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The complement system plays an important role in
mediating tissue injury after oxidative stress. The role
of mannose-binding lectin (MBL) and the lectin com-
plement pathway (LCP) in mediating complement ac-
tivation after endothelial oxidative stress was investi-
gated. iC3b deposition on hypoxic (24 hours; 1% O2)/
reoxygenated (3 hours; 21% O2) human endothelial
cells was attenuated by N-acetyl-D-glucosamine or D-
mannose, but not L-mannose, in a dose-dependent
manner. Endothelial iC3b deposition after oxidative
stress was also attenuated in MBL-deficient serum.
Novel, functionally inhibitory,anti-humanMBLmono-
clonal antibodies attenuated MBL-dependent C3 dep-
osition on mannan-coated plates in a dose-dependent
manner. Treatment of human serum with anti-MBL
monoclonal antibodies inhibited MBL and C3 deposi-
tion after endothelial oxidative stress. Consistent with
our in vitro findings, C3 and MBL immunostaining
throughout the ischemic area at risk increased during
rat myocardial reperfusion in vivo. These data suggest
that the LCP mediates complement activation after tis-
sue oxidative stress. Inhibition of MBL may represent a
novel therapeutic strategy for ischemia/reperfusion in-
jury and other complement-mediated disease states.
(Am J Pathol 2000, 156:1549–1556)

Oxidative stress results in the activation and deposition of
complement on the vascular endothelium.1–4 Tissue in-
jury after ischemia/reperfusion is significantly reduced by

complement inhibition1,5–8 and depletion9,10 or in com-
plement-deficient animals.11,12 Specifically, complement
inhibition has been shown to preserve endothelium-
dependent relaxation13,14 and to decrease endothelial
leukocyte adhesion molecule expression4,6 and pro-in-
flammatory cytokine secretion.15 Thus, inhibition of com-
plement activation after oxidative stress may significantly
decrease inflammation and vascular injury.

The complement system is comprised of three different
cascades: the classical, the alternative, and the recently
described lectin complement pathway (LCP).16,17 The
LCP is an antibody-independent cascade initiated by
binding of mannose-binding lectin (MBL) to cell surface
carbohydrates.18 MBL, also known as mannose-binding
protein (MBP), is structurally similar to C1q and may
predate C1q evolutionarily.19 Associated with MBL are
two novel C1r2C1s2-like serine proteases, MBL-associ-
ated serine protease (MASP)-1 and MASP-2,16 that
cleave C2 and C4 to form the classical pathway C3
convertase.20 Thus, unlike the classical complement
pathway, activation of the LCP does not require antibody
or C1 (Figure 1). Although there is experimental evidence
linking the classical and alternative complement path-
ways to human disease, the role of the LCP is just begin-
ning to be evaluated.21 Further, potent, selective inhibi-
tors of the LCP have not yet been described.

We have previously demonstrated that endothelial ox-
idative stress activates complement via a C2-dependent
mechanism and not via the alternative complement path-
way.2 However, preliminary studies in our laboratory
demonstrated that IgG, IgM, and C1q deposition on nor-
moxic endothelial cells did not differ from those under-
going oxidative stress, despite increased C2-dependent
iC3b deposition. Further, reoxygenation of anoxic endo-
thelial cells has also been shown to increase complement
activation and deposition independent of IgG and IgM.22

Because C2 is necessary for lectin or classical comple-
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ment pathway activation (Figure 1), we investigated
whether the LCP could mediate complement activation
following endothelial oxidative stress. Further, we de-
signed specific, functionally inhibitory monoclonal anti-
bodies (mAbs) against human MBL to inhibit MBL-de-
pendent complement activation.

Materials and Methods

Human Umbilical Vein Endothelial Cells
(HUVECs)

HUVECs were isolated and cultured as previously de-
scribed.2,3 Cells were used during passages 1 through 3.

Isolation and Purification of MBL

MBL and MASPs were purified from fresh-frozen plasma
as previously described.23 Western blot analysis con-
firmed the absence of IgG and/or IgM contamination.

MBL-Deficient Human Serum

MBL-deficient human serum (HS) was produced by treat-
ment with 2 mmol/L phenylmethlysulfonyl fluoride and
affinity chromatography using mannan cross-linked to
agarose (Sigma Chemical Co., St. Louis, MO). The result-
ant MBL-deficient HS was dialyzed against Hanks’ bal-
anced salt solution (HBSS) containing Mg21 and Ca21.

Immunization and mAb Production

Immunization, fusion, and production of anti-MBL mAbs
were performed as previously described with a modifica-
tion.24 Female Balb/C mice were immunized initially with
human or rat MBL (50 mg, i.p.) in TiterMax (Sigma) and
then with MBL (25 mg, i.p.) in PBS once a week for 4
weeks. Four days after the last immunization, the spleno-
cytes were aseptically removed and fused with P301.24

The hybridoma supernatant was first screened against
human or rat MBL in a solid phase antibody capture
enzyme-linked immunosorbent assay (ELISA) consisting
of human or rat MBL plated onto 96-well microtiter plates.
Positive clones were subcloned to monoclonal status by
limiting dilution.

Hybridomas were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM, Irvine Scientific, Santa Ana, CA)
containing 10% Hyclone fetal bovine serum, 4 mmol/L
L-glutamine, 1% penicillin/streptomycin, and 1% nones-
sential amino acids. Monoclonal antibodies were iso-
typed with a commercially available kit (Gibco BRL,
Grand Island, NY). Antibodies were purified by protein G
affinity chromatography, eluted with 100 mmol/L glycine,
pH 3.0, and immediately neutralized in 1 mol/L Tris (1:10;
v:v). All antibodies were dialyzed against PBS, concen-
trated, and sterile filtered.

Western Blot Analysis of MBL

To demonstrate that the anti-MBL mAbs were specific for
human or rat MBL, and not MASP-1 or MASP-2, Western
blot analysis was performed. Reduced human or rat MBL
was resolved by 9% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. The gel was transferred to
nitrocellulose and blocked with 10% nonfat dry milk over-
night. Each anti-MBL mAb (10 mg/ml) was then incubated
with the nitrocellulose in 3% nonfat dry milk for 1 hour at
4°C. The nitrocellulose was then washed and incubated
with horseradish peroxidase-conjugated goat anti-mouse
polyclonal antibody (1:3000, ICN, Aurora, OH) for 1 hour
at 4°C. The nitrocellulose was then washed and devel-
oped with the ECL system (Amersham) and X-ray films
(Kodak).

Complement Hemolytic Assays

HS was incubated with 0 or 50 mg/ml of the anti-human
MBL mAbs for 30 minutes at 37°C. The HS was then
diluted serially 1:2 (v:v) in gelatin veronal buffer. Classical
complement pathway hemolytic assays (CH50) using
sensitized chicken red blood cells were performed as
described.7 Hemolytic assay of MBL-deficient HS was
also performed to determine the effect of MBL removal on
classical complement pathway activity.

MBL-Dependent C3 Deposition on
Mannan-Coated Plates

A MBL-dependent C3 deposition ELISA was used as pre-
viously described.25 Briefly, mannan (Sigma, 500 mg/ml in

Figure 1. Three pathways of complement activation. A simplified schematic
figure depicting the antigen/antibody-dependent classical complement path-
way and the antibody-independent alternative and lectin complement path-
ways. Note that activation of the classical or LCP is C2-dependent.
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15 mmol/L sodium carbonate, pH 9.6) was added to 96
well microtiter plates for 12 to 16 hours at 4°C and then
washed. Human or rat serum (2% final concentration)
was incubated with (i) 0.1 to 100 mmol/L GlcNAc; (ii)
various doses of mAb; or (iii) vehicle (veronal buffered
saline containing Ca21/Mg21) for 30 minutes at room
temperature. The plates were inoculated with 100 ml of
treated or untreated human or rat serum and then incu-
bated for 30 minutes at 37°C. The plates were then
washed and 50 ml of horseradish peroxidase-conjugated
goat anti-human or rat C3 polyclonal antibody (1:2000;
ICN) was used to determine the relative amounts of C3
deposited on the wells. MBL-dependent C3 deposition
was determined to be the amount of C3 deposited
that could be inhibited by 100 mmol/L N-acetyl-D-glu-
cosamine (GlcNAc). C3 deposition in each well was cal-
culated as a percentage of C3 deposition compared to
untreated wells (100%) and wells not receiving HS (0%).
IC50 concentrations were calculated for each individual
experiment. C3 deposition was evaluated using six wells
per experimental group, and each experiment was re-
peated 4 to 5 times.

C3 Deposition ELISA

C3 deposition was measured on hypoxic/reoxygenated
HUVECs as previously described.2,26 We have previously
shown that the predominant C3 species present on
HUVECs in this model is iC3b.2 Therefore, the data are
presented as changes in iC3b deposition. HUVECs were
grown to confluence and then subjected to 0 (normoxia)
or 24 hours of hypoxia (1% O2). The cell media were
aspirated and 100 ml of one of the following was added to
each well: 1) 30% HS, 2) HBSS, 3) 30% HS 1 3, 30, or
300 mmol/L GlcNAc, 4) 30% HS 1 3, 30, or 300 mmol/L
D-mannose, 5) 30% HS 1 3, 30, 300 mmol/L L-mannose,
6) 30% MBL-deficient HS, or 7) 30% MBL-deficient HS 1
0.6 mg/ml MBL. The cells were then reoxygenated for 3
hours, washed, and then fixed with 1% paraformalde-
hyde (Sigma) for 30 minutes. The cells were then washed
and incubated with peroxidase-conjugated polyclonal
goat anti-human C3 antibody (Cappel, West Chester, PA)
for 1 hour at 4°C. The plates were washed and developed
with ABTS, and the absorbances (405 nm) were mea-
sured using a microtiter plate reader (Molecular Devi-
ces, Sunnyvale, CA). Background optical density for the
C3 deposition ELISA was obtained from cells to which only
the anti-human C3 antibody was added or cells incubated
with 30% heat-inactivated HS, and was subtracted from all
groups. All ELISA experiments were performed 3 times
using 6 wells per experimental group (n 5 3).

Confocal Microscopy

HUVECs were grown on LabTech tissue culture micro-
scope slides (NUNC) and exposed to hypoxia for 24
hours as described above. The slides were removed from
the hypoxia chamber and reoxygenated for 3 hours in
30% HS treated with PBS (ie, vehicle), 3F8 (5 mg/ml), 2A9
(5 mg/ml), or 1C10 (50 mg/ml). The slides were then

washed in PBS containing calcium and magnesium and
fixed in 4% paraformaldehyde for 15 minutes, washed
again, and blocked with 10% goat serum to prevent
nonspecific secondary antibody staining. Fixation is nec-
essary to avoid the loss of MBL from the cell surface from
the multiple washing steps because, unlike covalently
attached iC3b, MBL attachment is calcium-dependent
and not covalent. Human MBL deposition was identified
using biotinylated 1C10 and streptavidin-conjugated CY5
(blue; Jackson Immunoresearch, West Grove, PA). Hu-
man C3 deposition (green) was evaluated with a FITC-
conjugated goat anti-human C3 F(ab9)2 antibody (ICN).
Following incubation with the appropriate antibodies, the
slides were washed 33 10 minutes, coated with anti-fade
mounting media (Molecular Probes, Eugene, OR), cov-
ered and analyzed with a Zeiss confocal microscope as
described.26 Controls with streptavidin-conjugated CY5
only were processed as above, omitting the primary an-
tibody to determine nonspecific binding. All analyses
were conducted at 403 magnification at the same pin-
hole, voltage, and laser settings. This experiment was
performed three times (n 5 3).

Animal Preparation and Protocols

The study protocol was approved by the ethical commit-
tee of the Meilahti Theoretical Institutes (Helsinki, Finland)
and by the local health authority. Adult male Lewis rats
(220–260 g) were anesthetized with sodium pentobarbi-
tal (50 mg/kg i.p.) and xylazine (6 mg/kg, i.m.). Rats were
tracheostomized and ventilated with a SAR-380 small
animal respirator (CWE Inc., PA). Expired CO2 was mon-
itored continuously with a microcapnometer (CWE Inc.)
and maintained at 4 to 5% by adjusting the respiratory
rate and/or tidal volume. Myocardial ischemia and reper-
fusion was produced as described previously.27 Briefly, a
left thoracotomy was performed and the left anterior de-
scending coronary artery (LAD) was ligated 3 to 4 mm
from its point of origin with 6–0 silk. Ischemia was pro-
duced by tightening the previously placed reversible lig-
ature to occlude completely the vessel. Sham-operated
animals underwent the same surgical procedures, but
without ligation of the LAD suture. Animals were randomly
divided into the following three groups: (i) 30 minutes
ischemia followed by 30 minutes reperfusion (n 5 4); (ii)
60 minutes ischemia, but no reperfusion (n 5 4); and (iii)
sham controls (n 5 4). The rats were sacrificed by carbon
dioxide inhalation and decapitation. Ischemia was con-
firmed in all rats by the presence of ventricular ectopy,
discoloration of the ischemic area, and left ventricular
(LV) dyskinesia. Ventricular ectopy and the return of color
to the ischemic area confirmed reperfusion. The great
vessels, atria, and right ventricle were removed at the
end of the experimental protocol. The LV cavity was
embedded in Tissue-Tek embedding medium (Ames
Corp., Elkhart, IN), frozen with dry ice, and stored at
280°C.
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Rat Myocardial Immunohistochemistry

Frozen sections (5 mm) were fixed for 5 minutes in cold
(220°C) acetone and then stained with a primary fluores-
cein isothiocyanate (FITC)-conjugated rabbit anti-rat C3
polyclonal antibody (pAb; Cappel) or a primary mouse
anti-rat MBL mAb followed by a secondary FITC-conju-
gated goat anti-mouse pAb (Jackson Immunoresearch).
Control incubations were done either by omitting the
primary antibody or by using FITC-conjugated rabbit anti-
horse IgG. The slides were mounted with Mowiol28 and
examined with an Olympus Standard microscope
equipped with a filter specific for FITC fluorescence.

Statistical Analysis

All data presented represent the mean and SE for n
determinations. Data analyses were performed using
Sigma Stat (Jandel Scientific, San Rafael, CA) and a P
value of ,0.05 was considered significant. Endothelial
C3 deposition on normoxic versus hypoxic HUVECs was
analyzed by two-way analysis of variance. All pairwise
multiple comparisons were made using the Student-New-
man-Keuls test. C3 deposition on treated cells (ELISA;
Figures 2 and 3) after hypoxia/reoxygenation was normal-
ized to hypoxic HUVECs reoxygenated in untreated 30%
HS. Means 6 SE of the raw data used for normalization
are presented in Results and/or figure legends.

Results

Complement Activation and Deposition after
HUVEC Oxidative Stress

Consistent with previous studies,2,3 a significant increase
in iC3b deposition was observed after oxidative stress
compared to normoxic HUVECs (OD405 5 0.14 6 0.01 vs.
0.05 6 0.01, respectively; P , 0.05). The MBL inhibitory

sugar, D-mannose, attenuated iC3b deposition in a dose-
dependent manner (Figure 2). Similarly, GlcNAc (30
mmol/L) inhibited iC3b deposition by 81 6 2%. L-man-
nose (300 mmol/L) did not significantly inhibit iC3b dep-
osition. These data demonstrate that GlcNAc or D-man-
nose significantly attenuates complement activation and
iC3b deposition in a dose-dependent, stereospecific
manner, suggesting a possible role for MBL.

Deposition of iC3b after MBL Depletion and
Reconstitution

MBL-deficient serum was produced to further evaluate
the role of MBL in this model. iC3b deposition (Figure 3)
on hypoxic HUVECs reoxygenated in MBL-deficient HS
was approximately 25% that in vehicle control. Reconsti-
tution of MBL-deficient HS with purified MBL restored
iC3b deposition. A complement hemolytic assay (CH50)
demonstrated that the classical complement pathway ac-
tivity of the MBL-deficient HS did not significantly differ
from that of complete HS (data not shown). Thus, these
data suggest that the C2-dependent LCP is primarily
responsible for complement activation and deposition
after endothelial oxidative stress.

Anti-MBL mAb Production and Characterization

To demonstrate that MBL was responsible for comple-
ment activation in this study, we developed novel, func-
tionally inhibitory mAbs against human MBL. Eleven par-
ent hybridoma clones that recognized human MBL were
identified in a solid phase antibody-capture ELISA. After
limiting dilution and isotyping, eight mAbs that recog-
nized human MBL in the antibody-capture ELISA were
identified. Clones 3F8, 2A9, and hMBL1.2 were isotyped
as mouse IgG1k, whereas clone 1C10 was a mouse
IgG2b. The other hybridomas produced IgM antibodies
and were not included in this study.

Figure 2. Mannose inhibition of endothelial iC3b deposition. iC3b deposi-
tion on hypoxic (24 hours) HUVECs reoxygenated (3 hours) in the presence
of 30% HS treated with 0, 3, 30, or 300 mmol/L D-mannose or L-mannose
(300 mmol/L) was measured by ELISA. D-mannose, but not L-mannose,
reduced endothelial iC3b deposition in a dose-dependent manner. Similarly,
GlcNAC (30 mmol/L) inhibited iC3b deposition. Data are normalized to
hypoxic HUVECs reoxygenated in 30% HS (vehicle; OD405 5 0.14 6 0.01).
n 5 3; error bars 5 SE; *P , 0.05 compared to vehicle.

Figure 3. Endothelial iC3b deposition is attenuated in MBL-deficient serum.
iC3b deposition on hypoxic HUVECs reoxygenated in 30% MBL-deficient HS
was significantly less (P , 0.05) than hypoxic HUVECs reoxygenated in 30%
HS (vehicle). In contrast, iC3b deposition on hypoxic HUVECs reoxygenated
in 30% MBL-deficient HS reconstituted with MBL did not significantly differ
from 30% HS (vehicle). Data are normalized to hypoxic HUVECs reoxygen-
ated in 30% HS (vehicle; OD405 5 0.16 6 0.01). n 5 3; error bars 5 SE; *P ,
0.05 compared to vehicle.
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To demonstrate that the anti-human MBL mAbs recog-
nized human MBL, Western blot analysis of reduced and
nonreduced MBL was performed. Monoclonal antibodies
2A9, hMBL1.2, 1C10, and 3F8 recognized nonreduced
human MBL (MW ;600 kd; data not shown). As shown in
Figure 4, mAbs 2A9 (Lane 1), hMBL1.2 (Lane 2), 1C10
(Lane 3), and 3F8 (Lane 4) recognized reduced human
MBL (MW ;32 kd). In particular, mAbs 2A9 and hMBL1.2
easily recognized reduced and denatured human MBL.
Although mAbs 1C10 and 3F8 also recognized reduced
and denatured human MBL, longer exposure times were
necessary, resulting in higher backgrounds. Addition of
purified human MBL to each of the mAbs before Western
blot analysis inhibited detection of immobilized MBL on
the membranes. Further, immunoprecipitation of human
MBL with each of these mAbs yielded a 32-kd protein
under reducing conditions that was recognized by anti-
human MBL pAbs (data not shown). Thus, these anti-
bodies are specific for human MBL and do not recog-
nize MASP-1 or MASP-2. In particular, clones 2A9 and
hMBL1.2 are good mAbs for Western blot analysis of
reduced human MBL. Clones hMBL1.2, 2A9, and 3F8
have been deposited at the International Depository
Authority with American Type Culture Collection
designations of HB-12619, HB-12620, and HB-12621,
respectively.

Inhibition of MBL-Dependent Complement
Activation with Anti-Human MBL mAbs

Selective activation of the LCP using mannan-coated
plates and human serum was performed as described25

to characterize whether the anti-human MBL mAbs func-
tionally inhibited MBL-dependent complement activation.
Monoclonal antibodies 3F8, 2A9, or hMBL1.2 inhibited
C3 deposition on the mannose-coated plates in a dose-
dependent manner (Figure 5). Clone 1C10 failed to inhibit
MBL-dependent C3 deposition in this assay. The IC50 for

3F8, 2A9, hMBL1.2 and GlcNAc were 0.9 6 0.3 nmol/L,
13.3 6 3.3 nmol/L, 18.9 6 7.8 nmol/L, and 15 6 6 mmol/L,
respectively. Thus, the functionally inhibitory anti-human
MBL mAbs (eg, 3F8, 2A9, and hMBL1.2) were about 6
orders of magnitude more effective than GlcNAc in this
assay.

Seven IgG anti-rat MBL mAbs were also identified by
solid phase antibody-capture ELISA in the present study.
Although six of the seven anti-rat MBL mAbs recognized
reduced and nonreduced rat MBL by Western blot anal-
ysis, none of the antibodies functionally inhibited rat C3
deposition on mannan-coated plates (data not shown).
Clone 14C3.74 was the best mAb for Western blot anal-
ysis of reduced rat MBL.

Complement Hemolysis Assays

Hemolysis assays were performed to demonstrate that
the anti-human MBL mAbs did not inhibit or activate (ie,
immune complex formation) the classical complement
pathway. As demonstrated in Figure 6, mAb 3F8 (eg, the
best MBL inhibitory antibody in the mannan assay in
concentrations up to 50 mg/ml) did not attenuate classical
complement pathway activation (ie, hemolytic activity of
human serum). Similar findings were observed for mAbs
hMBL1.2, 1C10, and 2A9 (data not shown). Thus, the
mechanism of LCP inhibition is neither through activation
(ie, immune complex formation) or inhibition of the clas-
sical complement pathway.

Binding of MBL to Hypoxic HUVECs

Dual labeling for MBL (blue) and C3 (green) deposition
on HUVECs was performed to demonstrate MBL and C3
colocalization after oxidative stress (Figure 7). Normoxic
and hypoxic HUVECs were reoxygenated in 30% HS
treated with and without the anti-human MBL mAbs 3F8

Figure 4. Western blot analysis of human MBL. Monoclonal anti-human MBL
antibodies 3F8, hMBL1.2, 2A9, or 1C10 were used for Western blot analysis
of reduced human MBL. Lanes 1–4 represent staining of reduced human
MBL with 10 mg/ml of mAb 2A9, hMBL1.2, 1C10, or 3F8, respectively. A
single band with an approximate molecular weight of 32 kd (ie, consistent
with reduced MBL) was observed with each mAb. This figure is representa-
tive of 3 separate experiments.

Figure 5. C3 deposition on mannan-coated plates. Monoclonal anti-human
MBL antibodies 3F8, hMBL1.2 and 2A9, as well as N-acetylglucosamine
(GlcNAc) inhibited C3 deposition on mannan coated plates in a dose-
dependent manner. The control anti-human MBL mAb, 1C10, did not inhibit
C3 deposition. Each symbol represents the mean of 4 to 5 individual exper-
iments. Concentrations of antibodies (shown in mol/L) represent 0.01, 0.05,
0.1, 0.5, 1, 5, 10, and 50 mg/ml, respectively. Brackets represent SE.
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(5 mg/ml), 2A9 (5 mg/ml), or 1C10 (50 mg/ml). Small
amounts of C3 (Figure 7A1) and MBL (Figure 7A2) stain-
ing were observed under normoxic conditions, confirm-
ing our previous finding of low level C3 deposition under

normoxic conditions.2,3 C3 (Figure 7B1) and MBL (Figure
7B2) staining on hypoxic/reoxygenated HUVECs was in-
creased compared to normoxic cells. Clone 1C10 failed
to inhibit C3 (Figure 7C1) or MBL (Figure 7C2) deposition
after oxidative stress, confirming its inability to inhibit
MBL. C3 (Figure 7, D1 and E1) and MBL (Figure 7, D2
and E2) staining was attenuated on hypoxic/reoxygen-
ated HUVECs treated with mAbs 3F8 or 2A9, respectively
(similar results were observed with mAb hMBL1.2). Row 3
demonstrates that MBL and C3 colocalize on human
endothelial cells under the conditions outlined above.
These data demonstrate that inhibition of MBL deposition
with a functionally inhibitory mAb decreases C3 deposi-
tion after endothelial oxidative stress.

Immunohistochemistry of Ischemic/Reperfused
Rat Hearts

A previous study has demonstrated that complement
activation and deposition during the early phase of myo-
cardial ischemia/reperfusion is limited to the coronary
vascular endothelium.1 We investigated MBL (Figure 8, C
and D) and C3 (Figure 8, A and B) deposition in the
ischemic/reperfused rat myocardium by indirect immu-
nofluorescence microscopy. Strong C3 and MBL (clone

Figure 6. Anti-human MBL mAbs do not attenuate HS hemolytic activity. HS
treated with vehicle (PBS) or mAb 3F8 (50 mg/ml) demonstrated similar
hemolytic activity to sensitized chicken red blood cells. Similar data were
obtained with clones 2A9, hMBL1.2 and 1C10 (data not presented). Thus,
these mAbs do not inhibit classical complement pathway activation. Each
symbol represents the mean of 3 individual experiments. Brackets repre-
sent SE.

Figure 7. Colocalization of C3 and MBL on HUVECs after oxidative stress. Immunofluorescent confocal microscopic demonstration of MBL (blue) and C3 (green)
deposition on normoxic and hypoxic (24 hours) HUVECs reoxygenated (3 hours) in 30% HS with and without the functionally inhibitory anti-human MBL mAbs
3F8 or 2A9 (5 mg/ml), or the non-functionally inhibitory anti-human MBL mAb, 1C10 (50 mg/ml). Columns A-E represent normoxic untreated, hypoxic/
reoxygenated untreated, 1C10-treated, 3F8-treated, and 2A9-treated cells, respectively. Rows 1–3 represent staining for C3, MBL, and C3 1 MBL, respectively. C3
(B1) and MBL (B2) staining on hypoxic/reoxygenated HUVECs was significantly increased compared to normoxic HUVECs (A1 and A2, respectively). Treatment
of HS with clone 1C10 (50 mg/ml) did not attenuate C3 or MBL deposition (C1 and C2, respectively) after oxidative stress. Treatment of HS with clone 3F8 or
2A9 (5 mg/ml) significantly decreased C3 and MBL deposition (D1 or E1, and D2 or E2, respectively). Row 3 represents colocalization of MBL and C3 under
normoxic untreated, hypoxic/reoxygenated untreated, 1C10-treated, 3F8-treated, and 2A9-treated conditions, respectively. These panels are representative of 3
different experiments. Original magnification, 340.
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14C3.74) staining were observed throughout the isch-
emic area at risk (Figure 8, B and D, upper part) in rat
hearts (n 5 4) subjected to 30 minutes ischemia followed
by 30 minutes reperfusion (Figure 8, B and D, respec-
tively). In contrast, minimal C3 or MBL deposition was
observed in rat hearts (n 5 4) subjected to 60 minutes of
ischemia without reperfusion (Figure 8, A and C, respec-
tively). No staining for C3 or MBL was observed in the
sham-operated rat hearts (data not shown). These data
are the first to demonstrate MBL deposition during the
early phase of myocardial ischemia/reperfusion. Further,
reperfusion appears to augment MBL deposition and
complement activation. Thus, these in vivo data are con-
sistent with our in vitro findings using isolated human
endothelial cells.

Discussion

Growing evidence suggests that complement plays an
important role in the pathogenesis of cardiovascular in-
jury after oxidative stress.1,5,7,8,11 However, the role of the
LCP in human cardiovascular disease is unknown. We
demonstrate that oxidative stress of human endothelial
cells in vitro leads to MBL deposition and LCP activation.
Further, rat myocardial MBL and C3 deposition is in-
creased by reperfusion in vivo. Human MBL and comple-
ment deposition after endothelial oxidative stress in vitro
is attenuated by novel, functionally inhibitory anti-MBL
mAbs. Thus, these data suggest a novel pathophysiolog-
ical role for the LCP after oxidative stress.

Anoxic human endothelial cells were recently shown to
activate complement in the absence of immunoglobulin-
binding, suggesting antibody-independent complement
activation.22 Additionally, we have shown that comple-
ment activation after endothelial oxidative stress is C2-
dependent.2 Because the lectin or classical complement
pathway is C2-dependent (Figure 1), we investigated
whether the antibody-independent LCP mediates com-

plement activation after oxidative stress. In the present
study, inhibition of MBL deposition with D-mannose, Gl-
cNAc, or MBL-deficient serum significantly attenuated
iC3b deposition after endothelial oxidative stress. Fur-
ther, immunofluorescent confocal microscopy demon-
strated increased deposition and colocalization of MBL
and C3 on hypoxic/reoxygenated human endothelial
cells. Inhibition of MBL deposition with the anti-human
MBL mAbs significantly attenuated C3 deposition. To-
gether, these in vitro data suggest that MBL initiates com-
plement activation following endothelial oxidative stress.
Further, these data suggest that oxidative stress leads to
the formation of a complement-activating MBL ligand on
human endothelial cells. We are currently identifying and
characterizing this complement-activating MBL ligand.

Experimental in vivo data strongly support the role of
the reperfused endothelium in activating complement af-
ter ischemia/reperfusion.1,11 It has been hypothesized
that novel endothelial epitopes are up-regulated and that
natural antibodies then activate the classical complement
pathway.11 Indeed, complement activation after reperfu-
sion of ischemic myocardium is initially limited to the
coronary endothelium.1 In the present study, strong C3
and MBL staining were observed throughout the isch-
emic area at risk during the early phase of rat myocardial
reperfusion. Furthermore, myocardial reperfusion aug-
mented MBL deposition and complement activation
in vivo compared to sham-operated or ischemia-only an-
imals. This study is the first to demonstrate MBL deposi-
tion during the early phase of myocardial ischemia/reper-
fusion. This is an important observation, insofar as
several previous studies using C4-deficient or C1 ester-
ase inhibitor-treated animals have suggested that the
classical complement pathway mediates complement
activation after ischemia/reperfusion.6,11,29 However, the
possible involvement of the LCP in these studies cannot
be ruled out, as C1 esterase inhibitor also attenuates
MASP-1 and MASP-2 activity, and LCP activation is in-
hibited in C4-deficient animals.30 Thus, the specific roles
of the lectin and/or classical complement pathways in
ischemia/reperfusion injury have not been fully eluci-
dated. Generation of species-specific MBL inhibitors/an-
tibodies or MBL/MASP knockout mice will aid in the elu-
cidation of the role of the lectin versus classical
complement pathways in animal models. To date, we
have not been able to generate a functionally inhibitory
antibody to rat MBL. This difficulty may be due to the
presence of two rat MBL isoforms.31

Inhibition of MBL and the LCP can be accomplished
by using specific carbohydrates including mannose, N-
acetylglucosamine (GlcNAc), or oligomers of these sug-
ars. Although these sugars are somewhat specific in
attenuating MBL deposition/binding,32,33 their efficacy
and half-life are relatively poor.34 Further, intravenous
treatment with carbohydrate oligomers (ie, mannan) may
directly activate complement in vivo, creating a comple-
ment-deprived animal. We thus designed specific, func-
tionally inhibitory mAbs against human MBL to increase
the efficacy and specificity of MBL inhibition. Using an
MBL-dependent C3 deposition ELISA,25 these mAbs (eg,
3F8, 2A9, and hMBL1.2) were about 6 orders of magni-

Figure 8. Immunofluorescence analysis of rat C3 and MBL. The left ventric-
ular free wall of rats undergoing 60 minutes of ischemia and no reperfusion
(A and C) or 30 minutes of ischemia and 30 minutes of reperfusion (B and
D) were processed for immunohistochemical staining for rat C3 (A and B) or
MBL (clone 14C3.74; C and D). Positive staining for C3 (B) and MBL (D) is
observed in the ischemic/reperfused hearts compared to the ischemia-only
hearts (A and C, respectively). Furthermore, the straining is localized to the
ischemic area at risk. No staining for C3 or MBL was observed in the
sham-operated rat hearts (data not shown). Original magnification, 3100.
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tude more effective than GlcNAc in this assay. Further-
more, these antibodies were very potent inhibitors of MBL
deposition after endothelial oxidative stress. Thus, anti-
human MBL mAb treatment may represent a novel, spe-
cific therapeutic strategy for LCP-mediated tissue injury.

In summary, MBL and iC3b deposition are increased
following human endothelial oxidative stress in vitro, rat
MBL and C3 deposition is increased following myocardial
reperfusion in vivo, and inhibition of human MBL deposi-
tion with GlcNAc, D-mannose, MBL-deficient serum, or
anti-MBL mAbs attenuates complement activation after
endothelial oxidative stress in vitro. These data suggest
that MBL deposition on the vascular endothelium after
oxidative stress may lead to LCP activation. Future stud-
ies with specific inhibitors of MBL in animal models will
help define the role of MBL and the LCP in cardiovascular
disease.
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