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The lectin pathway of complement activation is an important com-
ponentof the innate immunedefense. The initiation complexes of the
lectin pathway consist of a recognition molecule and associated
serine proteases. Until now the autoactivating mannose-binding
lectin-associated serine protease (MASP)-2 has been considered the
autonomous initiator of the proteolytic cascade. The role of themuch
more abundant MASP-1 protease was controversial. Using unique,
monospecific inhibitors against MASP-1 and MASP-2, we corrected
themechanismof lectin-pathway activation. In normal human serum,
MASP-2 activation strictly depends on MASP-1. MASP-1 activates
MASP-2 and, moreover, inhibition ofMASP-1 prevents autoactivation
of MASP-2. Furthermore we demonstrated that MASP-1 produces
60% of C2a responsible for C3 convertase formation.

innate immunity | complement system | directed evolution |
phage display | canonical inhibitor

The lectin pathway of the complement system serves as a first
line of defense against microbial intruders. The innate immune

system recognizes danger signals presented by the pathogens
(pathogen-associated molecular patterns) or altered host cells
(damage-associated molecular patterns) by means of germline-
encoded cell-surface bound or soluble pattern recognition mole-
cules (1, 2). These pattern recognition molecules have evolved
against evolutionarily conserved structures of microorganisms,
such as carbohydrates and acetylated compounds. The prompt
action of the innate immune system provides sufficient time for the
adaptive immune system to react with less conservative antigens
(e.g., proteins) to build up amore specific response. In humans, five
different humoral pattern recognition molecules have been iden-
tified that are able to initiate the lectin pathway: mannose-binding
lectin (MBL) (3), three ficolins (M-, L-, and H-ficolin; also called
ficolin-1, -2, and -3) (4), and collectin 11 (CL11 or CL-K1) (5). The
pattern recognitionmolecules do not act alone; they are associated
with other proteins, mainly serine proteases (6). These serine
proteases [MBL-associated serine proteases (MASPs)] are present
as proenzymes (zymogens) in the complexes and become activated
to initiate the complement cascade when the recognition mole-
cules bind to their target. Activation of the complement cascade
culminates in the destruction and elimination of pathogens via
opsonization or direct cell lysis. Although the lectin pathway was
discovered some 20 years ago (7), the mechanism of the activation
is still enigmatic. One of the most controversial issues is the role of
the serine proteases. Up to now, three serine proteases have been
discovered and designated as MASP-1, MASP-2, and MASP-3. In
addition to the proteases, two nonenzymatic fragments of the
MASPs, MAp44 (8, 9) and MAp19 (10), have also been found in
the recognition complexes.MASP-1,MASP-3, andMAp44 are the
alternative splice products of the MASP-1/3 gene, and MASP-2
andMAp19 are encoded by theMASP-2 gene. The only consensus
point in the literature is that MASP-2 can autonomously initiate

the complement cascade (11, 12). Zymogen MASP-2 can autoac-
tivate and activeMASP-2 cleaves complement proteins C4 andC2,
the components of the C4b2a C3–convertase complex (13, 14).
Although the concentration of MASP-2 in human plasma is rela-
tively low (0.5 μg/mL), especially compared with the concentration
of C1r and C1s, the initiator proteases of the analogous classical
pathway (50 μg/mL), it can efficiently trigger the complement
cascade (15). In the absence of MASP-2, the lectin pathway is not
functional as was shown in the case of MASP-2–depleted human
serum (16) and, in the case of MASP-2 knockout mouse (17). The
role of the most abundant lectin-pathway protease, MASP-1, is
rather controversial. MASP-1 can autoactivate, but it cannot ini-
tiate the complement cascade alone, because it can cleave C2 but
not C4 (13, 18). Because the absence of MASP-1 does not prevent
lectin-pathway activation, but rather causes a delay in the onset of
the activation process, it was suggested that MASP-1 has only
a supportive role in the lectin pathway (19).
Recently we have developed specific small (35 amino acid)

protein inhibitors against MASP-1 and MASP-2 by using phage
display. Starting with a canonical serine protease-inhibitor scaf-
fold, in vitro evolution yielded SGMI-1 and SGMI-2, which are
tight binding (having nanomolar Ki) monospecific inhibitors of
MASP-1 and MASP-2, respectively. We have also solved the
structure of the protease-inhibitor complexes (20).
In the present study we used the specific inhibitors to test their

effect on the three activation pathways of complement in human
serum. As expected, inhibition of MASP-2 by SGMI-2 selectively
blocked the lectin pathway, leaving the classical and the alternative
pathways intact and fully functional. However, to our great sur-
prise, inhibition of MASP-1 by SGMI-1 also completely abolished
the lectin-pathway activation. This result was unexpected and
suggested that the current picture of lectin-pathway activation is
not complete. To reveal the correct mechanisms of the lectin-
pathway activation we further studied the role of MASP-1 and
MASP-2 using theMASP-specific inhibitors. Our results show that
MASP-1 is the professional activator ofMASP-2 in normal human
serum. We also demonstrated that MASP-1 produces 60% of the
C2a component of the C3–convertases generated upon lectin-
pathway activation.
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Results
Selective Inhibition of MASP-1 Permanently Blocks Lectin-Pathway
Activity. SGMI-1 and SGMI-2 specifically inhibit MASP-1 and
MASP-2, respectively (20). To test the effect of these inhibitors on
the three activation pathways of the complement system in pooled
human serum, we applied the Wieslab complement assay. As was
expected, inhibition ofMASP-2 by SGMI-2 selectively blocked the
lectin pathway (IC50 ≅ 66 nM), leaving the classical and the al-
ternative pathways intact and fully functional (Fig. 1A). However,
to our surprise, inhibition of MASP-1 by SGMI-1 also completely
abolished the lectin-pathway activation (IC50 ≅ 42 nM) (Fig. 1B).
We also demonstrated the inhibitory capacity of SGMI-1 and -2 on
individual sera (Fig. S1). To confirm these results under near-
physiological conditions, we tested the effect of our inhibitors in
twofold diluted serum (Fig. S2) and in lepirudin (recombinant
hirudin) treated whole blood (Fig. 1 C and D). Both SGMI-2 and
SGMI-1 blocked the lectin-pathway-mediated C3 deposition effi-
ciently even in these conditions. These results clearly suggest that
the current picture of the activation mechanism of the lectin
pathway needs to be revised as previously MASP-2 had been
regarded as the autonomous activator of the lectin pathway.
InMASP-1 knockoutmice there is lectin-pathway activity but the

activation process is slower, which results in a delay in the onset. It
was therefore of utmost importance to study the time course of the
inhibitory effect of SGMI-1. We incubated normal human serum
with a high concentration (5 μM) of SGMI-1 on a mannan-coated
surface for two hours at 37 °C. At this concentration, SGMI-1

completely blocks MASP-1 but does not inhibit MASP-2. We
measured the lectin-pathway activation by detecting C4 deposition.
Because MASP-1 does not cleave C4, the assay measures the
activity of MASP-2. As a control experiment, we incubated the
serum with same concentration of the MASP-2–specific inhibitor
(SGMI-2). Our results show that inhibition of MASP-1 perma-
nently blocks lectin-pathway activation (Fig. 1E). Even after two
hours of incubation both SGMI-1 and SGMI-2 prevented C4
deposition almost completely. These findings clearly demonstrate
that the activation of the lectin pathway can be fully and perma-
nently prevented by inhibiting either MASP-1 or MASP-2 in nor-
mal human serum.

SGMI-1 Inhibits MASP-1 in both MBL–MASP and Ficolin–MASP
Complexes. The pattern recognition molecules of the lectin
pathway are MBL and ficolins. To compare the ability of SGMI-
1 to prevent lectin-pathway activation through MBL–MASP and
ficolin–MASP complexes, we used mannan and acetylated BSA
(acBSA) as solid phase ligands for MBL and ficolin, respectively.
The lectin-pathway activation was followed by measuring C3
deposition. The results of the C3 deposition assays show that
SGMI-1 effectively inhibits the activation of the lectin pathway
irrespective of whether the recognition complexes contain MBL
or ficolins (Fig. 2A). Mannan binds MBL, and acBSA interacts
predominantly with H-ficolin (ficolin-3) (21). The efficient in-
hibition of C3 deposition in both cases indicates that the
mechanism of complement activation and its inhibition are
similar in the case of MBL–MASP and ficolin–MASP complexes.
We also confirmed that both MBL–MASP and ficolin–MASP
complexes contain a sufficient amount of MASP-1, which plays
a central role in triggering the lectin pathway. Inhibition of
MASP-2 by the specific inhibitor SGMI-2 either in the MBL–
MASP or in the ficolin–MASP complexes resulted in complete
abolition of C3 deposition, as expected (Fig. 2B).

Inhibition of MASP-1 Prevents the Activation of MASP-2. To further
analyze the mechanism of the lectin-pathway activation and to
reveal the role of MASP-1 in this process, we applied two types of
C4 deposition experiments. In one type of assay, we measured the
deposition of C4b directly from human serum where the MASPs
were present initially as inactive proenzymes (zymogens). This
setting was similar to the C3 deposition measurement. In the other
type of C4 deposition assay, the MBL–MASP or ficolin–MASP
complexes were first immobilized on surfaces coated with mannan
or acBSA, respectively, where the proenzymeMASP-1 andMASP-
2 were allowed to activate into their proteolytically active forms.
Thenwe added purifiedC4 together with various concentrations of
the inhibitor to the activated complexes and followed the de-
position of C4b (22). In the first type of assay when we applied
nonactivated serum, SGMI-1 prevented C4 deposition very effi-
ciently in a dose-dependent manner on either mannan- or acBSA-
coated surface (Fig. 3A). In the assay where the MASP-1 and
MASP-2 were activated before adding purified C4 and inhibitor,
the SGMI-1 inhibitor was completely ineffective (Fig. 3B). In other
words, inhibition of MASP-1 in this case could not prevent the
MASP-2–mediated cleavage and deposition of C4. On the other
hand, C4 cleavage was readily blocked in both assays by applying
the MASP-2–specific inhibitor (SGMI-2) (Fig. 3C and D).
These results suggested that SGMI-1 precludes activation of

MASP-2 by inhibiting MASP-1; therefore, active MASP-1 is
needed for MASP-2 activation. To exclude the theoretically
sound but unlikely possibility that SGMI-1 directly interacts with
zymogen MASP-2, we tested the effect of SGMI-1 on the
autoactivation of isolated zymogen MASP-2. The recombinant
catalytic fragment of MASP-2, which contains the serine pro-
tease domain and the two complement control protein modules
(CCP1–CCP2–SP), was prepared in zymogen form and the rate
of autoactivation was followed at 37 °C. As Fig. 4 shows, SGMI-1

Fig. 1. Inhibitory effect of SGMI-1 and SGMI-2 on the complement path-
ways. (A), (B) The formation of the membrane attack complex was detected
by using the Wieslab kit. The activity of the classical (■), lectin (●), and al-
ternative (▲) pathways were measured by separate experiments. (A) Inhi-
bition by SGMI-2. (B) Inhibition by SGMI-1. (C), (D) Inhibition of the lectin
pathway mediated C3 deposition in lepirudin-treated whole blood. (C) In-
hibition by SGMI-2. (D) Inhibition by SGMI-1. (E) The time course of the in-
hibitory effect of the MASP-1–specific SGMI-1 (●) and the MASP-2–specific
SGMI-2 (■) on the MBL–lectin pathway was monitored by measuring C4
deposition. As control experiments, lectin-pathway activity was monitored in
the absence of inhibitors (▲) and in the presence of a strong broad-spec-
trum serine protease inhibitor FUT-175 (▼).
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did not affect the autoactivation of zymogen MASP-2, even at
a high concentration (1 μM). Similar concentration of the
MASP-2–specific inhibitor (SGMI-2), however, completely im-
peded the autoactivation process.
The finding that MASP-1 is essential for activating MASP-2 is

further supported by our kinetic measurements showing that
MASP-1 activates zymogen MASP-2 about 20 times more effi-
ciently than MASP-2 activates its own zymogen form (Fig. S3).

SGMI-1 and SGMI-2 Do Not Inhibit MASP-3. Because MASP-3 is the
second most abundant protease in the lectin pathway, and its
physiological role is unknown, it was important to test whether
the SGMIs inhibit MASP-3. Our results show that SGMI-1 does
not inhibit MASP-3 even at high concentration, and SGMI-2 is
a very poor inhibitor of this enzyme (Ki = 5.2 ± 0.3 μM). We can
therefore state that MASP-3 inhibition did not bias the effects
that our inhibitors exerted on the lectin pathway.

MASP-1 Generates Most of C2a Responsible for C3–Convertase
Formation. Because MASP-1 cleaves C2, it was proposed ear-
lier that MASP-1 augments the C3–convertase (C4b2a) forming
ability of MASP-2 (12, 16). Using our MASP-1–specific inhibitor

we could test this hypothesis and, importantly, we could quan-
titatively determine the contribution of MASP-1. For this pur-
pose we combined the C4 and C3 deposition assays. In the first
step, we immobilized the MBL–MASP complexes from human
serum on a mannan-coated surface and, after several washing
steps, we added purified C4 and incubated it at 37 °C for one
hour to make a C4b-saturated plate. Due to the C4b saturation
of the plate, the limiting step for C3–convertase formation is the
subsequent C2 cleavage. In the second step we added human
serum again as a C2 and C3 source, with or without inhibitors,
and measured the C3 deposition. The positive control was the
serum without any inhibitor. As a negative control, we applied
FUT-175, which is a strong broad-spectrum inhibitor of serum
serine proteases.
By using the MASP-1–specific inhibitor in the second step of

the assay, we measured the contribution of MASP-2 to the gen-
eration of the C2a component of C4b2a. This contribution was
expressed in terms of percentage of the total (uninhibited) C3
deposition. In this case, the only C2 cleaving agent was MASP-2
and its contribution was 43.5% (Fig. 5). In the complementary
experiment we used the MASP-2–specific inhibitor to determine
the contribution of MASP-1 to generating the C2a component of
the C3–convertase, and it proved to be 61%. When we used the
MASP-1 and MASP-2–specific inhibitors together, the level of C3
deposition dropped to 3.3%, which equals the level of the nega-
tive control (FUT-175). Our results clearly indicate that MASP-1

Fig. 2. C3 deposition assay. (A) The MASP-1–specific SGMI-1 inhibits the lectin-pathway-mediated C3 deposition both on mannan-coated plates (●), as well as
on acBSA-coated plates (○). (B) The MASP-2–specific SGMI-2 also inhibits the lectin pathway both on mannan-coated plates (●) and on acBSA-coated plates (○).

Fig. 3. C4 deposition assays. (A) MASP-1–selective SGMI-1 prevented de-
position of C4 efficiently when the MBL–MASP (●) or H-ficolin–MASP (○)
complexes from the serum were immobilized in the presence of the inhibitor
and the direct C4 cleavage was detected. (B) SGMI-1 was totally ineffective
when the immobilized MBL–MASP (●) or H-ficolin–MASP (○) complexes
were let to activate before purified C4 and SGMI-1 were added. The MASP-
2–specific inhibitor SGMI-2 efficiently prevents C4 deposition from both
normal (C) and preactivated (D) serum in the case of both MBL–MASP (●) or
H-ficolin–MASP (○) complexes.

Fig. 4. Effect of SGMI-1 and SGMI-2 on the autoactivation of isolated
MASP-2. The time course of autoactivation of isolated zymogen catalytic
fragment of MASP-2 was studied in the presence or absence of inhibitors. At
1-μM inhibitor concentration, the MASP-2–specific SGMI-2 (▲) completely
inhibited the autoactivation process, and the MASP-1–specific SGMI-1 (■)
had no effect at all compared with the noninhibited sample (●).
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contributes significantly to the C3–convertase formation in hu-
man serum as it generates about 60% of C2a responsible for C3
cleavage in the C4b2a enzyme complex.

SGMI-1 and SGMI-2 Have No Effect on Blood Coagulation. Similarly
to the complement, blood coagulation is also a complex system
involving a large number of delicately regulated trypsin-like
proteases. To obtain additional information on the level of se-
lectivity of our inhibitors, we tested whether SGMI-1 or SGMI-2
interfere with blood clotting. Their inhibitory potential to slow
down the coagulation process was tested by measuring their
effects in three standard coagulation assays, the thrombin time
(TT), prothrombin time (PT), and the activated partial throm-
boplastin time (APTT). SGMI-1 and SGMI-2 were applied at
5 μM, a concentration that is over 700-fold higher than the Ki
values of SGMI-1 and SGMI-2 on MASP-1 and MASP-2, re-
spectively, and about 100-fold higher than their lectin-pathway-
inhibiting IC50 values (in Wieslab assay). However, even at this
high concentration, the two SGMI variants did not slow down
the blood clotting process. The corresponding data in terms
of seconds are as follows: (TT)—control 23.2; SGMI-1 22.5;
SGMI-2 22.9; (PT)—control 11.2; SGMI-1 11.0; SGMI-2 11.1;
(APTT)—control 25.6; SGMI-1 26.0; SGMI-2 26.2. The three
assays together imply that SGMI-1 and SGMI-2 do not inhibit
any of the six blood coagulation proteases thrombin, fVIIa,
fIXa, fXa, fXIa, and fXIIa.

Discussion
The first report about the MBL-initiated complement activation
appeared more than twenty years ago (7). The discovery of the
lectin pathway, the third route of complement activation, gave
new impetus to the research and placed the complement system
into its rightful position in the innate immunity. Although the
overall scheme of complement activation in the lectin pathway
seems to be very similar to that of the classical pathway, the role
of the individual components is still enigmatic. We decided to
clarify the role of the serine proteases by using phage display

selected inhibitors. Previously we developed two peptide inhib-
itors against MASP-1 and MASP-2 using the sunflower trypsin
inhibitor scaffold (23). The MASP-2–selective inhibitor (SFMI-
2) blocked completely the lectin-pathway activation. This result
was in concordance with the widely accepted view that MASP-2
is the key enzyme of the lectin pathway. The other peptide in-
hibitor (SFMI-1) was mainly MASP-1–specific, but it also
inhibited MASP-2, although to a much lesser extent. This in-
hibitor was an even more efficient lectin-pathway inhibitor than
the MASP-2–specific SFMI-2, which indicates that MASP-1 has
some role in the activation process. Although the concentration
of MASP-1 far exceeds that of MASP-2, only a supportive role
was assigned to MASP-1 in the literature. To clarify the role of
MASP-1, we developed a highly specific inhibitor, SGMI-1, using
the SGPI protease-inhibitor scaffold.
SGMI-1 efficiently inhibits MASP-1, but it is totally ineffective

on isolated active (20) or zymogen MASP-2. In consequence, it
does not prevent autoactivation of isolated zymogen MASP-2.
However, to our great surprise, SGMI-1 completely inhibited the
lectin pathway, suggesting that it somehow prevented autoacti-
vation of MASP-2 in normal human serum. This unequivocally
showed that MASP-1 fully controls lectin-pathway activation.
The question remained of how it works.
MASP-1 inhibition was ineffective in regards to blocking C4

deposition in complexes already containing activated MASP-2.
We also showed that isolated MASP-1 activates zymogen
MASP-2 about 20 times more efficiently than MASP-2 activates
itself. Taking all these together led us to two fundamental
conclusions. One is that MASP-1 directly and exclusively acti-
vates zymogen MASP-2 in normal human serum. The other is
that, in normal human serum, the inherent autoactivating ca-
pacity of zymogen MASP-2 does not manifest. As explained
below, we believe that the above conclusions are the two sides of
the same coin.
Activation of zymogen MASP-2 by MASP-1 in normal human

serum requires close proximity of these components (e.g., inside
the recognition complex or on the surface of the pathogen). As
the concentration of MASP-1 (11 μg/mL) (24) is about 20 times
higher than that of MASP-2 (0.5 μg/mL), every zymogen MASP-
2 molecule should be surrounded by multiple copies of MASP-1
molecules on the activator surface. This could explain our first
conclusion, the efficient MASP-1–mediated MASP-2 activation
in human serum.
The same setup could also explain our second conclusion. If

the more abundant MASP-1 molecules topologically separate
MASP-2 zymogens from one another, inhibition of MASP-1
should prevent autoactivation of MASP-2. Although this simple
model powerfully explains our two major findings, only a detailed
structural understanding of the surface-driven activation process
could yield a more precise mechanistic explanation.
Nevertheless, let us consider what kind of functional con-

sequences our simple model would predict for the entire removal
of MASP-1 from the system as opposed to its in situ inhibition. A
complete removal of MASP-1 would override the naturally iso-
lated state of the MASP-2 zymogens allowing their autoactiva-
tion. This way the lectin pathway could activate, and the central
role of MASP-1 would remain hidden. Note, however, that be-
cause MASP-2 is 20-fold less abundant than MASP-1 and be-
cause MASP-2 is a 20-fold less efficient MASP-2 activator than
MASP-1, a significantly diminished pathway activation would
be expected.
In fact, as listed below, exactly these phenomena were ob-

served previously when MASP-1 was entirely removed from the
serum. It was already suggested that MASP-1 facilitates the ac-
tivation of MASP-2 but it was also stated that MASP-1 is not
essential because, in the absence of MASP-1, MASP-2 can ini-
tiate the lectin pathway (19). To this end, all previous studies

Fig. 5. Contribution of MASP-1 and MASP-2 to C3–convertase formation
through C2 cleavage. The C2 cleaving ability of MASP-1 and MASP-2 was
determined through measuring C3 deposition on C4b-saturated plate using
the MASP-1– and MASP-2–specific inhibitors. When MASP-1 was inhibited by
SGMI-1, the level of C3 deposition dropped to 43.5% of the noninhibited
experiment. In accordance with this result, when MASP-2 was inhibited by
SGMI-2, the level of C3 deposition dropped to 61%. The two independent
measurements unequivocally show that MASP-1 is the major contributor of
the C2 cleavage. When applying both inhibitors at the same time the level of
C3 deposition is reduced to 3.3%.
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defined MASP-2 as the single key enzyme claiming that the lectin
pathway is functional without MASP-1 (17, 19).
It was previously shown in vitro that isolated MASP-2 is ca-

pable of autoactivation and the initiation complex reconstituted
from recombinant MBL and recombinant MASP-2 can initiate
the complement cascade through C3–convertase generation (11,
14). As a consequence, there is lectin-pathway activity in the
MASP-1–depleted human serum and in the serum of MASP-1
knockout mouse, although it is diminished compared with the
activity of the intact serum and there is a significant delay in
activation of MASP-2 (16, 19). On the other hand, no C3
deposition was observed on the mannan-coated surface using
serum from MASP-2 knockout mouse (17). These observations,
indeed, logically pointed to the key role of MASP-2 and the
inferior role of MASP-1. However, as we already noted, our
simple model is fully coherent with all of the above findings
despite their virtual contradiction with our present results.
Our MASP-1 selective inhibitor proved to be a unique

research tool. It allowed for the studying of the role of MASP-1
in intact human serum and ex vivo in whole-blood, experimental
settings much closer to normal human physiology than the
knockout mouse or the manipulated (depleted) human sera. As
already explained, we argue that this important difference in
experimental setup is fully responsible for the substantial dis-
crepancy between the previous findings and conclusion and those
we present here.
Another important achievement of the current study is that we

quantified the contribution of MASP-1 to the C3–convertase for-
mation via its C2 cleaving ability. Because MASP-1 cleaves C2, it is
not surprising that it enhances the ability of MASP-2 to generate
C4b2a. The unexpected finding is that MASP-1 is the main con-
tributor to this process, as it is responsible for the generation of
about 60%of the total C4b2a complexes.AlthoughMASP-1 cleaves
C2 less efficiently than MASP-2 (13), its concentration far exceeds
that of MASP-2 (24). Our results are in accord with that of Møller-
Kristensen et al. (16), who showed that MASP-1 and MASP-2 act
synergistically in C3b deposition in human serum. The cooperation
between MASP-1 and MASP-2 can explain the observation that
although every C4b deposited by MBL–MASPs complex can form
C3–convertase, only one out of four C4b deposited by the classical
pathway C1 complex can do the same (25). Based on our model,
MASP-2–generated C4b should land on a nearby surface abundant
in MASP-1 molecules, which could then very efficiently provide the
C2a component for the C4b2a C3–convertase.
Our results also demonstrated that both the MBL–MASP and

the ficolin–MASP complexes contain MASP-1, and the in-
hibition of MASP-1 results in complete arrest of the lectin-
pathway activation in both cases. We conclude that the structure
of the MBL–MASP and the ficolin-MASP complexes are very
similar and their activation mechanism is the same. Note that we
measured the complement fixing ability of the H-ficolin com-
plexes (21). The L- and M-ficolins can also activate complement
on appropriate targets (26). We can assume that the same acti-
vation mechanism is also valid at these complexes; however,
more specific assays are needed to prove this.
Besides MASP-1 and -2, other MASP-related proteins

(MASP-3, MAp44, and MAp19) are also present on the recog-
nition complexes. It might be possible that these components
could decrease the efficiency of the activation process, but at
least in the case of MBL and H-ficolin, they do not liberate
MASP-2 from the control of MASP-1.
In fact, our findings show that MASP-1 entirely controls the

activation of MASP-2 and, through this, the lectin pathway (Fig.
6). This demonstrates that MASP-1 is an essential central com-
ponent of the innate immune system. We showed that both
MASP-1 and MASP-2 are indispensable for a quick and strong
response against invading pathogens or altered host structures
via the initiation of the lectin pathway in humans.

Uncontrolled activation of the complement system results in
serious self-tissue damage in numerous diseases, such as in the
case of ischemia–reperfusion (IR) injury (e.g., myocardial in-
farction, stroke) (27, 28). Complement proteins have recently
become the targets of drug development (29). A very recent study
shows that in MASP-2 knockout mice, MASP-2 deficiency lessens
myocardial IR injury and in wild-type mice anti-MASP-2 antibody
reduces gastrointestinal IR injury (17). MASP-2 therefore is a
relevant target in drug development against IR injury.
A major practical significance of our results is that MASP-1 is

an equally relevant target, because it tightly controls MASP-2
activation. Transient inhibition of MASP-1 may protect from the
harmful consequences of IR injury, which should be an attractive
therapeutic approach.
Finally, a general conclusion is that complete removal of

a protein (via KO animals or depletion) versus in situ inhibition
of the same protein (in in vitro assays or in wild-type animals)
can lead to contradicting effects. Whenever this happens, a new
functional model has to be established that is coherent with the
observations of both experimental arrangements. Without that,
the real function of the protein remains controversial.

Materials and Methods
Complement activity was measured using the Wieslab kit (30), ELISA-type C3
and C4 deposition assays on diluted serum (21–23), and also on twofold
diluted serum. The autoactivation of isolated MASP-2 catalytic fragment was
measured by SDS/PAGE densitometry. Standard blood coagulation assays
were applied. The activity of MASP-3 was measured on synthetic substrate.
The details of these procedures are described in SI Text.

Ex Vivo Whole-Blood Experiments. Whole blood was drawn from a healthy
human donor into plastic syringes containing the anticoagulant lepirudin
(Refludan) atafinal concentrationof50μg/mLTo selectivelymeasure the lectin-
pathway activation we applied the compound sodium polyanethole sulfonate
(SPS) which, at an appropriate concentration, inhibits the classical and the al-
ternative pathway but does not influence the lectin pathway (21, 31). Our
preliminary experiments demonstrated that SPS in a final concentration of 120
μg/mL inhibited complement activation in 1:1 diluted whole blood on IgG-
coated (classical pathway) and on LPS-coated (alternative pathway) plates,
while the lectin-pathway activation on a mannan-coated surface was efficient.
To measure the inhibitory effects of SGMI-1 and -2 the collected whole blood

Fig. 6. Comparison of the old model and our corrected (new) model of the
lectin-pathway activation. According to the old model, MASP-2 is the au-
tonomous activator of the lectin pathway, because it can autoactivate and
cleave C4 and C2, while MASP-1 has only supportive role. In contrast to this,
our model states that MASP-1 controls the entire activation process. MASP-1
autoactivates and cleaves zymogen MASP-2. The active MASP-2 then cleaves
C4 and the deposited C4b binds C2, which is then cleaved primarily (60%) by
MASP-1 and to a lesser extent (40%) by MASP-2. This results in the formation
of the C4b2a complex. Red arrows indicate proteolytic cleavage.
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was diluted (1:1) with a solution of SPS and the SGMI inhibitors in barbital
buffer (4 mMbarbiturate, 145 mMNaCl, 0.5 mMMgCl2, 2 mMCaCl2, and 0.1%
Tween 20, pH 7.4). Formerly, high binding microtiter plates were coated with
5 μg/mL mannan and then blocked with 1% BSA in TBS. The lepirudin-treated
whole-blood samples containing the inhibitors were immediately applied to
the plates and complement activation was allowed for 20 min at 37 °C under
continuous shaking (400 rpm). After extensive washing, antihuman C3c anti-
body (1:30,000) (Dako A0062) was added to the wells and incubated for 40min
at 37 °C. The plates were developed as described earlier (23).

Quantitative Determination of the Contribution of MASP-1 and -2 to the C3–
Convertase Formation Through C2 Cleavage. The assay combines the C4 and
the C3 deposition measurements. First, C4-saturated wells are produced so
that the limiting step for C3–convertase formation is the C2 cleavage. Then
human serum is added to the C4-saturated wells as C2 and C3 source with or
without the inhibitors. Finally, the extent of C3 deposition, which depends
on the amount of cleaved C2, is detected in the wells. Mannan-coated wells
were incubated with 100 μl of pooled human serum diluted 1:1 in 40 mM
Hepes, 2 M NaCl, and 10 mM CaCl2, pH 7.4 (high salt serum dilution buffer)

for 1 h at 4 °C. The wells were then washed three times with 300 μL of high
salt wash buffer (20 mM Hepes, 1 M NaCl, 5 mM CaCl2, and 0.1% Tween-20,
pH 7.4) and three times with 300 μL of normal wash buffer (20 mM Hepes,
5 mM CaCl2, and 0.1% Tween-20, pH 7.4) at 37 °C. Purified C4 (0.4 μg/well) in
100 μL wash buffer was added to the wells and incubated for 1 h at 37 °C.
Serum samples were diluted 100 times and SGMI inhibitors were added at
a concentration of 3 μM. Following three further washes with wash buffer,
serum samples (100 μL) with or without the inhibitors were applied to the
wells and incubated for 30 min at 37 °C. After three washes, the deposited
C3 was detected as described in the C3 deposition assay.
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SI Materials and Methods
Reagents. All common laboratory reagents were from Sigma-
Aldrich and Merck. High-binding microtiter plates were from
Greiner Bio-One. Acetylated BSA was prepared by incubation of
10 mg/mL BSA in 0.5 M Hepes pH 7.4 with acetic anhydride in
threefold molar excess to amino groups.

Serum. Blood was drawn from 10 healthy donors after informed
consent. Blood samples were incubated for 1 h at room tem-
perature and after coagulation the serum was collected, pooled,
and stored at −80 °C until use.

Wieslab Assay. The Wieslab kit (COMPL 300; Wieslab) measures
activation of the classical, alternative, and lectin pathways sepa-
rately (1). We applied the kit to test pathway-selective inhibitory
properties of the SGMI variants. Serum was diluted with the
provided buffers according to the manual and incubated at room
temperature for 20 min. Then, serial dilution of the inhibitors was
added and the samples were incubated for another 20 min and
transferred to the Wieslab plate. The same serum sample was
used for all measurements and two parallels were measured. The
level of serum activity in the presence of the SGMI variant was
expressed as percentage of activity measured in the absence of
the inhibitor.

C3 Deposition Assay. C3 deposition from human serum was
measured as described previously (2). In brief, Greiner high-
binding microtiter plates were coated with 10-μg/mL mannan or
50-μg/mL acetylated BSA (3) overnight at 4 °C. Wells were
blocked with 0.5% BSA in Tris-buffered saline (TBS) for 2 h at
37 °C and then washed three times. Human serum was diluted
100-fold in barbital puffer and was preincubated with serial di-
lutions of the inhibitors for 30 min at room temperature. Sam-
ples were applied to the microtiter plate and further incubated
for 30 min at 37 °C. After washing, deposited C3 was detected by
antihuman C3c (A0062; DakoCytomation) primary- and HRP-
conjugated secondary antibodies (A1949; SIGMA).

C4 Deposition Form Intact Serum. The C4 deposition from intact
serum was measured in a similar way to the C3 deposition.
Deposited C4 was detected by antihuman C4c (Q0369; Dako-
Cytomation) antibody and HRP-conjugated secondary antibody
(A1949; SIGMA).

C4 Deposition by PreactivatedMASP-2.TheELISA formeasuringC4
deposition by preactivatedMASP-2was performed as described by
Petersen et al. (4) with minor modifications. Mannan-coated or
acetylated-BSA-coatedwells were incubatedwith 100 μLof pooled
human serum diluted 1:1 in 40 mMHepes, 2 M NaCl, and 10 mM
CaCl2, pH 7.4 (high salt serum dilution buffer) for 1 h at 4 °C. The
wells were then washed three times with 300 μL of high salt wash
buffer (20 mM Hepes, 1 M NaCl, 5 mM CaCl2, and 0.1% Tween
20, pH 7.4), and three times with 300 μL of normal wash buffer
(20mMHepes, 5mMCaCl2, and 0.1%Tween 20, pH 7.4) at 37 °C.
Purified C4 (0.4 μg/well) in 100-μL wash buffer was added to the
wells and incubated for 1 h at 37 °C. Following three further washes
with wash buffer, deposited C4 was detected by antihuman C4c
(Q0369; DakoCytomation) antibody and HRP-conjugated sec-
ondary antibody (A1949; SIGMA).

Pathway-Specific Complement Activation Assays at Twofold Serum
Dilution. The assays were carried out as described previously (3, 5).
Greiner high-binding microtiter plates were coated with 10 μg/mL

IgG (classical pathway), 10 μg/mL LPS (alternative pathway), or
5 μg/mLmannan (lectin pathway). The wells were then blocked with
TBS (50 mM Tris, and 150 mM NaCl, pH 7.4) containing 1% BSA
(BSA) and 0.1% Tween 20.
Selective measurement of the lectin pathway was achieved by

using SPS at a final concentration of 100 μg/mL (6). Human serum
was diluted to twofold with barbital buffer (4 mM barbiturate,
145 mM NaCl, 0.5 mM MgCl2, 2 mM CaCl2, 0.1% Tween 20, pH
7.4) containing the SPS and the SGMI inhibitors. The samples
were applied to the mannan-coated plates and complement ac-
tivation was allowed for 30 min at 37 °C. After washing, the de-
position of C4 was detected by using antihuman C4c antibody
1:20,000 (DakoCytomation; Q0369). The activation of the clas-
sical pathway was measured as above, but on IgG-coated surface
and the SPS was omitted from the buffers.
In the case of the alternative pathwaymeasurements, the SGMI

inhibitors were dissolved in Mg2+–EGTA–barbital buffer (4 mM
barbiturate, 145 mM NaCl, 4 mM MgCl2, 10 mM EGTA, and
0.1% Tween 20, pH 7.4) and the deposition of C3 was detected
by antihuman C3c antibody 1:30,000 (DakoCytomation; A0062)
on the LPS-coated plates.
The final development of the microtiter plate was carried out as

described in Kocsis et al. (2). Signal amplitudes were converted to
percentages, where signal obtained in the absence of inhibitors
was defined as 100%.

Recombinant MASPs. Recombinant active MASP-1 catalytic frag-
ment (CCP1–CCP2–SP) was prepared as described (7), but with
the absence of benzamidine. Recombinant active MASP-2 cat-
alytic fragment (CCP1–CCP2–SP) was produced according to
Ambrus et al. (8). A variant form of recombinant MASP-2
(CCP-1–CCP2–SP), in which the catalytic serine was replaced by
alanine (S633A) using mutagenesis, was prepared as described
for the wild-type form (8), however in this case the procedure
yields proenzymic (one chain) MASP-2. The zymogen (one
chain) form of recombinant wild-type MASP-2 catalytic frag-
ment (CCP1–CCP2–SP) was prepared as described (9). MASP-3
CCP–SP (V365

–R728) containing an ASMT peptide at the N
terminus was expressed and refolded as described for the anal-
ogous fragment of MASP-2 (8). After purification by cation-ex-
change chromatography and gel filtration, MASP-3 CCP–SP was
concentrated to about 3 mg/mL in 150 mM NaCl, 10 mM Tris,
1 mM EDTA, pH7.5, where it became activated in 2 d at room
temperature. Precursor numbering was used throughout.

Kinetics of the Cleavage of MASP-2 S633A by Wild-Type MASP-2 and
MASP-1. Recombinant MASP-2 (CCP1–CCP2–SP) S633A at
a concentration of 3 μMwas incubated with 500 nM recombinant
active MASP-2 (CCP1–CCP2–SP), or 50 nM recombinant active
MASP-1 (CCP1–CCP2–SP) in 140 mM NaCl, 50 mM Hepes,
and 0.1 mM EDTA, pH7.4. Samples were removed periodically
and heated in the presence of reducing SDS/PAGE sample
buffer. The samples were run on reducing SDS-PA gels, which
was followed by densitometry using a GEL DOC 1000 in-
strument and the Molecular Analyst software (both from Bio-
Rad). The disappearance of the intact (uncleaved) MASP-2
(CCP1–CCP2–SP) S633A band was quantified. The catalytic
efficiency (kcat/KM) was determined by nonlinear regression us-
ing the I = IB + Io × exp(− kcat/KM × [E]T × t) equation, where
I is the intensity, Io is the intensity at the zero time point, IB is the
background, and [E]T is the total active enzyme concentration.
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Inhibition of MASP-3 by SGMI-1 and -2.Recombinant active MASP-3
(CCP2–SP) was assayed using the Z–Gly–Arg–S–Bzl (MP Bio-
medicals) substrate (10) at 20 μM final concentration and 4,4′-
dithiodipyridine (Sigma) cosubstrate at 40 μM final concentration
in 50 mM Hepes, 140 mM NaCl, 0.1 mM EDTA, pH 7.4, and
0.1% PEG-3350 buffer. The activity of 10 nM MASP-3 was
measured alone or in the presence of 2–10-μM SGMI-1, or
SGMI-2. The inhibitory constant (Ki) was calculated for SGMI-2
using Ki = [I] × V/(Vo−V), where [I] is the inhibitor concentra-
tion, V and Vo are the measured activities in the presence, or
absence of inhibitor, respectively. SGMI-1 showed no inhibition
up to 10-μM concentration.

Inhibition of Autoactivation of Isolated MASP-2 Catalytic Fragment.
To follow the autoactivation process, the recombinant zymogen
MASP-2 was incubated at a concentration of 0.3 μM in 20 mM
Hepes and 145 mM NaCl, pH 7.4 at 37 °C with or without the
inhibitors (1-μM SGMI-1 or SGMI-2) and samples were taken at
various time points. The samples were visualized on reducing
SDS/PAGE and analyzed by densitometry using GEL DOC 1000
instrument and Molecular Analyst software (Bio-Rad). The au-

toactivation was followed by the appearance of the cleaved cat-
alytic domain of MASP-2.

Blood Coagulation Assays. Inhibitory capacities of the two SGMI
variants to slow down the coagulation process were tested by
measuring their effects in three standard coagulation assays, the
thrombin time, prothrombin time, and the activated partial
thromboplastin time. Blood was collected from a healthy in-
dividual by vein puncture after informed consent. The blood was
treated with sodium–citrate (3.8% wt/vol) and centrifuged. The
inhibitory effects on the extrinsic pathway of blood coagulation
were tested through PT measurements on the automated in-
strument Sysmex CA-500 (Sysmex) with Innovin reagent (Dale
Behring, Marburg, Germany).
The inhibition of the intrinsic pathway of blood coagulation was

tested through APTT measurements, and the direct effects of the
peptides on thrombin were determined through TT measure-
ments. APTT and TT were assessed on an automated Coag-A-
Mate MAX (BioMerieux) system with TriniClot reagent (Trinity
Biotech) and Reanal reagent (Reanal Fine Chemicals).
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Fig. S1. SGMI-1 and SGMI-2 effectively inhibit the lectin-pathway activation in individual serum samples. Dose-dependent inhibitory effect of SGMI-1 (A) and
SGMI-2 (B) on C3 deposition was measured in a conventional assay system using 100-fold diluted normal human serum. Sera from three healthy donors were
tested separately. Representative plots of a typical experiment (A) and (B) and the IC50 values (C) from three individual serum samples are shown. The IC50

values vary from case to case most probably due to the individual differences in the concentration of the lectin-pathway components.
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Fig. S2. Inhibitory effects of SGMI-1 and SGMI-2 on the three pathways of complement activation in twofold diluted human serum. Normal human serum was
diluted 1:1 with barbital buffer containing different concentrations of SGMI-2 (A) or SGMI-1 (B). In the case of the lectin-pathway-specific assay, the buffer also
contained 100 μg/mL SPS. Complement activation was triggered by incubation the sera on pathway-selective activation surfaces. Activity of the classical (■) and
lectin (●) pathways was measured through C4 deposition, and for alternative pathway (▲) C3 deposition was determined.

Fig. S3. Kinetics of the cleavage of recombinant zymogen MASP-2 S633A by active MASP-2 and MASP-1. Recombinant zymogen MASP-2 (CCP1–CCP2–SP)
S633A at a concentration of 3 μM was incubated with (A) 500 nM recombinant active MASP-2 (CCP1–CCP2–SP), or (B) 50 nM recombinant active MASP-1 (CCP1-
CCP2-SP) and analyzed by SDS/PAGE as described in Materials and Methods. Incubation times are indicated in minutes. For the MASP-2/MASP-2 S633A cleavage
kcat/KM = 6.0 ± 0.3 × 102 M−1 s−1, and for the MASP-1/MASP-2 S633A cleavage kcat/KM = 1.2 ± 0.1 ×104 M−1 s−1 values were determined after densitometry and
nonlinear regression. For size comparison a marker (M) composed of 97, 66, 45, 30, 20.1, and 14.4 kDa proteins (GE Healthcare) was used.
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