




infection without too much T-cell–mediated myocyte
damage.

In the present study, we found an increased upregulation
of CD4�-activated T cells in the MMP-2-/-–CVB3 group
already 3 days after infection, which was followed by an
excessive invasion of further CD4� and CD8� T cells as

well as neutrophils, CD68� macrophages, and CD80�-ac-
tivated B cells 7 days after CVB3 infection compared with
the WT-CVB3 animals, where inflammation was less
pronounced. This combination of different inflammatory
cells, also suggested by upregulation of different chemo-
kine receptors (CCR2 and CXCR3) in the cardiac tissue,

Figure 6. Increased MCP-3 in the cardiac
tissue as well as serum of MMP-2-/-–
CVB3. A, Increased protein abundance of
MCP-3 can already be measured by his-
tology after 3 days in the MMP-2-/-–
CVB3. This was further aggravated 7 days
after CVB3 infection. B, Increased protein
of MCP-3 measured by ELISA in the
serum of the myocarditis animals. After 3
days, a significantly higher increase could
be documented in the MMP-2-/-–CVB3
animals compared with WT-CVB3. This
was consistent after 7 days although the
overall levels were lower when compared
with day 3. C, Representative pictures of
MCP-3 staining showing that MCP-3 is
mostly expressed by inflammatory cells in
the infiltrates in the MMP-2-/-–CVB3 ani-
mals. *Significant differences between the
groups indicated by bars. WT indicates
wild type; MMP2-/-, matrix
metalloproteinase-2 knockout mice;
CVB3, coxsackievirus B3; 3d, 3 days; and
7d, 7 days.

Figure 7. Cleavage to MCP-3 by active MMP-2. A, Zymography showing the inactive proform of MMP-2 (derived from cardiac fibro-
blast) and the active MMP-2 (derived from cardiac fibroblast stimulated with concanavalin A). B, Migration assay showing the signifi-
cant increase in chemotactic activity of recombinant MCP-3 against THP-1 cells compared with medium only. Interestingly, using
recombinant MCP-3 after incubation with active MMP-2 resulted in significantly lower migration compared with MCP-3 incubated with
inactive MMP-2, demonstrating that the cleaved MCP-3 is less functional relative to chemotaxis. *Significant differences between the
groups indicated by bars. C, Western blot showing MCP-3 after in vitro incubation with or without P-aminophenyl-mercuric acetate–ac-
tivated MMP-2. Note the lower band after incubation with the active MMP-2 showing a degradation product of MCP-3. MMP2 indi-
cates matrix metalloproteinase 2; and APMA, P-aminophenyl-mercuric acetate.
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mediates cardiac damage by direct-cell toxic effects as
well as by indirect actions of proinflammatory cytokines.
Moreover, as shown by polymerase chain reaction as well
as in situ hybridization experiments replicating virus was
significantly increased in the MMP-2-/- mice compared
with the WT animals. As documented by situ hybridiza-
tion, the high virus load in MMP-2-/- mice was found to be

in close association with increased myocardial lesions and
inflammation, also suggesting that increased inflammation
caused cardiac damage. Viral load was not different at day
3, which underscores that the differences in inflammation
at day 7 are independent of virus load but suggests that this
difference is mediated by changes in the immune response.
Hence, viral load does not necessarily correlate to inflam-

Figure 8. Improvement of the phenotype after treatment with a MCP-3–neutralizing antibody. A, Significant decrease of inflammatory
cells in the cardiac tissue (CD4� and CD8� left y axis; CD68� right y axis) when MMP-2-/-–CVB3–7 days was compared with MMP-
2-/-–CVB3–7 days treated with a MCP-3–neutralizing antibody (nAB). B, Significant reduction of viral load in treated animals with
reduced signal in in situ hybridization for CVB3 and copy numbers of CVB3 with representative pictures of in situ for both groups. C,
Significant reduction of MCP-3 in the cardiac tissue measured by histology with representative pictures when MMP-2-/-–CVB3–7 days
was compared with the MMP-2-/-–CVB3–7 days treated with a MCP-3–neutralizing antibody. *Significant differences between the
groups indicated by bars. MMP2-/- indicates matrix metalloproteinase-2 knockout mice; CVB3, coxsackievirus B3; 7d, 7 days; and
nAB, neutralizing antibody.

Table. Hemodynamic Function

WT MMP-2-/- WT-CVB3–7d MMP-2-/-–CVB3–7d
MMP-2-/-–CVB3–
7d�MCP-3 nAB

Heart rate, bpm 473�28 423�32 302�27* 318�27* 335�29

Cardiac output, mL/min 9.5�0.6 9.3�0.55 6.23�0.47* 3.9�0.4† 5.9�0.8‡

Stroke volume, �L 20.3�1.6 22.3�1.9 19.6�1.3 13.1�1.6† 17.6�1.7‡

dP/dt max, mm Hg/s 8175�311 7050�379 5250�478* 3498�641† 4873�389‡

dP/dt min, mm Hg/s �6008�408 �6252�853 �4145�443* �2898�329† �3780�284‡

Mean blood pressure, mm Hg 102�4 105�5 75�9* 67�5† 71�4‡

WT indicates wild type, MMP-2-/-, matrix metalloproteinase-2 knockout mice; CVB3, coxsackievirus B3; 7d, 7 days; nAB, neutralizing antibody; dP/dt max,
contractility; and dP/dt min, relaxation.

*Significantly different vs respective control (WT or MMP-2-/-).
†Significantly different vs WT-CVB3–7d.
‡Significantly different vs MMP-2-/-–CVB3–7d.
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mation. This was associated with a high expression of
cytokines 7 days after infection. These cytokines are all
known to mediate cardiac damage directly and indirectly.24

Cytokines are known to induce pathological remodeling with
increased cardiac collagen accumulation, which can be seen
in the MMP-2-/-–CVB3 group compared with the WT-CVB3
animals. Also, fibronectin, known to be upregulated during
inflammatory stress and to be proadhesive for activated T
cells, was increased in the MMP-2-/-–CVB3.25

Cardiac apoptosis is 1 prominent feature of myocardi-
tis,26,27 and can also be induced by cardiac inflammation.
We document only low-grade apoptosis in the WT-CVB3
animals 7 days after infection but an additional 10-fold
increase in the MMP-2-/-–CVB3 group. Moreover, expres-
sion of caspase-3 favored apoptosis in the MMP-2-/-–
CVB3, whereas caspase-3 was less activated in the WT-
CVB3 animals, which is in agreement with the lower
number of TUNEL-positive cells. RACK1 expression,
known to disrupt the association of the proapoptotic Bax
and antiapoptotic Bcl and therefore promote apoptosis by
inducing Bax permeabilization into the mitochondria,28

was increased 7 days after infection in the MMP-2-/-–
CVB3 as another sign of apoptotic processes. This proapo-
ptotic pathology was also made evident by electron mi-
croscopy showing increased apoptotic features in the
MMP-2-/-–CVB3 such as disarray of the myofilament and
swollen as well as degraded mitochondria together with the
condensation of nuclear chromatin and membrane blebbing
of myocytes. This suggests that apoptosis is 1 part of the
pathology in CVB3-induced myocarditis. Nevertheless,
because only few myocytes undergo apoptotic processes,
direct cardio-depressive effects of the inflammatory cells
seem to be also important for dysfunction after CVB3
infection. Future studies have to reveal the exact conse-
quence of apoptosis and cell death in this model.

Excessive inflammation, pathological remodeling, and
apoptosis resulted in decreased LV function in the MMP-
2-/-–CVB3 animals 7 days after infection. More impor-
tantly, this was followed by a 100% mortality of the
MMP-2-/-–CVB3 animals compared with the WT-CVB3,
in which only low mortality was documented. This in-
creased mortality due to overwhelming inflammation high-
lights the need for more investigation of key mechanisms
leading to excessive cardiac inflammation in human car-
diac diseases.29

In the course of heart failure, MMPs are upregulated by,
eg, cardiac inflammation30,31 and are also known to contribute
to cardiac remodeling in CVB3-induced myocarditis.32 In-
creased activity of MMPs was thought to be important for the
degradation of matrix proteins only. Nevertheless, it could be
shown that the gelatinases MMP-9 and MMP-2 especially
have other properties. Next to cleavage of matrix proteins,
they also process cytokines and chemokines (reviewed in
more detail elsewhere18,33). For this reason, they can activate
or inactivate those immunmodulators and therefore play an
important role in inflammatory heart diseases. Recently it was
shown that gene deletion of MMP-9 exacerbates CVB3-
induced myocarditis, with high numbers of invading inflam-
matory cells and increased mortality.17 This role of MMP-9 is

similar to its role during bacterial infection, in which a loss of
MMP-9 results in increased bacterial load with increased
joint inflammation in a murine model of Staphylococcus
aureus–triggered septic arthritis.34 These findings might be
explained by degradation of cytokines such as interferons,
which are important for cell recruitment to inflammatory
sites, by MMP-9.35

Matrix metalloproteinase-2 is known to process chemo-
kines such as MCP-3 and inactivate them or even convert
them into receptor antagonists.36 MCP-3, 1 ligand for
CCR2 on monocytes, is important for cell recruitment to
inflammatory sites in a variety of inflammatory diseases,37

and this might be of special importance for early T-cell
activation as well as differentiation in inflammatory re-
sponses.38 Here we show that active MMP-2 cleaves
MCP-3 in vitro and that after cleavage MCP-3 has lower
chemotactic activity compared with uncleaved MCP-3.
This MMP-2– dependent degradation was specific for
MCP-3 and could not be documented with MCP-1. Coher-
ently, we show that the increased protein content of
MCP-3 due to loss of MMP-2 facilitates the invasion of
inflammatory cells and leads to the excess of the inflam-
matory response after CVB3 infection. Moreover, when
treating MMP-2-/-–CVB3 with a MCP-3–neutralizing an-
tibody in vivo, we could document reduced inflammation,
lower CVB3 load, and improved cardiac function similar
to what was documented in WT-CVB3 animals. This was
associated with improved survival.

Therefore, an upregulation of MMP-2 in the setting of
cardiomyopathies might induce degradation of matrix
proteins, which can be detrimental, but it is also a negative
feedback loop relative to chemokine degradation. In the
future, it would be of interest to investigate the role of
specific MMP-2 inhibitors (compared with a genetic
knockout) in this disease. Pharmacological inhibitors
might not completely block MMP-2 activity but rather
normalize it to control values, and thus degradation of
MCP-3 might still be effective to control inflammation.
Nevertheless, we show here that a total inhibition of
MMP-2 activity is detrimental in viral myocarditis, em-
phasizing that care must be taken when using MMP-2
inhibitors in this disease.

Our present study reveals an important and novel func-
tion of MMP-2 in viral myocarditis and increases our
knowledge of MMPs in the immune modulation of cardiac
diseases. Loss of MMP-2 exacerbates the inflammatory
response after viral infection. Degradation of MCP-3 by
MMP-2 seems to be a potent negative feedback in immu-
nity and of special importance during myocarditis.
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CLINICAL PERSPECTIVE
Cardiac inflammation is one important pathomechanism in the progression of heart failure. Although in some cardiac
diseases inflammation might be helpful (eg, after acute myocardial infarction), uncontrolled inflammation is detrimental
in most forms of cardiomyopathy. Insights into the pathophysiological control of inflammation are needed to develop new
interventions. Matrix metalloproteinases (MMPs) are deregulated in acute and chronic heart failure. In most studies, the
gelatinases MMP-2 and MMP-9 are especially upregulated. Although MMPs were thought to process matrix proteins only
and, therefore, trigger remodeling, there is recent evidence that some MMPs process cytokines as well as chemokines,
thereby modulating the inflammatory process. This study enhances our knowledge about the immunmodulatory properties
of MMPs, especially relative to inflammatory cardiomyopathies. Matrix metalloproteinase 2 degrades the chemokine
MCP-3. We show here that this is one beneficial mechanism that controls inflammation during viral myocarditis. Loss of
this degradation by MMP-2 knockout increases protein levels of the chemokine MCP-3, which fuels the inflammatory
process leading to increased transendothelial migration of inflammatory cells into the cardiac tissue. This experimental
overreaction of the immune system could be prevented by neutralizing MCP-3 in vivo. This shows that a complete
inhibition of MMP-2 (and similar data exists for MMP-9) is detrimental in experimental viral heart disease. Preservation
of MMP-2 should be one goal in treating heart failure with an increased inflammatory process because an uncontrolled
inflammatory reaction leads to cardiac failure. This might be a double-edged sword given that future drug therapies target
the MMP system to prevent adverse remodeling.
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