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Introduction

Summary

Kawasaki disease (KD) is the leading cause of acquired heart disease of chil-
dren in North America. It is characterized by a massive immune activation
and multi-system vasculitis, which evolves into a site-specific inflammatory
response focused at the coronary arteries. Coronary artery (CA) inflamma-
tion leads to elastin breakdown, destruction of the vessel wall and aneurysm
formation. We have demonstrated recently the pivotal role of tumour necrosis
factor (TNF)-o-mediated matrix metalloproteinase (MMP)-9 activity in the
pathogenesis of elastin breakdown in a murine model of KD, Lactobacillus
casei cell wall extract-induced coronary arteritis. Using this model, we evalu-
ated the in vitro effects of doxycycline, an antibiotic with MMP inhibitory
function, in modulating key pathogenic stages of disease leading to CA
damage. Doxycycline inhibits T cell activation and TNF-o production in
peripheral immune cells, as assessed by thymidine incorporation and a TNF
bioassay respectively. Additionally, doxycycline inhibits directly MMP-9 enzy-
matic activity derived from TNF-o.-stimulated vascular smooth muscle cells
as assayed by zymography. More importantly, in vivo treatment of Lactoba-
cillus casei cell wall extract (LCWE)-injected mice with doxycycline reduces
significantly the incidence of CA elastin breakdown and reduces loss
of elastin. Therefore, doxycycline can mitigate TNF-o-induced MMP-9-
mediated coronary elastin breakdown and improve coronary outcome. Agents
with the ability to inhibit both inflammation and the downstream effects of
inflammation, such as MMP-9 activity, offer a promising therapeutic strategy
for the management of children with KD.
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tocols for KD differ around the world, but all involve admin-
istration of both intravenous immunoglobulin (IVIG) and

Kawasaki disease (KD) is a vasculitis affecting mainly chil-
dren, and is characterized by clinical signs and symptoms of
massive multi-system inflammation [1,2]. The diagnostic
criteria are prolonged fever together with at least four of the
following: non-purulent bilateral conjunctivitis, polymor-
phous skin rash, oral-mucosal changes, extremity changes
and cervical lymphadenopathy. KD is a self-limiting syn-
drome, and clinical features of disease subside even without
treatment. However, later in the disease course a significant
proportion of patients develop coronary artery (CA) aneu-
rysms [2]. KD is the leading cause of acquired heart disease
of children in North America [3]. Accepted treatment pro-
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aspirin. The American Heart Association recommends treat-
ment with a single infusion of high-dose IVIG (2 g/kg)
together with high-dose aspirin (80-100 mg/kg/day) in the
acute phase of KD [2]. The treatment of KD patients with
this therapeutic regimen greatly reduces the incidence of CA
damage [2,4]; however, the incidence of CA abnormalities
continues to be 5% even in appropriately treated patients.
When vessel diameters are adjusted for body surface area CA
abnormalities can reach 25% [5], highlighting the need for
improvements in therapy to improve coronary outcome.
Understanding the pathogenesis of disease will allow for the
tailoring of therapeutic intervention for children with KD.
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The pathogenesis of KD is not well understood. Using an
animal model of KD, Lactobacillus casei cell wall extract
(LCWE)-induced coronary arteritis [6,7], we have identified
three steps in the pathogenic process leading to CA damage:
T cell activation, tumour necrosis factor (ITNF)-o produc-
tion and production of matrix metalloproteinase (MMP)-9.
A single intraperitoneal (i.p.) injection of LCWE induces
massive peripheral immune activation [6-8], characterized
by peripheral T cell activation and proliferation [8]. Sec-
ondly, T cell activation leads to the production of TNF-o in
the peripheral immune system, followed by local production
at the coronary arteries [9]. In situ production of TNF-o
occurs throughout all layers of the coronary vessel wall and
coincides with the presence of maximal T cell infiltration at
the CA [9]. TNF-a activity is absolutely required in the
LCWE model of KD, as etanercept-treated or TNF receptor
I-deficient mice are protected completely from disease
induction [9].

One of the downstream consequences of TNF-o signal-
ling is the expression of the metal-dependent elastolytic
protease, MMP-9 [10]. Our recent work has demonstrated
that TNF-o-induced MMP-9 enzymatic activity is a key
mediator of elastin breakdown in the vasculature in this
disease model [11]. Vascular smooth muscle cells (SMCs)
produce MMP-9 in response to TNF-o in affected mice
[11], which is consistent with human data showing expres-
sion of MMP-9 in affected coronary segments from
autopsy tissue of fatal cases of KD [12]. MMP-9-deficient
animals have a significantly reduced incidence of CA aneu-
rysm formation despite ongoing coronary inflammation,
pointing to its role as an important mediator of local vessel
degradation and the ability to dissociate CA inflammation
from harmful end organ damage by MMP-9 inhibition
[11].

Controlling the downstream effects of inflammation such
as MMP-9 expression may represent a novel therapeutic
strategy for treatment of KD. One well-studied MMP inhibi-
tor is the anti-microbial drug doxycycline. Doxycycline has
been successful in treating certain cases of human abdominal
aortic aneurysm [13,14], and can prevent abdominal aortic
aneurysm formation in experimental models [15]. The effi-
cacy of doxycycline in the treatment of arterial aneurysms
is attributed to its anti-MMP activity [16], which occurs
through metal chelation and direct ablation of MMP enzy-
matic function. Using the LCWE model of KD, we investi-
gated the ability of doxycycline to inhibit three key stages in
disease progression in vitro: T cell activation, TNF-o produc-
tion and TNF-o-mediated up-regulation of MMP-9 activity;
in addition, we evaluated the impact of drug treatment in
vivo on the development of CA aneurysms. Although the use
of doxycycline is contraindicated in young children, estab-
lishing the mechanisms involved in disease modulation for
this family of therapeutic agents and establishing proof of
principle are important steps towards developing novel
therapies to improve coronary outcome in KD.

MMP-9 inhibition in Kawasaki disease

Methods

Animals, cell lines and reagents

C57BL/6 mice were purchased from Jackson Laboratories
(Bar Harbor, ME, USA). L-929 cells were purchased from
ATCC (Manassas, VA, USA). Mouse vascular smooth muscle
cell line (MOVAS) was from Dr M. Husain (Toronto General
Hospital Research Institute, Toronto, Canada) [17].
Doxycycline-hyclate was purchased from Sigma-Aldrich (St
Louis, MO, USA) and GM6001 was from EMD Biosciences
(Gibbstown, NJ, USA). LCWE was produced as described
[8].

Proliferation assay

Splenocytes were cultured (0-5 x 10° cells/well, 96-well plate)
in triplicate in conditioned Iscove’s modified Eagle medium
(IMEM) alone, an optimal concentration of LCWE, or
LCWE plus various concentrations of doxycycline for
72 h. Thymidine incorporation was performed as described

[8].

TNF bioassay

Splenocytes were cultured (7-5x 10° cells/ml) in condi-
tioned IMEM alone, an optimal concentration of LCWE
or LCWE plus various concentrations of doxycycline for
3h. An L-929-based TNF bioassay was performed as
described [18] using an MTT assay according to the manu-
facturer’s protocol (Roche Applied Science, Laval, QC,
Canada).

Real-time polymerase chain reaction (PCR)

MOVAS cells were seeded (0-5 x 10° cells/well, 12-well plate)
in triplicate in Dulbecco’s modified Eagle medium (DMEM)
for 18 h. Medium was removed and replaced with fresh
medium alone, medium containing 20 ng/ml recombinant
TNF (rTNF)-o or 20 ng/ml rTNF-a plus various concentra-
tions of doxycycline for 6 h. Real-time PCR for MMP-9 gene
expression was performed as described [11].

Immunoblotting

MOVAS cells were seeded as above in DMEM for 18 h.
Medium was removed and replaced with serum-free DMEM
for 48 h. Serum-free medium was removed and replaced
with fresh serum-free medium alone, serum-free medium
containing 20 ng/ml rTNF-o. or 20 ng/ml rTNF-o plus
various concentrations of doxycycline for 18 h. Culture
supernatants were assayed for MMP-9 protein by immuno-
blotting as described [11].
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Enzymatic assays

MOVAS cells were seeded (10 x 10° cells/flask, 75 cm? flask)
and serum-starved as above, and left untreated or treated with
75 ng/ml rTNF-o for 18 h. Supernatants were harvested and
concentrated (10 kDa molecular weight cut-off, Amicon
Ultra-15; Millipore, Billerica, MA, USA). Equal amounts
of total protein were subjected to gelatin zymography as
described [11]. Replicate gels were incubated in the presence
of 25 pg/ml doxycycline during the proteolysis step. In other
experiments, equal amounts of total protein were incubated
with 1 mM 4-aminophenylmercuric acetate (APMA) to acti-
vate MMPs for 3 h at 37°C. Samples were then assayed for
gelatinolytic activity in the presence or absence of 25 pg/ml
doxycycline using 0-1 mg/ml of a dye-quenched fluorescent
substrate according to the manufacturer’s protocol (EnzChek
Gelatinase Assay Kit; Invitrogen, Burlington, ON, Canada).

In vivo treatment

C57BL/6 mice (4-5 weeks) were injected i.p. with 1-0 mg
LCWE or 0-5 ml phosphate-buffered saline (PBS) as a nega-
tive control. Mice were left untreated or treated with doxy-
cycline to 30-50 mg/kg/day in the drinking water beginning
at the time of injection. This dose is within the therapeutic
range of aortic aneurysm patients undergoing doxycycline
treatment [14,15]. Three days post-injection, splenocytes
were harvested and cultured (7-5 X 10° cells/ml) in condi-
tioned IMEM in the presence of 0-1 uM phorbol myristate
acetate (PMA) and 0-5 uM ionomycin for 3 h. Supernatants
were assayed for TNF-o protein using an enzyme-linked
immunosorbent assay (ELISA) according to the manufactur-
er’s protocol (eBiosciences, San Diego, CA, USA). In other
experiments, hearts were collected 42 days post-injection to
determine the effect of doxycycline on coronary outcome.
Tissues were fixed in 10% formalin, paraffinized, and sec-
tions were stained with haematoxylin and eosin (H&E) or
elastin van Gieson (EVG) to identify the presence of CA
inflammation or elastin layer integrity, respectively. Inci-
dence of inflammation or elastin breakdown was evaluated
by two investigators blinded to the experimental conditions.
Quantification of EVG staining was performed using thresh-
old analysis (Photoshop CS3; Adobe Systems, San Jose, CA,
USA) and elastin content per animal was defined as the
amount of EVG" elastin normalized to the total medial area
of the CA (Image Processing Tool Kit; Reindeer Graphics,
Asheville, NC, USA). All animal experiments were approved
by the Animal Care Committee at the Hospital for Sick
Children Research Institute.

Statistical analysis

Statistical analysis was performed using the t-test or the
¥’-test where appropriate. Significance was taken at P < 0-05.
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Fig. 1. Doxycycline inhibits lymphocyte proliferation. Ex vivo
splenocytes were cultured in medium alone, medium containing an
optimal concentration of Lactobacillus casei cell wall extract (LCWE)
or LCWE plus various concentrations of doxycycline for 72 h. Cells
were pulsed with [*H]-thymidine for the last 18 h of culture.
Thymidine incorporation was assessed using a scintillation counter.
Data are presented as the mean DPM = standard error of the mean of
triplicate cultures (representative of three independent experiments;
*P < 0-05 compared to LCWE alone). DPM, disintegrations per
minute.

Results

Doxycycline inhibits lymphocyte activation

To determine whether doxycycline affects the peripheral
immune response, we assayed lymphocyte proliferation as a
marker for lymphocyte activation. LCWE contains a novel
superantigen that induces characteristically a marked prolif-
eration of naive T cells [8]. Splenocytes were cultured in the
presence of LCWE alone or LCWE containing various
concentrations of doxycycline, and assessed for thymidine
incorporation in proliferating cells. Concentrations of
doxycycline used correspond to therapeutic serum levels
found in other vascular diseases, including abdominal aortic
aneurysm [14]. LCWE induced a rapid and intense primary
activation of naive T cells resulting in a greater than 10-fold
increase by day 3 (Fig. 1). The addition of doxycycline inhib-
ited LCWE-induced lymphocyte proliferation significantly
in a dose-dependent manner from 5-20 pg/ml. To demon-
strate that doxycycline inhibited LCWE-induced prolifera-
tion separate from its metal-chelating anti-MMP activity, we
performed the same experiment using the metal-chelating
drug, GM6001 [19]. This drug is a broad-spectrum MMP
inhibitor. As shown in the Supplementary information
(Fig. S1A, at end), GM6001 was not able to inhibit LCWE-
induced proliferation at any concentration examined.

Doxycycline inhibits TNF-o production

To examine whether doxycycline is able to inhibit TNF-o
production, splenocytes were activated with LCWE alone or
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Fig. 2. Doxycycline inhibits tumour necrosis factor (TNF)-o production. (a) Ex vivo splenocytes were cultured in medium alone, medium
containing an optimal concentration of Lactobacillus casei cell wall extract (LCWE) or LCWE plus various concentrations of doxycycline for 3 h.
Supernatants were assayed for TNF activity using an L-929-based bioassay. Data are presented as the mean TNF activity * standard error of the
mean (s.e.m.) of triplicate wells (representative of five independent experiments; *P < 0-05 compared to LCWE alone). (b) C57BL/6 mice were
injected with LCWE and left untreated (1 = 3) or treated with doxycycline in the drinking water to 30-50 mg/kg/day (n =4) for 72 h. Ex vivo
splenocytes were cultured in the presence of phorbol myristate acetate (PMA)/ionomycin for 3 h, and supernatants were assayed for TNF-o
protein by enzyme-linked immunosorbent assay (data are presented as the mean TNF-o. protein = s.e.m.; *P = 0-035).

cultured with LCWE and various concentrations of doxycy-
cline, and TNF bioactivity assayed in culture supernatant
using L-929 cells. LCWE induced bioactive TNF secretion
into culture supernatant within hours, typical to that of a
superantigen (Fig. 2a). The addition of doxycycline inhibited
TNF activity derived from LCWE-activated immune cells in
a dose-dependent fashion similar to those able to inhibit the
proliferative response. Using a TNF-a-specific ELISA or a
TNF-o-specific neutralizing antibody, we confirmed that
>95% TNF activity produced by LCWE-activated
splenocytes was attributable to TNF-o (data not shown).
Interestingly, GM6001 also inhibited TNF-a production in
LCWE-activated splenocytes in a dose-dependent manner
(see Supplementary information, Fig. S1b). This is probably
attributable to generalized metalloproteinase inhibition,
with the ability to inhibition the TNF-o-converting enzyme
(TACE/ADAM17) [20], a metalloproteinase which regulates
shedding of processed TNF-c.

To determine whether the anti-inflammatory effects of
doxycycline are operant during disease evolution in the
complex milieu of the whole animal, coronary disease was
induced in C57BL/6 mice using LCWE in the presence or
absence of doxycycline treatment. Three days post-disease
induction, we harvested splenocytes from experimental
animals and stimulated them in culture with PMA/
ionomycin for 3 h. TNF-o production was determined by
assaying culture supernatant using ELISA. Consistent with
our in vitro data, immune cells from mice treated with doxy-
cycline responded significantly less to mitogenic rechallenge
(*P=0:035). Notably, the impaired ability to produce
TNF-o. was evident even without the addition of exogenous
doxycycline to culture media (Fig. 2b). Taken together, doxy-
cycline is able to inhibit production of the TNF-a both in

© 2009 British Society for Immunology, Clinical and Experimental Immunology, 157: 300-309

tissue culture systems and in the context of the whole
animal, and the principles demonstrated in vitro were
echoed by in vivo results.

Doxycycline does not affect TNF-a-induced MMP-9
expression in SMCs

TNF-o is required for disease development in this model
and is a key regulator of MMP-9 expression in SMCs
[9-11]. To determine whether doxycycline can modulate
TNF-o-mediated MMP-9 expression in SMCs, MOVAS
cells (a murine vascular SMC line) were stimulated with
TNF-o alone, or TNF-o plus various concentrations of
doxycycline, and MMP-9 gene expression was assayed by
real-time quantitative reverse transcription—polymerase
chain reaction (RT-PCR) 6 h later. TNF-o induced marked
expression of MMP-9 by 6 h (Fig. 3a), with the amount
used (20 ng/ml) established previously to be in the linear
range of the dose-response curve for MMP-9 production.
However, doxycycline was not able to reduce MMP-9 gene
expression induced by TNF-o at all concentrations of
doxycycline examined, between 5-50 ng/ml. Even concen-
trations up to fivefold beyond therapeutic doses were not
capable of affecting TNF-o-induced MMP-9 gene expres-
sion in this system.

To extend these findings at the protein level, MOVAS cells
were cultured in a similar fashion and assayed for MMP-9
protein secretion into culture supernatant. As shown in
Fig. 3b, TNF-a induced a marked up-regulation of MMP-9
protein, following the up-regulation of MMP-9 mRNA
(Fig. 3a). Consistent with our gene expression findings,
therapeutic levels of doxycycline did not affect TNF-a-
induced MMP-9 expression at the protein level.
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Fig. 3. Doxycycline does not affect tumour necrosis factor (TNF)-o-
induced matrix metalloproteinase (MMP)-9 expression. (a) Mouse
vascular smooth muscle cell line (MOVAS) cells were cultured in
medium alone, medium containing 20 ng/ml TNF-a, or TNF-o plus
various concentrations of doxycycline for 6 h. MMP-9 gene expression
was determined by real-time polymerase chain reaction (PCR) and
normalized to GAPDH. Data is presented as the mean

ratio * standard error of the mean of triplicate cultures
(representative of six independent experiments). (b) MOVAS cells
were serum-starved for 48 h prior to culture in serum-free medium
alone, medium containing 20 ng/ml TNF-a,, or TNF-o plus various
concentrations of doxycycline for 18 h. Supernatants were collected
and immunoblotted for MMP-9 protein (representative of two
independent experiments).

Doxycycline inhibits TNF-o-induced MMP-9
enzymatic activity

Doxycycline possesses metal-chelating properties and has
been demonstrated to inhibit MMP activity by this mecha-
nism [21]. To determine the MMP inhibitory activity of
doxycycline, we collected TNEF-o.-stimulated SMC superna-
tant and assayed MMP-9 enzymatic activity using gelatin
zymography. Supernatants from TNEF-o.-stimulated SMCs
produced a bright enzymatically digested band in zymogra-
phy (Fig. 4a). When replicate gels were incubated in the pres-
ence of optimal concentrations of doxycycline, however,
these bands disappeared. Similar findings were obtained
when replicate gels were treated with the metal-chelating
compounds ethylenediamine tetraacetic acid (EDTA) (data
not shown) or GM6001 (see Supplementary information,

Fig. Slc), but corresponding protein levels of MMP-9 were
not affected, as demonstrated by immunoblotting (Fig. 3b).
To confirm these results, we prepared supernatants from
untreated or TNF-o-treated SMCs, and activated MMPs
using APMA. These supernatants were then incubated with
or without doxycycline in the presence of a gelatin substrate,
of which enzymatic cleavage results in the release of
fluorescence. As shown in Fig. 4b, TNF-o-treated SMCs
induced a marked increase in gelatinolytic activity, which
was reduced significantly in the presence of doxycycline.
These results demonstrate that doxycycline cannot affect
MMP-9 expression at the message or protein level, but is able
to directly inhibit MMP-9 enzymatic activity.
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Fig. 4. Doxycycline inhibits tumour necrosis factor (TNF)-o-induced
matrix metalloproteinase (MMP)-9 enzymatic activity. (a) Mouse
vascular smooth muscle cell line (MOVAS) cells were serum-starved
for 48 h prior to culture in serum-free medium alone, or medium
containing 75 ng/ml TNF-o. for 18 h. Supernatants were concentrated
by size-exclusion centrifugation and assayed for MMP-9 enzymatic
activity by gelatin zymography in replicate. One gel was treated with
25 pg/ml doxycycline during the proteolysis step. Areas of enzymatic
activity appear as white against a dark background (representative of
three independent experiments). (b) MOVAS supernatants were
prepared as described above and incubated with 1 mM
4-aminophenylmercuric acetate (APMA) for 3 h to activate MMPs.
Supernatants were incubated with a fluorescent gelatin substrate for
18 h in the presence or absence of 25 pg/ml doxycycline. Digestion of
substrate was quantified using a fluorescent microplate reader. Data
are presented as the mean optical density * s.e.m. of triplicate wells
(representative of four independent experiments; *P = 0-001,

P = 0-029).
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Table 1. Incidence of coronary artery inflammation and elastin
breakdown in untreated and doxycycline-treated mice.

Incidence of Elastin
LCWE-injected inflammation® breakdown*
Untreated 21/28 13 /28
Doxycycline-treated® 14/ 30* 5/30%*

*P =0-0275, compared to untreated controls; **P =0-0144, com-
pared to untreated controls. 'Incidence of inflammation is presented as
the number of mice with coronary arteritis over the total number of
mice injected with Lactobacillus casei cell wall extract (LCWE) at day 42.
*Incidence of elastin breakdown is presented as the number of mice with
elastin breakdown over the total number of mice injected with LCWE at
day 42. *Wild-type mice were treated with doxycycline in the drinking
water to 30-50 mg/kg/day.

Treatment with doxycycline improves
coronary outcome

To examine whether doxycycline can improve coronary
outcome, we determined the presence of inflammation and
elastin breakdown in coronary vessels from experimental
mice treated with or without doxycycline. There was a sig-
nificantly reduced incidence of LCWE-induced coronary
arteritis in experimental animals treated with doxycycline,
46% versus 75% in untreated mice (P=0-0275, Table I,
Fig. 5a). Serial sections were stained with EVG to evaluate
the integrity of elastin layers. In mice injected with LCWE,
elastin breakdown was present in 46% of animals, evidenced
by less intense EVG staining (indicating less elastin content),
a decrease in the number of elastin layers and, in certain
cases, discontinuation and/or breakage of the elastic lamina
(Fig. 5a, Table 1). Conversely, in animals treated with doxy-
cycline, elastin layers were intact and black-stained intensely
with EVG, with only 17% of treated animals demonstrating
signs of elastin breakdown, and a significantly reduced
(P=0-0144) incidence of CA elastin breakdown compared
to untreated animals. Incidences of coronary arteritis and
elastin breakdown in the untreated animals were consistent
with previous findings, both by our group [9,11] and others
[6,7].

To quantitate the impact of doxycycline on preventing
elastin loss in LCWE-injected animals, we determined elastin
content in the CA by morphometric analysis. Using digitized
histological images, we defined elastin using EVG" colour
threshold analysis, and the area of the artery as the region
bordered by the lumen and the external elastic lamina.
Elastin content in the CA was then calculated as the area of
elastin divided by the total area of the artery. Interestingly,
the elastin content in doxycycline-treated LCWE-injected
mice (0:614 = 0-017) was significantly higher compared to
untreated LCWE-injected mice (0-497 * 0-014, P =0-0005,
Fig. 5b), and was similar to PBS-injected control animals
(0-596 = 0-057, data not shown). Taken together, these
data suggest that treatment of mice with doxycycline,

MMP-9 inhibition in Kawasaki disease

an anti-MMP drug, can decrease elastin breakdown signifi-
cantly, thus improving coronary outcome.

Discussion

KD is characterized by multi-system inflammation followed
by CA damage in a significant proportion of patients [2].
Despite optimal therapeutic management with IVIG and
aspirin, 5% of affected children continue to develop coro-
nary aneurysms [2,4,22,23]. When vessel diameters are
adjusted for body surface area, and not just adult-sized defi-
nitions of aneurysms are used, up to 25% of appropriately
treated patients have evidence of CA lesions [5]. Anti-
inflammatory agents alone may not be sufficient to prevent
coronary damage. Additionally, inflammation is long-
standing when a diagnosis of KD is usually entertained (by
definition 5 days of fever), initiation of therapy is days after
initiation of inflammation. Therefore, pharmacological tar-
geting of the downstream effects of inflammation may be of
benefit to KD patients.

Using an animal model of KD, LCWE-induced coronary
arteritis in mice [6,7], we have previously identified key
pathogenic events leading to end organ damage. Immune
activation leading to TNF-o activity is absolutely necessary
for the development of CA inflammation and elastin break-
down [9], which is mediated by MMP-9 activity localized to
coronary vascular SMCs [11,24]. MMP-9 appears to be the
major MMP family member with increased activity at the
coronary arteries, as elevated levels of other elastases (namely
MMP-1,2,3,7 or 12) were not detected in response to LCWE
in this model [11]. Furthermore, MMP-9 elastolytic activity is
critical to the development of coronary artery aneurysms, as
MMP-9-deficient mice continue to develop coronary inflam-
mation but have a significantly reduced incidence of elastin
breakdown [11]. Therefore, the ablation of MMP-9 activity
holds the promise of dissociating inflammation from end
organ damage. One well-studied MMP inhibitor is doxycy-
cline, a tetracycline family member. Doxycycline is a classic
anti-microbial drug with the ability to prevent bacterial
polypeptide synthesis [25], but was discovered later to have
the ability to chelate metals independently of its anti-
microbial functions [21,26]. As a result, doxycycline can inac-
tivate metal-dependent proteases such as the MMPs, but not
others, such as the serine proteases. We therefore examined
the effects of doxycycline on the inflammatory response
leading to MMP-9 expression, as well as on MMP-9 enzymatic
activity, in our disease model both in vitro and in vivo.

TNF-o is the central and key mediator of CA damage [9].
We show that doxycycline is able to inhibit the expression
and activity of TNF-o in response to LCWE in both in vitro
and in vivo systems (Fig.2). Other immunomodulatory
actions of doxycycline are the inhibition of lymphocyte pro-
liferation in response to LCWE in a dose-dependent manner
(Fig. 1). Although the exact mechanisms of action are not
clear, doxycycline has also been demonstrated to inhibit

© 2009 British Society for Immunology, Clinical and Experimental Immunology, 157: 300-309 305
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Fig. 5. Treatment with doxycycline improves
coronary outcome. (a) C57BL/6 mice were
injected with Lactobacillus casei cell wall extract
(LCWE) and left untreated or treated with (b)
doxycycline in the drinking water to

30-50 mg/kg/day. Heart sections were prepared

42 days later and stained with haematoxylin

and eosin or elastin van Gieson (EVG) to

evaluate the presence of coronary artery
inflammation or elastin breakdown, respectively

(bar, 50 um). (b) Digital images of

LCWE-responsive (n=5) or doxycycline-treated
LCWE-injected (1 = 8) mice were subjected to
measurement of EVG* elastin by colour

threshold and arterial area. Elastin content is

defined as the ratio of elastin to artery area

(*P =0-0005).

components of the immune system. For example, it inhibits
superantigen-induced T cell activation, cytokine production
and chemokine production in human peripheral blood
mononuclear cells (PBMCs) [27]. Treatment of mice with
tetracycline family compounds also protects against toxic
shock through a similar down-regulation of proinflamma-
tory mediators [28]. It is notable that tetracyclines can
inhibit the activation of protein kinase C [29], an important
mediator of T cell activation and subsequent development of
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inflammation. This mechanism of action may also be related
to its metal-chelating properties as chemically modified tet-
racyclines, which lack anti-microbial functions but retain
anti-MMP properties, are capable of inhibiting protein
kinase C and have other anti-inflammatory properties [30].
Along these lines, drugs such as GM6001, conventionally
known as anti-MMP agents with metal-chelating properties,
can block the secretion of TNF-c via inhibiting the metal-
dependent TACE [20].
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In the context of KD, doxycycline’s effects as a broad-
spectrum inhibitor of MMP enzymatic activity may reflect
another level of beneficial activity in addition to its role in
immune suppression [31]. Doxycycline been demonstrated
to inhibit gene transcription of several MMPs [32,33], as well
as decrease MMP-2 mRNA stability [34]. Indirectly, doxycy-
cline can modulate the expression of MMPs by inhibiting the
growth and migration of SMCs [35]. In KD, immune acti-
vation results in the production of the critical cytokine,
TNF-0, leading to pathogenic events such as increased local
MMP-9 expression and activity [9,11]. In particular, MMP-9
is the critical link between inflammation and end organ
damage in our model of KD [11].We therefore examined the
ability of doxycycline to affect both TNF-o-induced MMP-9
gene expression as well as enzymatic activity in cultured
vascular SMCs, as this cell type produces MMP-9 in the CA
during disease development [11]. Doxycycline was not able
to affect MMP-9 synthesis at the message or protein level
induced by TNF-ou (Fig. 3), however, was able to ablate
MMP-9 functional activity at the post-transcriptional level
(Fig. 4). The presence of doxycycline did not affect MMP-9
protein levels (Fig. 3b), suggesting that a direct inhibition of
MMP-9 enzymatic activity was the mechanism responsible
for this finding. The similarities between doxycycline-treated
enzymatic assays and treatment with other metal chelators
such as GM6001 provided further evidence to support this
notion (Supplementary information, Fig. S1). An additional
explanation may be that doxycycline affects processing of
pro-MMP-9 to its active enzymatic form, especially if
upstream activators are metal-dependent. Regardless of the
exact molecular mechanism by which doxycycline acts, the
end result is that it effectively inhibits MMP-9 enzymatic
activity and reduces coronary damage. Therefore, these
results taken together provide evidence that doxycycline can
affect disease progression at several stages. It can inhibit
MMP-9 production indirectly through modulating lympho-
cyte activation/proliferation and secretion of TNF-a by
its anti-inflammatory actions. Additionally, it can directly
inhibit MMP-9 enzymatic activity produced by vascular
SMCs, the major producer of MMP-9 during disease
evolution. Therefore, pharmacological agents with the ability
to inhibit both inflammation and the downstream conse-
quences of inflammation such as matrix remodelling may be
of therapeutic value in the treatment of KD.

Consistent with our in vitro results, treatment of affected
mice with doxycycline reduced the incidence of CA inflam-
mation as well as elastin breakdown (Fig. 5, Table 1). A
return to baseline levels of elastin in the CA was seen in
doxycycline-treated animals compared with untreated
animals (P =0-0005, Fig.5b). In addition, immune cells
from doxycycline-treated mice produced less TNF-o in
response to PMA/ionomycin, a potent mitogen (Fig. 2b).
Coupled with our previous findings, that TNF-o is the
central mediator of inflammation and subsequent CA
damage in this model of KD [9,11], this highlights the ability

MMP-9 inhibition in Kawasaki disease

of this family of drugs to modulate both inflammation and
its downstream effects including matrix breakdown. Fur-
thermore, five of 14 (36%) doxycycline-treated animals with
coronary arteritis developed vessel damage as measured by
histological evidence of elastin breakdown, compared with
13 of 21 (62%) untreated mice (Table 1). Although this did
not reach statistical significance (P = 0-13), a trend towards a
reduction in vessel damage in mice with arteritis was seen.
This provides further support that, in addition to the ability
of doxycycline to inhibit inflammation, it is also capable of
inhibiting MMP activity, because coronary damage was
reduced further in doxycycline-treated mice. These results
demonstrate clearly that treatment with doxycycline affects
multiple stages of disease. While immunomodulatory agents
such as IVIG and aspirin are certainly efficacious in decreas-
ing the inflammatory response, they do not protect fully
from coronary sequelae. Treatment of LCWE-injected
animals with the MMP inhibitor doxycycline leads to a sig-
nificant improvement in coronary disease, characterized by a
marked reduction in elastin breakdown. Doxycycline treat-
ment has been demonstrated previously to ameliorate aortic
aneurysm formation, both in animal models and clinical
trials in human diseases [13-15], and may be even more
efficacious than traditional therapies [16].

Given the known potential adverse effects of doxycycline
in the developing child, this family of compounds is not
indicated for use in children. Our results demonstrate clearly
that the principle of MMP inhibition, either directly or indi-
rectly through TNF-o, improves coronary outcome in a
model of KD. Interestingly ulinastatin, a serine protease
inhibitor, has been used successfully in the treatment of
recalcitrant KD [36], and also modulates MMP-9 [37].
Similar to doxycycline, ulinastatin belongs to a family of
pharmacological agents with dual anti-inflammatory and
anti-MMP functions. The results of this study suggest that
combating both inflammation and matrix breakdown
together may be a beneficial therapeutic strategy. Further-
more, MMP inhibition in patients who continue to develop
coronary damage, even after successful IVIG treatment, may
be a promising therapeutic option in KD. Commonly
used anti-MMP drugs such as GM6001 exploit the metal-
dependent aspect of this family of enzymes and may con-
tinue to pose similar risks to children as doxycycline [19].
The recent development of agents targeting specific MMPs
(e.g. monoclonal antibodies [38,39]) and their use in com-
bination with proven anti-inflammatory agents may also be
an interesting management option. Our results highlight the
need to develop novel agents, strategies and regimens to
target both immune and inflammation-driven pathogenic
events leading to coronary damage in KD while minimizing
potential side effects to developing children.

We examined both early and late pathogenic events that
are critical to the pathogenesis of coronary disease in the
LCWE model of KD. Immune activation and TNF-o pro-
duction leads to up-regulation of MMP-9 activity, matrix
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degradation and CA damage. Doxycycline inhibits immune
activation, TNF-a production and matrix-degrading enzy-
matic activity. Inhibition of MMP-9 production is indirect,
occurring via inhibition of TNF-o production, but when
MMP-9 protein is produced doxycycline is able to inhibit its
enzymatic activity directly. Importantly, coronary outcome
is improved significantly by treating affected mice with
doxycycline. Drugs which modulate both the inflammatory
response as well as inhibit MMP activity are promising strat-
egies for the treatment of diseases involving inflammation-
driven matrix breakdown. Understanding the pathogenesis
of disease will allow for the tailoring of therapeutic interven-
tions to improve coronary outcome in KD.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. GM6001 affects TNF production and MMP-9
activity, but not lymphocyte proliferation. (a) Splenocytes
were activated with LCWE and indicated concentrations of
GM6001 for 72 h. Thymidine incorporation was used to
determine proliferative response. (b) Splenocytes were acti-
vated with LCWE and indicated concentrations of GM6001
for 3 h. TNF bioactivity was assessed in culture supernatants
using L-929 cells. (c) MOVAS cells were stimulated with
TNF-o for 18 h and supernatants were assessed for MMP-9
enzymatic activity using zymography. Replicate gels were
treated in the presence of GM6001.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.
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