrophages. Incubation of LPS or RSV F protein with immo-
bilized agarose alone did not affect their cytokine stimulating activity. IL-6 secretion
was determined by ELISA.

show that TLR4 expression has an important role in the control of viral
replication in vivo; RSV replicated to a higher concentration and per-
sisted longer in TLR4-deficient mice than in normal control mice.

RSV, a single-stranded negative-sense RNA virus of the
Paramyxovirus family, is the single most common cause of serious
lower respiratory tract disease of infants and young children worldwide
and is a high priority for vaccine development'®"”. Developing a safe
and effective vaccine has been difficult, and it is likely that a better
understanding of the pathogenesis of disease will assist vaccine devel-
opment. The ability of different RSV proteins to alter the early, innate
immune response is probably important to the pathogenesis of this dis-
ease’ . In this study, we examined the ability of three RSV proteins—
the attachment protein (G), the fusion protein (F) and the nucleocapsid
protein (N)—to induce proinflammatory cytokines. Both the G and F
proteins have been shown to be important in inducing protective immu-
nity against RSV infection. Our studies reveal that RSV F protein
induced interleukin 6 (IL-6) production by monocytic cells expressing
CD14 and TLR4. RSV G and N proteins induced weaker cytokine
responses than F. Thus, the F protein is capable of stimulating an innate
immune response.

Results
Viral stimulation of inflammatory cytokines

We examined the ability of several purified RSV viral proteins to stim-
ulate proinflammatory cytokine secretion from human mononuclear
cells. We first incubated purified RSV F, G and N proteins with human
peripheral blood mononuclear cells (PBMC) and
found that the F but not the G or N proteins of RSV

a 301
induced a marked increase in IL-6 secretion (Fig. 1 ]

and data not shown). This response was blocked by =, ]
monoclonal antibody to CD14 (MY4) suggesting % 01
that RSV F protein induced IL-6 through its inter- ;%

action with this monocyte innate immune receptor 5
(Fig. 1b). Both purified human monocytes (>90% -
CD14") and thioglycollate-induced mouse peri-
toneal macrophages responded to incubation with
the F protein with a marked increase in IL-6 pro-
duction (Fig. 2) as well as IL-8, tumor necrosis fac-
tor oo (TNF-o) (Fig. 1¢) and IL-1B (data not
shown), confirming the central role of monocytic
cells as the source of the cytokine production.
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Monocytes responded in a dose-dependent manner to RSV F (Fig. 1¢)
and to UV-inactivated whole RSV virus (Fig. 1d).

The role of NF-xB in the response to RSV F was examined using an
NF-kB reporter cell line’. Chinese hamster ovary (CHO) cells express-
ing human CD14 and a stably integrated NF-kB—driven CD25 reporter
gene were incubated with RSV F or medium. RSV F-induced CD25
expression on the CHO reporter cells and the expression levels were
similar to those induced by LPS treatment (Fig. le,f). CHO cells
express TLR4 but not TLR2’; transfection with TLR2 enhanced the
NF-kB—dependent reporter gene expression in response to RSV F (data
not shown).

The possibility that the cytokine-stimulating activity of the RSV F
protein was due to endotoxin contamination was ruled out with the use
of two approaches. First, polymyxin B (PMB), a polycationic antibiot-
ic which neutralizes LPS*, was added to the RSV F protein prepara-
tions. PMB did not alter the ability of RSV F protein to stimulate IL-6
secretion, but did prevent the response to LPS (Fig. 1a,b). Second,
treatment of the RSV F protein with trypsin before addition to the
macrophage cultures abolished the cytokine-stimulating activity of
RSV F, but had no significant effect on the cytokine-stimulating activ-
ity of LPS for human monocytes or murine macrophages (Fig. 2).
These studies suggest that the cytokine-stimulating activity of the RSV
F preparation was due to the protein component. RSV F protein isolat-
ed by either immunoaffinity chromatography or by lectin affinity chro-
matography was equally effective in stimulating IL-6 secretion from
monocytes. In contrast, RSV G and N proteins, which were isolated by
immunoaffinity chromatography under conditions similar to those used
to purify RSV F, only weakly stimulated IL-6 secretion (data not
shown). Further, elution buffer did not induce IL-6 secretion.

Monoclonal antibody inhibition of RSV F

RSV F—containing fractions from lectin affinity purification were fur-
ther studied by monoclonal antibody (mAb) blocking, to confirm that
the active component of the isolated material was the F protein itself.
RSV F was incubated with mAbs to F, control mAbs to RSV G or CD3
bound to protein A—sepharose beads. The cytokine-stimulating activity
of the lectin-purified RSV F was depleted by incubation with either of
two mAbs to F but not with control antibodies (Fig. 3). In contrast, the
cytokine-stimulating activity of LPS was not affected by incubation
with anti-F or control antibodies.

Role of CD14 and TLR4

We further examined the role of CD14 in the response to RSV F protein
using CD14" (knockout) mice. IL-6 (and IL-1B) was produced by
macrophages from CD14"~ hemizygous mice, but not by macrophages
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Figure 3. Monoclonal antibodies specifically block RSV F cytokine stimulating activity. (a) LPS or
(b) RSV F were incubated with monoclonal antibodies to CD3 (OKT3), RSV G (130-2G) or RSV F protein
(131-2A and 133-1H) immobilized on protein A sepharose beads. After removal of the beads, the LPS and
RSV F preparations were added to human monocyte cultures and IL-6 secretion was measured as described
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Figure 4. CD 14 knockout mice do not
respond to RSV F protein. Macrophages
were collected from CDI147 knockout
mice or their CD 14"~ hemizygous, control
littermates and either unstimulated (open
bars) or stimulated with 10 ng/ml of LPS

#2 © 2000 Nature Americ

from CD147 mice, when stimu-
lated by RSV F protein (Fig. 4).
Thus, F protein induction of IL-6
is dependent on the presence of
CD14. This result suggested that
RSV F protein stimulated mono-
cytes by using receptors that
shared components with the
macrophage LPS receptor system.

We next examined the role of
TLR4, a major LPS signal trans-
ducing receptor, in the F pro-
tein—induced IL-6 production of
macrophages, using mice with
two types of TLR4 deficiency.
C57BL10/ScCr mice have a

(shaded bars) or | pg/ml of RSV F protein
(filled bars). Responses to LPS and to RSV
F protein were dependent on CDI4.
Macrophages from CDI4 knockout mice
responded normally to heat killed
Staphylococcus aureus (data not shown).

deletion of the gene encoding
TLR4, whereas C3H/Hel] mice
have a spontaneous point muta-
tion in the intracellular domain
of TLR4 that blocks LPS signal-
ing?%. These mouse strains
respond poorly to LPS, suggesting that TLR4 is an important corecep-
tor for endotoxin responses. In both strains of TLR4-mutant mice, nei-
ther LPS nor the F protein induced IL-6 secretion (Fig. 5). These data
suggest that the presence of TLR4 is a requirement for RSV F pro-
tein—induced IL-6 responses in monocytic cells.

RSV infection of TLR4-deficient mice

Our experiments suggest that TLR4 is an important receptor for innate
immune recognition of RSV F protein. The immune response to the F
protein plays a critical role in the severity of RSV infection*?. We
hypothesized that TLR4-deficient mice would be unable to mount an
innate immune response to RSV F protein and, therefore, their ability
to respond to RSV infection would be compromised. We tested this
hypothesis using a murine model of intranasal infection with live RSV
in TLR4-deficient C57BL10/ScCr mice and normal control mice (Fig.
6). TLR4-deficient mice have higher levels of infectious virus in the
lungs than control mice. Further, the TLR4-deficient mice are either
unable to clear RSV from their lungs or clear the virus several days
later than control mice. (Detailed studies of RSV infection and immune
function in large groups of TLR4-deficient mice have already been per-
formed”. These studies confirm that TLR4-deficient mice mount a
weak innate immune response to RSV compared to wild type mice.)
These results suggest that TLR4 is important for clearing RSV infec-
tion. In the absence of TLR4, an inadequate response is mounted and
RSV replicates to high levels in the lungs.
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Figure 5.TLR4 is required for macrophage responses to LPS and RSV F pro-
tein. Macrophages were isolated from mice expressing normal TLR4, mutant TLR4, or
mice lacking the gene encoding TLR4.The cells were either unstimulated (lightly shad-
ed bars) or stimulated with 10 ng/ml of LPS (darkly shaded bars) or | pg/ml of RSV F
protein (filled bars) for 18 h. IL-6 secretion into the culture supernatants was deter-
mined by ELISA.

Discussion

Our studies suggest that RSV F protein stimulated innate immunity
through shared components of the innate immune activation pathway,
TLR4 and CD14. The importance of TLR proteins in the innate
immune responses is suggested by their conservation in plants, insects
and vertebrates®* . In Drosophila, the immune response to fungal
infection is dependent on Toll, a type I transmembrane receptor***. The
Drosophila immune response to bacterial infection is dependent on /8
wheeler, a Toll-like gene*. Toll, similar to CD14, has an extracellular
domain containing leucine-rich repeats*. The cytoplasmic domains of
Toll proteins are homologous to the cytoplasmic domain of mammalian
type I interleukin 1 receptors (IL-1R) and to plant proteins involved in
disease resistance®* . Activation of Toll receptors leads to signal trans-
duction and gene expression via the NF-xB pathway or its equivalent®.

A family of Toll-like receptors (TLRs) has been identified in human
cells** 2. At least two TLRs have been recently implicated in LPS-
induced signal transduction, TLR2 and TLR4**. TLR4 is the major
LPS receptor of murine and hamster cells, and is probably important
for LPS stimulation of human cells as well>**?*". It has also been
shown that TLR2 is an LPS receptor in transfected cell lines, but unlike
TLR4, its expression is not required for LPS activation”’. Similarly, we
find that TLR2 expression is not required for responses to RSV F pro-
tein but that TLR2 can serve as a receptor for RSV F responses (data
not shown). TLR2 expression is, however, essential for responses to
Gram-positive bacteria, mycobacteria and spirochetes'*'".

We have shown that a viral protein can stimulate an innate immune
response through TLRs and CD14 proteins. It is likely that activation
of the innate antiviral immune response via TLR4 and CD14 is impor-
tant in the pathogenesis of RSV disease, as well as other viral infec-
tions. Use of this common CD14-TLR receptor pathway in response to
viral, bacterial and fungal components may have important implica-

Figure 6. Live RSV persists longer in TLR4-deficient than in control mice.
TLR4-normal C57BL10/ScSN and TLR4-deficient C57BL10/ScCr mice were infect-
ed by intranasal inoculation with RSV A2 strain (10° plaque forming units per
mouse). At the indicated time points, three mice of each strain were killed and the
amounts of infectious virus in individual lung homogenates determined with a Vero
cell plaque assay. The data shown are the mean number of plaque-forming units of
RSV in individual lungs of infected mice from one of four separate experiments with
similar results.
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tions for control of the inflammatory response to infection. Thus, our
data suggest that therapies that target the expression or signaling of
TLRs or CD14 may be useful in altering the course of viral infections
as well as bacterial and fungal infections.

Methods

Cell purification and stimulation. Human PBMC were isolated from leukopaks (dis-
carded leukocytes from platelet donations) by density gradient centrifugation using
Histopaque (Sigma, St. Louis, MO). Monocytes were isolated from PBMC by depletion of
T and NK cells*. Briefly, PBMC were incubated with mAbs to CD3 (OKT3, ATCC) and
CD2 (PharMingen, San Diego, CA), and CD3* CD2" cells were removed by magnetic bead
depletion using goat anti-mouse immunoglobulin—conjugated magnetic beads (Advanced
Magnetics Inc. Cambridge, MA) at a ratio of 10:1 bead:cell. The remaining cells were
>90% monocytes, as determined by anti-CD14 staining and forward- and side-light scat-
ter analysis using a FACScan (Becton-Dickenson, Elmhurst, IL). Monocytes were main-
tained in Ham’s F-12 10% fetal calf serum, L-glutamine, and penicillin and streptomycin
at 37 °C in 5% CO,.

Monocytes or macrophages were stimulated with LPS (E. coli O111:B4, Sigma), RSV
proteins or medium alone for 18 h at 37 °C. IL-6, IL-8, TNF-o. and IL-1p secretion into the
culture supernatants were determined by sandwich ELISA (Endogen, Cambridge, MA).
Data are expressed as the mean + s.d. of duplicate determinations. Where indicated, cells
were incubated with 10 pg/ml of mAb to CD14 (MY4, Coulter-Immunotech, Westbrook,
ME), control mAb to CD2 (PharMingen) or polymyxin B (1 pg/ml, Sigma) before the addi-
tion of F protein or LPS.

Peritoneal exudate macrophages were isolated from mice by intraperitoneal injection of
1 ml of a 3% wi/v thioglycollate solution three days before peritoneal lavage. All cells were
cultured in 24-well tissue culture plates at a concentration of 1 X 10° to 5 x 10° per well in
1 ml of medium.

RSV protein and virus preparations. RSV proteins were purified by affinity chromatog-
raphy using mAbs to the F, G and N proteins according to the published method®. Briefly,
The A2 strain of RSV was grown in Vero cell monolayers until the cytopathic effect was
extensive. The culture medium was discarded and the cells lysed with detergent buffer con-
taining 1 % Triton X-100 and 1% deoxycholic acid. After clarification by centrifugation, the
lysate was passed over an affinity column containing the mAb. After washing extensively,
the column was eluted with 0.1 M glycine, 0.1% Triton X-100, pH 2.5. For elution of the
N protein, Triton was not included. The eluted fractions were buffered to pH 7 with Tris
HCI, and the purity of the proteins assessed by PAGE and western blotting, as well as by
solid-phase enzyme immunoassay using a panel of mAbs. Lectin-purified F protein was
obtained from RSV A2-infected Vero cells. Briefly, RSV-infected Vero cells were frozen
and thawed, sonicated and treated with 500 mM NaCl, 20 mM Tris and 0.5% Triton X-100,
pH 8.3 for 1 h on ice in the presence of DNase, RNase, and a protease inhibitor (PMSF).
The treated cell lysate was centrifuged for 1 h at 27,000g to remove cell components and
virus. The clarified supernatant was recirculated over a concanavalin A lectin column for 16
h. After washing the column with PBS, the lectin-bound F protein was eluted by competi-
tion with free mannose and GIcNAc in a PBS-based clution buffer. RSV F was also
enriched by two passages over a wheatgerm agglutinin column to remove G protein (see
Web Figure 1 on the supplementary information page of Nature Immunology on line). The
eluted material was highly enriched for F protein and made free of G protein by western
blotting. Where indicated, 100 X stocks of RSV F protein (100 pg/ml) or LPS (1 pg/ml)
were incubated with immobilized trypsin (Sigma) for 15 mins at 37 °C. Trypsin beads were
removed by centrifugation before addition of the stimulants to cultured monocytic cells.
Monoclonal antibodies to RSV F, G and CD3 (100 pg) bound to protein A sepharose beads
(100 pl) were added to 2X stocks of RSV F (2 pg/ml) or LPS (20 ng/ml) in 600 ul of cul-
ture medium. After an 18-h incubation at 4 °C, the beads were removed by centrifugation
and the stimulants were added to cultured monocytes.

RSV infection. Mice were infected with RSV strain A2 grown in Vero cells and titered as
previously described”>®. Mice were anesthetized and inoculated intranasally with 10°
plaque forming units of RSV. At various time points after infection, mice were killed and
lung viral titers were determined by incubating Vero cells with serial dilutions of lung
homogenates or a virus standard*'. Viral plaques were enumerated 24 h later in methanol
fixed and hematoxylin-eosin stained Vero cell cultures®<.
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