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B I O C H E M I S T R Y

ITIH4 acts as a protease inhibitor by a novel 
inhibitory mechanism
Rasmus Pihl1, Rasmus K. Jensen2, Emil C. Poulsen2, Lisbeth Jensen1, Annette G. Hansen1,  
Ida B. Thøgersen2, József Dobó3, Péter Gál3, Gregers R. Andersen2, Jan J. Enghild2, Steffen Thiel1*

Inter--inhibitor heavy chain 4 (ITIH4) is a poorly characterized plasma protein that is proteolytically processed in 
multiple pathological conditions. However, no biological function of ITIH4 has been identified. Here, we show 
that ITIH4 is cleaved by several human proteases within a protease-susceptible region, enabling ITIH4 to function 
as a protease inhibitor. This is exemplified by its inhibition of mannan-binding lectin–associated serine protease-1 
(MASP-1), MASP-2, and plasma kallikrein, which are key proteases for intravascular host defense. Mechanistically, 
ITIH4 acts as bait that, upon cleavage, forms a noncovalent, inhibitory complex with the executing protease that 
depends on the ITIH4 von Willebrand factor A domain. ITIH4 inhibits the MASPs by sterically preventing larger 
protein substrates from accessing their active sites, which remain accessible and fully functional toward small 
substrates. Thus, we demonstrate that ITIH4 functions as a protease inhibitor by a previously undescribed inhibi-
tory mechanism.

INTRODUCTION
Inter--inhibitor heavy chain 4 (ITIH4) is a liver-produced plasma 
protein belonging to the inter–-inhibitor/ITIH family of proteins 
that consists of bikunin and six different heavy chain proteins (1). 
This protein family is also referred to as inter–-trypsin inhibitor 
proteins since bikunin displays a weak inhibitory effect on proteases 
for which a biological role is yet to be defined (2, 3). Bikunin and the 
ITIHs form covalent proteoglycan complexes that are involved in 
extracellular matrix remodeling and stabilization (2). While all ITIHs 
share similar N-terminal domain structures that include a von 
Willebrand factor type A domain (VWF), ITIH4 has a unique 
C-terminal region that contains a proline-rich region (PRR) (4) and 
a tectonin-like -propeller repeat (1). ITIH4 lacks a C-terminal con-
sensus sequence, which is present in all other ITIHs, that is required 
for the formation of bikunin-ITIH complexes. Consequently, ITIH4 
is not incorporated into proteoglycan complexes and presumably 
functions independently of the other protein family members (1, 5). 
ITIH4 is a poorly characterized protein, although it is relatively 
abundant with reported serum concentrations between 80 and 
300 g/ml (5). Generation of itih4−/− mice did not reveal any apparent 
phenotype besides some suppressed interleukin-6/signal transducer 
and activator of transcription 3 signaling (6). Plasma kallikrein has been 
shown to cleave ITIH4 within the PRR in vitro, which might result in 
the release of a bioactive peptide, analogous to the kallikrein-mediated 
release of bradykinin from high-molecular-weight kininogen (HMWK) 
(5). ITIH4 is fragmented within the PRR in cancer patients (7), in 
amyotrophic lateral sclerosis patients (8), in women experiencing 
recurrent pregnancy loss (9), and during chronic Mycobacterium 
tuberculosis infection (10). Nonetheless, the mechanisms and rami-
fications of ITIH4 cleavage are unknown, and the biological role of 
ITIH4 has remained unknown despite the accumulating evidence 
that links ITIH4 to human disease. In the present study, we uncov-
ered a connection between ITIH4 and proteolytic enzymes, which is 

illustrated in detail by its interaction with plasma kallikrein and the 
mannan-binding lectin (MBL)–associated serine proteases (MASPs) 
from the lectin pathway (LP) of complement.

The complement system is an integral part of the innate immune 
system that is driven by consecutive proteolytic events. Complement 
can be activated through three routes: the LP, the classical pathway 
(CP), and the alternative pathway (AP), which all converge at the 
formation of enzymatic complexes called C3 convertases that cleave 
the protein complement component C3. Cleavage of C3 into C3a 
and C3b initiates downstream effector mechanisms of complement 
that include opsonization of the target surface, generation of proin-
flammatory mediators, and direct cell killing (11). The LP and CP 
are initiated by binding of pattern recognition molecules (PRMs) to 
repetitive molecular patterns on the surface of pathogens or altered 
self-surfaces. By contrast, the AP is constitutively active because of 
spontaneous activation of C3 in the fluid phase. The LP contains at 
least five carbohydrate-binding PRMs, of which the best characterized 
is MBL (also known as mannose-binding lectin), while H-ficolin 
(also known as ficolin-3) is the most abundant in humans (12). The 
PRMs are all able to associate with the homodimeric proteases 
MASP-1, MASP-2, and MASP-3. MASP-1 and MASP-2 circulate as 
zymogens that are activated when PRM-MASP complexes cluster 
on a surface. Subsequently, MASP-2 cleaves complement factor C4, 
while MASP-1 and MASP-2 both cleave C2, generating the C3 con-
vertase C4b2a (13). MASP-3 contributes to the AP rather than the 
LP by converting zymogenic pro-factor D into active factor D (14, 15), 
thereby facilitating C3 convertase formation.

The MASPs have similar domain architectures, and all consist 
of six domains (CUB1-EGF-CUB2-CCP1-CCP2-SP). The three 
N-terminal domains are responsible for MASP homodimerization 
and PRM binding; the CCP domains may influence the enzymatic 
properties of the proteases, whereas the SP domain constitutes the 
proteolytic entity (16). While MASP-2 and MASP-3 only have few 
substrates, MASP-1 is a promiscuous protease that propagates LP 
activation into a wide-ranging intravascular response (17). To pre-
vent autoimmune injury, the proteolytic activities of MASP-1 and 
MASP-2 are tightly regulated, as is the case for most proteases. 
In general, the network and interrelationship between extracellular 
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proteases and their inhibitors are redundant and complex, as most 
proteases are inhibited by several inhibitors and most inhibitors 
have several proteolytic targets (18). Concordantly, MASP-1 and 
MASP-2 are inhibited by multiple inhibitors with numerous targets, 
including the suicide inhibitor C1 inhibitor (C1inh; also known as 
serpin G1) (19), antithrombin (also known as serpin C1) (20), and 
-2-macroglobulin (2M) (21).

The multifaceted nature of MASP-1 prompted us to search for 
previously unidentified MASP-1 inhibitors or interactors, and we 
found that MASP-1 forms a stable complex with an 80-kDa fragment 
of the 120-kDa ITIH4. Furthermore, ITIH4 was shown to form similar 
complexes with MASP-2 and plasma kallikrein. This complex for-
mation leads to protease inhibition by physically preventing cleavage 
of larger substrates, although the catalytic sites of the proteases remain 
active. Formation of noncovalent ITIH4-protease complexes was 
dependent on binding of a divalent cation by the VWF domain of 
ITIH4, which induces a global conformational change in ITIH4 that 
enables complex formation. ITIH4 is thus shown to inhibit proteases 
by a novel mechanism. We find that a number of proteases cleave 
ITIH4 in vitro, and their cleavage sites define a protease-susceptible 
region (PSR) within ITIH4, suggesting that ITIH4 may serve as a 
general protease inhibitor that targets multiple proteases.

RESULTS
ITIH4 forms complexes with the proteases MASP-1 
and MASP-2 but not MASP-3
In the search of previously unknown MASP-1–interacting proteins, 
we simulated LP activation by adding an activated, catalytic fragment 
of MASP-1 consisting of the CCP1-CCP2-SP domains (MASP-1cf) 
to normal human serum. Subsequently, immunoprecipitation (IP) 
of MASP-1 was performed, and the sample was analyzed by SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) together with a control 
sample without addition of MASP-1cf (Fig. 1A). MASP-1cf–dependent 
bands were analyzed by liquid chromatography–tandem mass spectrom-
etry (LC-MS/MS) to identify potential MASP-1 interactors (table S1). 
As expected, the majority of MASP-1 reacted with known inhibitors 
such as 2M, C1inh, and antithrombin (20). Furthermore, the LP 
PRMs MBL, H-ficolin, and L-ficolin were identified because of pull-
down of endogenous MASP-1 and MASP-3 (table S1). ITIH4 was 
identified in several bands and was particularly abundant in 80-kDa 
bands in both the reduced and nonreduced sample (Fig. 1, A and B).

To verify the interaction between MASP-1 and ITIH4 and to in-
vestigate whether all MASPs are able to bind ITIH4, we performed 
similar co-IP experiments using MASP-1cf, an activated CCP1-
CCP2-SP fragment of MASP-2 (MASP-2cf), and a novel construct 
of activated, full-length MASP-3 K448Q. The K448Q mutation 
allows MASP-3 to be activated by C1r, yielding MASP-3 K448Q 
that was >90% activated and readily cleaved its biological substrate 
pro-factor D into factor D (fig. S1). Following anti-MASP IPs, anti-
ITIH4 Western blotting (WB) showed that both MASP-1 and 
MASP-2 bound ITIH4 in serum (Fig. 1C). MASP-1 and MASP-2 
copurified with an 80-kDa ITIH4 fragment, while a 60-kDa ITIH4 
band was also seen for MASP-1. The ITIH4 bands were MASP1/2cf-
dependent and were absent in isotype control IPs. By contrast, 
MASP-3 K448Q was not capable of binding ITIH4 (Fig. 1C). These 
samples were also used for anti-MASP WB, confirming that all IPs 
efficiently precipitated the respective MASP (Fig. 1, D to F). Notice-
ably, anti–MASP-1 WB resulted in a complex band pattern due to 

the generation of various covalent inhibitor–MASP-1 complexes 
(Fig. 1D). The formation of ITIH4–MASP-1/2 complexes was addi-
tionally verified using anti-ITIH4 IPs followed by anti-MASP WBs. 
Again, MASP-1cf and ITIH4 coprecipitated, as evidenced by a 27-kDa 
band corresponding to the SP domain of MASP-1 (Fig. 1G). Simi-
larly, a 15-kDa CCP1-CCP2 MASP-2 band copurified with ITIH4 
(Fig. 1H), whereas no ITIH4 binding was observed for MASP-3 
K448Q (Fig. 1I). No MASP bands were identified in the absence of 
activated MASPs or using isotype control IPs (Fig. 1, G to I). Overall, 
these experiments demonstrate that MASP-1 and MASP-2 form 
complexes with fragments of ITIH4 in human serum.

Various proteases cleave ITIH4 within a PSR
Although intact ITIH4 migrates as a 120-kDa protein in SDS-PAGE, 
the ITIH4 that copurified with MASP-1/2 was generally identified 
at 80 kDa (Fig. 1, A and C). Moreover, fragmentation of ITIH4 was 
observed in serum upon incubation with MASP-1cf and MASP-2cf 
but not MASP-3 K448Q (fig. S2, A to C), suggesting that MASPs 
that bind ITIH4 also cleave it. To examine whether MASP-1 and 
MASP-2 cleave ITIH4 directly, recombinant ITIH4 was purified 
(fig. S2D) and incubated with the activated MASPs. MASP-1cf was 
found to cleave ITIH4 into 80- and 42-kDa fragments, and the 42-kDa 
fragment was further processed into a 37-kDa fragment (Fig. 2A). 
MASP-2cf cleaved ITIH4 slightly faster than MASP-1cf, producing 
an 85-kDa fragment, which was, subsequently, processed into an 
80-kDa fragment and a 37-kDa fragment. All full-length ITIH4 was 
practically cleaved after 2 hours for both MASP-1 and MASP-2. 
Upon 24 hours of incubation, MASP-1 and MASP-2 both generated 
a 60-kDa fragment, indicating that this fragment was produced by 
secondary cleavage of the 80-kDa fragment (Fig. 2A). Thus, MASP-1 
and MASP-2 generated ITIH4 fragments that corresponded in size 
to those fragments that copurified with the MASPs (Fig. 1). By con-
trast, MASP-3 K448Q was not capable of cleaving ITIH4, thereby 
reflecting its inability to bind ITIH4 (Fig. 2A). The cleavage sites of 
MASP-1 and MASP-2 in ITIH4 were mapped using N-terminal 
sequencing, which identified the cleavage sites as 644RR645 and 
688RR689 /689RL690 (Fig. 2B). MASP-1 initially cleaved within the 
644RR645 site and, subsequently, converted the 42-kDa fragment 
into a 37-kDa fragment by cleaving at the 688RR689 site. The initial 
cut by MASP-2 occurred in the 689RL690 site followed by cleavage 
within or in the vicinity of the 644RR645 site.

We next asked whether the ability to cleave ITIH4 is widespread 
among proteases. In addition to the MASPs, we incubated ITIH4 
with 15 different serine, metallo-, or cysteine proteases belonging to 
various biological systems and followed cleavage by SDS-PAGE 
(Fig. 2C and fig. S3, A to R). Eight of the proteases readily cleaved 
ITIH4 and had cleaved the majority of ITIH4 after 24 hours. In par-
ticular, MASP-2 and matrix metalloproteinase-7 (MMP-7) efficiently 
cleaved ITIH4, while robust cleavage was also observed for MASP-1, 
MMP-13, thrombin, papain, plasmin, and kallikrein. In addition, 
five proteases cleaved ITIH4 slowly and only displayed visible deg-
radation after 24 hours, while four proteases did not cleave ITIH4 at 
all (Fig. 2C and fig. S3, A to R). To identify the cleavage sites for the 
initial cut (or cuts), we performed N-terminal sequencing on the 
protease-generated ITIH4 fragments. The cleavage site of kallikrein 
was identified to be 688RR689, as previously reported (5). In addition, 
a number of different cleavage sites that all clustered within the PRR 
of ITIH4 were identified for the human proteases (Fig. 2C and fig. 
S3S). Thus, we suggest that the PRR is instead referred to as the PSR 
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Fig. 1. ITIH4 coimmunoprecipitates with MASP-1 and MASP-2. In all experiments, activated MASPs were added to human serum followed by IP. (A) Reducing and 
nonreducing SDS-PAGE analysis of samples with or without MASP-1 addition. Numbers denote bands that were analyzed by LC-MS/MS. (B) LC-MS/MS analysis of 
ITIH4-containing bands. Band # refers to (A), and proteins are listed together with their Mascot protein score, number of peptides matching the protein, and the number 
of unique sequences that match the protein. The table only includes hits with a score >100 and >2 unique sequences. (C) IPs were performed using anti-MASP antibodies 
or isotype controls followed by anti-ITIH4 WB. Negative controls without addition of exogenous MASP were included. (D to F) The appropriate samples from (C) were 
analyzed using anti–MASP-1 WB (D), anti–MASP-2 WB (E), or anti–MASP-3 WB (F) together with 100 ng of the respective MASP. (G to I) WB analysis of anti-ITIH4 immuno-
precipitated samples and 25 and 10 ng of the appropriate MASP. In each panel, the blot is developed with anti–MASP-1 (G), anti–MASP-2 (H), or anti–MASP-3 (I). All blots 
in this figure are representative of three repeated experiments. IgG, immunoglobulin G.
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Fig. 2. ITIH4 is a substrate for a diverse set of proteases. (A) ITIH4 was incubated with different MASPs and cleavage was followed by SDS-PAGE analysis. Arrows indicate 
the generated ITIH4 fragments. (B) N-terminal sequences of the ITIH4 fragments that are produced by MASP-1cf and MASP-2cf. (C) Cleavage of ITIH4 by different proteases. 
In the ITIH4 cl. column, proteases are divided into those that cleave ITIH4 (+), those that display low levels of cleavage upon longer incubation times (+), and those that 
do not cleave ITIH4 (−). The cleavage sites are listed by denoting the P1-P1′ residues. (D) The domain structures of the MASP-1 variants that are used throughout this study. 
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was used as a control together with the MASP-1 inhibitor SGMI-1 and EDTA (n = 3). All data are representative of three repeated experiments. NHS, normal human serum.
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(residues 633 to 713) of ITIH4. These results show that a number of 
different proteases cleave ITIH4, indicating that ITIH4-protease in-
teractions are not restricted to MASP-1 and MASP-2.

ITIH4–MASP-1 complexes are generated during solid-phase 
LP activation
We decided to use MASP-1 and MASP-2 as model enzymes for study-
ing the interaction between proteases and ITIH4 in detail. Although 
LP activation is ultimately a surface phenomenon, it becomes a fluid 
phase event when MASP-1cf and MASP-2cf are used since these 
truncated variants lack the ability to bind to PRMs. This could have 
implications for the experimental results, as, e.g., 2M is known to 
inhibit MASPs in solution but not on a surface due to the steric re-
strictions imposed by the solid phase (20, 22). To circumvent this 
limitation, we generated activated, full-length MASP-1 variants that 
enable the formation of surface-bound MASP-1–PRM complexes. 
The domain structure of such variants and the other MASP-1 variants 
used in the present study are depicted in Fig. 2D. In vitro activation 
of MASP-1 was facilitated by replacing the natural activation site of 
MASP-1 and MASP-1 S646A with an enterokinase cleavage site. The 
zymogenic zMASP-1 EK and zMASP-1 EK S646A variants were puri-
fied and, subsequently, activated by enterokinase to produce the 
cleaved MASP-1 EK and MASP-1 EK S646A variants. Activation of 
MASP-1 EK was verified by SDS-PAGE since activated MASP-1 
migrates as two distinct bands corresponding to the A chain (CUB1-
EGF-CUB2-CCP1-CCP2) and B chain (SP domain) under reducing 
conditions (Fig. 2, D and E). MASP-1 EK was enzymatically active 
and cleaved ITIH4 with similar kinetics as MASP-1cf (fig. S2E).

To investigate whether ITIH4 is a substrate for MASPs during 
LP activation, MBL was immobilized on a mannose surface, and 
cleaved MASP-1 EK or MASP-1 EK S646A were added to form 
ligand-bound MBL–MASP-1 complexes. When these complexes 
were incubated with ITIH4, MASP-1 EK time-dependently cleaved 
ITIH4, whereas no cleavage was observed using the proteolytically 
inactive MASP-1 EK S646A variant (Fig. 2F). Furthermore, no cleav-
age was observed in the absence of MBL, emphasizing that ITIH4 
cleavage was mediated by PRM-bound MASP-1. Having established 
that ITIH4 is capable of interacting with MASPs during LP activa-
tion, we wanted to examine whether ITIH4–MASP-1 complexes are 
formed between the endogenous serum proteins on a biologically 
relevant surface. Because this required a more sensitive technique 
for detecting ITIH4–MASP-1 complexes, we developed sandwich 
immunoassays for measuring complex formation. These assays 
showed that complex formation in serum depended on the concen-
tration of MASP-1cf and the concentration of ITIH4 (fig. S4, A to D). 
Moreover, serum containing ITIH4–MASP-1cf complexes was frac-
tionated by size exclusion chromatography (SEC), and the assays 
were used to directly show that ITIH4–MASP-1 complexes with a 
markedly increased hydrodynamic volume compared to free ITIH4 
are formed in serum (fig. S4E). To trigger LP activation in serum 
by a physiologically relevant activator, we used Hafnia alvei, which 
is a commensal, Gram-negative bacterium that can act as an oppor-
tunistic pathogen and induce bacteremia and sepsis and is known to 
be recognized by the PRM H-ficolin (23). Serum was incubated 
with H. alvei, leading to binding and activation of endogenous 
H-ficolin–MASP complexes that were, subsequently, eluted from the 
bacterial surface. These eluates were analyzed for the presence of 
ITIH4–MASP-1 complexes, and H. alvei was found to dose-dependently 
induce formation of ITIH4–MASP-1 complexes (Fig. 2G). The specific 

MASP-1 inhibitor Schistocerca gregaria protease inhibitor-based 
MASP-1 inhibitor (SGMI-1) efficiently suppressed complex formation. 
Furthermore, ITIH4–MASP-1 complexes were absent in H-ficolin 
deficient serum, and complex formation was prevented by EDTA 
since H-ficolin binds H. alvei Ca2+ dependently.

Formation of ITIH4-MASP complexes depends on  
divalent cations
Evolution has repeatedly used VWF domains to mediate protein-
protein interactions in multiprotein complexes (24). Often, VWF 
domains contain a metal ion-dependent adhesion site (MIDAS) that 
is key for directing protein-protein contacts by coordinating diva-
lent cations. Since the 80-kDa fragment of ITIH4 contains a VWF 
domain, we asked whether the formation of ITIH4–MASP-1 com-
plexes required divalent cations. To test this, serum was dialyzed 
against tris-buffered saline (TBS) with EDTA to remove divalent 
cations followed by removal of EDTA by dialysis against TBS. 
MASP-1 EK was added to the serum together with various divalent 
cations, and complex formation was measured using the ITIH4–
MASP-1 immunoassay (fig. S4, A and B). Removal of divalent cations 
completely abolished complex formation, an effect that was rescued 
by Mg2+ and Ni2+ but none of the other cations (Fig. 3A), suggesting 
that an ITIH4 MIDAS site occupied with a divalent metal ion, which 
is likely Mg2+ in physiological settings, is required for the interac-
tion. In addition, an increase of the Mg2+ concentration in normal 
human serum led to formation of more ITIH4–MASP-1 complexes.

To ensure that the requirement for Mg2+/Ni2+ was not due to an 
indirect effect in serum, purified ITIH4 was incubated with MASP-1cf 
in different buffers and fractionated by SEC. When the incubation 
and SEC were performed in TBS and 2 mM CaCl2 (Ca2+), ITIH4 
was cleaved but no stable association of ITIH4 and MASP-1 was ob-
served, as demonstrated by the peaks corresponding to free 80-kDa 
ITIH4, 37-kDa ITIH4, and free MASP-1cf (Fig. 3B). By contrast, incu-
bation and SEC in TBS, 2 mM CaCl2, and 1 mM MgCl2 (Ca2+/Mg2+) 
resulted in formation of multiple, early-eluting peaks. SDS-PAGE 
analysis demonstrated that these peaks were ITIH4–MASP-1 com-
plexes composed of 80/60-kDa ITIH4 and MASP-1cf (fig. S5A). The 
ratio between ITIH4 and MASP-1cf was stable across the complex-
containing peaks, indicating that ITIH4–MASP-1cf constituted a 
repeating unit that attained different oligomeric states. Currently, it 
is not known whether ITIH4–MASP-1 oligomerization is physio-
logically relevant or whether similar oligomers are formed in serum. 
Mg2+ was required at the time of cleavage since no complexes were 
formed when ITIH4 was cleaved by MASP-1cf in Ca2+, Mg2+ was 
added after cleavage, and SEC was performed in Ca2+/Mg2+ (Fig. 3B). 
Once complexes were formed, neither EDTA nor 1 M NaCl was able 
to dissociate them (Fig. 3B and fig. S5B), resembling the EDTA- and 
salt-resistant C3 convertase of the CP and LP (24). Moreover, Ni2+ 
was confirmed to support complex formation using purified proteins 
(fig. S5C). Full-length, dimeric MASP-1 EK and MASP-2cf also pro-
duced Mg2+-dependent complexes with ITIH4 of different oligomeric 
sizes (fig. S5, D and E). The efficiency of complex formation was 
comparable for MASP-1 and MASP-2, suggesting that the more pro-
nounced complex formation, which was observed for MASP-1 in 
serum (Fig. 1C), was likely caused by a more effective anti–MASP-1 
IP. Although Mg2+ was found to be key for forming stable complexes, 
Mg2+ had minimal impact on the cleavage of ITIH4 since MASP-1cf 
cleaved ITIH4 with similar kinetics in Ca2+ and Ca2+/Mg2+ (fig. S5F). 
To assess whether Mg2+-dependent binding to ITIH4 is unique to 
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MASP-1 and MASP-2, we incubated ITIH4 with plasma kallikrein 
in either Ca2+ or Ca2+/Mg2+ and analyzed the samples by SEC. As 
for MASP-1/2, early-eluting complexes of varying oligomeric state 
were formed in Ca2+/Mg2+ (Fig. 3C), and the presence of kallikrein 
in these fractions was verified by anti-kallikrein WB (fig. S5G). This 
demonstrates that ITIH4 forms complexes with several distinct pro-
teases and suggests that complex formation may be a general result 
of cleavage within the PSR.

Mutation of the ITIH4 MIDAS completely prevents  
complex formation
To directly assign the importance of divalent cations for complex 
formation to the VWF domain of ITIH4, we identified the cation-
chelating residues in ITIH4 using its sequence homology to proteins 
with available structures of their VWF domains in cation-bound 
states (fig. S6A). This identified a canonical MIDAS site in ITIH4 
containing five residues that are likely key for coordinating the 
Mg2+/Ni2+ ion, and we expressed the charge-neutral mutants ITIH4 
S282A, ITIH4 S284A, ITIH4 T350A, and ITIH4 S282A/S284A/T350A. 
Although these mutants were all efficiently cleaved by MASP-1 EK 
(fig. S6B), none of them were able to form complexes with MASP-1 
EK (Fig. 3D). Furthermore, ITIH4 S282A and ITIH4 S282A/S284A/
T350A were purified and incubated with MASP-1cf to examine their 
complex-forming abilities by SEC, which confirmed the complete loss 
of complex formation for these mutants (fig. S6C), demonstrating 
that cation binding by the MIDAS is essential for complex formation.

To probe whether binding of Mg2+ by the VWF domain has con-
sequences on the global conformation of ITIH4, small-angle x-ray 
scattering measurements were made on ITIH4 in TBS buffers sup-
plemented with different divalent cations or EDTA. The molecular 
weight and the radius of gyration (Rg), which is a measure of pro-
tein size, were estimated by Guinier analysis. This showed that the 
Rg of ITIH4 at 0.68 mg/ml was substantially larger in Ca2+/Mg2+ than 
in Ca2+ or EDTA (Fig. 3E). This strongly suggests that binding of 
Mg2+ induces decompaction of ITIH4. By contrast, the dimensions 
of ITIH4 S282A were not affected by Mg2+ availability, highlighting 
that Mg2+-induced decompaction was mediated directly through the 
MIDAS. Unexpectedly, ITIH4 was observed to dimerize in Ca2+/Mg2+ 
at supraphysiological concentrations (>0.68 mg/ml). Dimerization 
was also mediated by the VWF domain, as no dimers were observed even 
at high concentrations for ITIH4 in Ca2+, ITIH4 in EDTA, or ITIH4 
S282A in Ca2+/Mg2+ (Fig. 3E). ITIH1 also displays VWF-dependent 
homodimerization, suggesting that this feature is conserved among 
ITIHs (25). The propensity of ITIH4 to self-associate may be aug-
mented by cleavage and complex formation with proteases, which 
could explain the various ITIH4-MASP oligomers that were observed 
by SEC (Fig. 3, B and C). The Rg-normalized Kratky plots of ITIH4 
indicate that ITIH4 is a largely globular protein that contains some 
inherent flexibility without MIDAS-bound Mg2+ (Fig. 3F). In con-
trast, the Kratky plot of monomeric wild-type (WT) ITIH4 in Ca2+/
Mg2+ displays a slight increase in peak height and a slower mono-
tonic decrease at large q values, which is indicative of an increase in 
flexibility and disorder, consistent with the larger Rg value.

Complex formation requires a catalytically active SP domain 
of MASP-1
The various MASP-1 variants (Fig. 2D) were used to delineate the 
importance of the distinct domains and activation state of MASP-1 
for binding ITIH4 by adding them to serum and measuring the extent 

of complex formation. Using the full-length MASP-1 EK variants, 
dose-dependent complex formation was seen for the active MASP-1 
EK, while neither MASP-1 EK S646A, zMASP-1 EK, nor zMASP-1 
EK S646A bound ITIH4 (Fig. 4A). This emphasized that catalytically 
competent and activated MASP-1 was a prerequisite for generating 
ITIH4–MASP-1 complexes, which was supported by IP and WB 
analysis (fig. S7A). MASP-1cf and MASP-1 SP were also found to bind 
ITIH4, whereas zMASP-1cf and MASP-1cf S646A did not (Fig. 4B). 
To confirm these results, MASP-1cf and MASP-1 SP were added to 
serum, immunoprecipitated with anti-ITIH4, and analyzed by anti–
MASP-1 WB. Again, both MASP-1 fragments were found to sup-
port complex formation (Fig. 4C). The fact that the SP domain of 
MASP-1 was sufficient for forming complexes with ITIH4 indicates 
that the CCP domains do not contain any key exosites, which is 
supported by the similar ITIH4 cleaving rates of MASP-1cf and 
MASP-1 SP (fig. S7B).

To obtain low-resolution structures of ITIH4 and the ITIH4–
MASP-1 complex, we performed negative stain electron microscopy 
(nsEM). Initially, we analyzed intact ITIH4 by itself, yielding a 
three-dimensional (3D) reconstruction in which the recently deposited 
crystal structure of ITIH1 (Protein Data Bank entry 6FPY) fitted 
reasonably (fig. S7, C and D). The crystallized fragment of ITIH1 
corresponds roughly to the 80-kDa ITIH4 segment, and these ITIH1 
and ITIH4 fragments display 38% sequence identity. To analyze 
ITIH4–MASP-1cf, we generated complexes as in Fig. 3B, and the peak 
fraction of monomeric ITIH4–MASP-1 eluting at 11.6 ml, was chosen 
for nsEM. Analysis of nsEM data yielded 2D classes in which the 
individual domains of the MASP-1 fragment were clearly visible 
(fig. S7E) and the crystal structure of MASP-1cf could be fitted with 
confidence into the nsEM 3D reconstruction. Although the crystal 
structure of ITIH1 fits within the nsEM density of intact ITIH4, it 
could not be matched in a satisfying manner with the density that 
was not assigned to MASP-1cf in the ITIH4–MASP-1 complex (Fig. 4D 
and fig. S7F). In the complex, the ITIH4 density seems to open up to 
create a hole that is occupied by two helices of ITIH1. This suggests 
that the 80-kDa ITIH4 fragment undergoes a structural rearrangement 
to support formation of ITIH4–MASP-1 complexes with a relatively 
small interface that is restricted to the SP domain of MASP-1.

ITIH4 inhibits proteases without perturbing their active sites
We hypothesized that the formation of ITIH4-protease complexes 
inhibits the proteolytic activity of the enzyme. Initially, we purified 
ITIH4–MASP-1cf complexes and compared their catalytic activity to 
free MASP-1cf using the small peptide substrate methylsulfonyl-D-
Phe-Gly-Arg conjugated to 7-amino-4-methyl coumarin (FGR-AMC). 
MASP-1 activity was quantified as the increase in AMC fluorescence, 
and the initial rates were determined by linear regressions (fig. S8, 
A and B). Unexpectedly, there was no difference in activity between 
free MASP-1cf and ITIH4–MASP-1cf (Fig. 5A). Although these results 
highlight that the active site of MASP-1 remains intact within ITIH4-
MASP-1 complexes it still leaves the possibility that ITIH4 exerts an 
inhibitory effect by physically restricting access to the active site for 
larger protein substrates. Since MASP-1 cleaves C2 during LP acti-
vation, free MASP-1cf and ITIH4–MASP-1cf were incubated with 
purified C2, and cleavage was monitored by SDS-PAGE (fig. S8C). 
C2 cleavage was quantified by densitometry, and ITIH4–MASP-1cf 
was found to cleave C2 threefold slower than free MASP-1cf (t1/2 
values were 23.7 and 73.3 min for MASP-1cf and ITIH4–MASP-1cf, 
respectively) (Fig. 5B).
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Next, the effect of ITIH4 on MASP-2 activity was assessed by ex-
ploiting that Mg2+ is required for the formation of ITIH4–MASP-2 
complexes, whereas ITIH4 cleavage is Mg2+ independent. MASP-2cf 
was incubated with ITIH4 in either Ca2+/Mg2+ or Ca2+ or incubated 
in Ca2+/Mg2+ in the absence of ITIH4. After complete ITIH4 cleavage, 
the samples were incubated with FGR-AMC and, as for MASP-1, 
the activity of MASP-2 against the small peptide substrate was not 
affected by the formation of ITIH–MASP-2 complexes (Fig. 5C and 
fig. S8D). To examine the activity of ITIH4–MASP-2 complexes against 
protein substrates, we initially focused on cleavage of C4. During LP 
activation, MASP-2 is the only protease that cleaves C4, generating 
C4b that contains a thioester that covalently links it to the target sur-
face. As in Fig. 5C, ITIH4 was cleaved by MASP-2cf, and MASP-2 
was, subsequently, captured in microtiter wells using an anti–MASP-2 
antibody. Then, purified C4 was added to the wells, and MASP-2 ac-
tivity was estimated as the deposition of C4 fragments in the well. 
This showed that 18-fold higher concentrations of ITIH4–MASP-2cf 
was required for obtaining half of the maximum C4 deposition than 
for free MASP-2cf (72.6 pM versus 3.97 pM for MASP-2cf) (Fig. 5D), 
highlighting that ITIH4 inhibits both MASP-1 and MASP-2 by ob-
structing access to their active sites. Since C4b deposition is an indi-
rect measure of MASP-2 activity, we also directly monitored the effect 

of ITIH4 on C2 and C4 cleavage by MASP-2 in solution. ITIH4 
dose-dependently inhibited MASP-2 with comparable median inhib-
itory concentration (IC50) values for the two substrates [IC50(C2) = 4.5 M 
versus IC50(C4) = 5.6 M] (Fig. 5E). Noticeably, the molar excess of 
ITIH4 at these concentrations is approximately 22-fold, which is 
considerably lower than the molar ratio between ITIH4 and MASP-2 
in serum (360-fold excess of ITIH4 assuming ITIH4 at 200 g/ml) 
(12). The ITIH4-mediated inhibition of MASP-2 was also evident 
over time at a fixed ITIH4 concentration, resulting in approximately 
eightfold slower cleavage of C2 and C4 in Ca2+/Mg2+ compared to 
Ca2+ (fig. S7, E and F). Thus, ITIH4 inhibited MASP-2cf more effi-
ciently than MASP-1cf in this setup. In summary, ITIH4 inhibited 
the activity of both MASP-1 and MASP-2 against two distinct, highly-
relevant protein substrates but not against smaller peptide substrates. 
Since plasma kallikrein also formed complexes with ITIH4 (Fig. 3C), 
we examined whether kallikrein-mediated cleavage of the substrate 
HMWK is inhibited by ITIH4. As for MASP-1/2, dose-dependent 
inhibition was observed in Ca2+/Mg2+, whereas ITIH4 had no effect 
on kallikrein activity in the absence of Mg2+. The IC50 of ITIH4-
mediated inhibition was 0.09 M, corresponding to a 4.7-fold molar 
excess of ITIH4 over kallikrein, which is comparable to the 3.4-fold 
molar excess of ITIH4 compared to prekallikrein in plasma (26). 
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These results demonstrate that ITIH4 efficiently inhibits the activity 
of proteases upon complex formation.

ITIH4-MASP complexes inhibit LP activation in serum
Having established that ITIH4 can inhibit MASP-1 and MASP-2 in 
purified systems, we investigated the effect of ITIH4 on LP activity 

mediated by endogenous PRM-MASP in serum. Microtiter wells can 
be coated with different ligands that selectively drive complement 
activation through distinct PRMs. Serum was mixed with varying con-
centrations of ITIH4 and added to mannan-coated wells to induce 
MBL-driven LP activation. LP activity was quantified as the covalent 
deposition of C4 and C3 fragments onto the surface, reflecting 
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against the concentration of MASP-1cf (fig. S8, A and B) (n = 3). (B) C2 cleavage by MASP-1cf and ITIH4–MASP-1cf. The cleavage of C2 was monitored by SDS-PAGE (fig. S8C) 
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M2cf + ITIH4 (Ca2+/Mg2+) and M2cf + ITIH4 (Ca2+) were compared statistically. Asterisks denote statistically significant differences (n = 3). (E) ITIH4 dose-dependently inhibits 
MASP-2cf–mediated cleavage of C2 and C4. Substrate cleavage was analyzed by SDS-PAGE and quantified by densitometry (fig. S8, G and H) (n = 2). (F) ITIH4 inhibits 
cleavage of HMWK by plasma kallikrein. Cleavage was monitored by SDS-PAGE by following the generation of the H and L chain (fig. S8, I and J) (n = 2).
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MASP-2–mediated C4 cleavage and C3 cleavage by the LP C3 con-
vertases, respectively. ITIH4 efficiently and dose-dependently inhib-
ited C4 and C3 deposition, whereas human serum albumin (HSA) 
had no effect on LP activity (Fig. 6, A and B). ITIH4 was a less potent 
inhibitor of the LP than the well-characterized, major physiological 
inhibitor C1inh (Fig. 6, A to C). Since ITIH4 S282A and ITIH4 
S282A/S284A/T350A were cleaved by MASPs but were not able to 
form ITIH4-MASP complexes, they enabled us to discriminate be-
tween LP inhibition by a competitive substrate effect and inhibition 
due to complex formation. The ITIH4 mutants had no effect on 
LP activity, highlighting that LP inhibition required formation of 
ITIH4-MASP complexes. This was further verified by isolating MBL-

MASP complexes from serum on a mannan surface and incubating 
them with purified C4 and ITIH4, showing that ITIH4 only inhibited 
C4 deposition in a Mg2+-containing buffer, while C1inh inhibited LP 
activity regardless of the buffer composition (fig. S9A). Furthermore, 
ITIH4 exerted minimal impact on the binding of MASPs to MBL 
and on the binding of MBL to mannan (fig. S9B).

Because the LP can be initiated by several PRMs, the effect of 
ITIH4 was also assessed in an assay that uses acetylated bovine serum 
albumin (BSA) to initiate H-ficolin–driven LP activation. Again, 
ITIH4 robustly inhibited C3 and C4 deposition, and the inhibitory 
efficiency was only slightly lower than that of C1inh on this surface 
(Fig. 6C and fig. S9, C and D). In contrast to the LP, no effect of 
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Fig. 6. ITIH4 inhibits the LP in human and murine serum. (A and B) Varying concentrations of the indicated proteins were added to serum, and the LP was activated in 
mannan-coated wells. LP activity was quantified at the level of C4 (A) and C3 (B) (n = 3). (C) IC50 values for inhibition of the LP, CP, or AP. IC50 values were derived from (A) and 
(B) or fig. S9 by nonlinear regressions that fitted with R2 > 0.75. ND signifies that the regression did not converge, whereas NA indicates that the data are not available. (D) ITIH4 
inhibits the LP in murine serum. As in (A) but using serum from C57BL/6 mice (n = 3). (E) Inhibitory mechanism of ITIH4. MASP-1 and MASP-2 are activated upon binding 
of PRMs to target surfaces. Activated MASP-1 and MASP-2 cleave ITIH4 within the PSR, leading to complex formation between the MASP and the 80-kDa ITIH4 fragment. By 
contrast, the 42/37-kDa ITIH4 fragment dissociates into the fluid phase. Complex formation inhibits cleavage of the downstream proteins C2 and C4, thereby inhibiting the LP.
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ITIH4 was observed on CP and AP activity (Fig. 6C and fig. S9, E to 
G). Thus, ITIH4 specifically targets the LP within the complement 
system. Human ITIH4 also inhibited MBL-driven LP activity in 
murine serum, and the efficiency was equal to that of human C1inh 
(Fig. 6D). Conversely, human MASP-1cf formed complexes with 
endogenous murine ITIH4 (fig. S9H), suggesting that ITIH4 inhibits 
the LP by a novel inhibitory mechanism that is evolutionarily con-
served (Fig. 6E).

DISCUSSION
ITIH4 is an abundant plasma protein that is cleaved in a number of 
different pathologies but has evaded extensive scrutiny, partly because 
its biological role has been unknown. Here, we show that ITIH4 is 
cleaved within a PSR by various proteases. For the plasma proteases 
MASP-1, MASP-2, and plasma kallikrein, which promote inflamma-
tion by activating the complement and kallikrein-kinin systems, re-
spectively, cleavage of ITIH4 results in the formation of noncovalent 
ITIH4-MASP complexes and protease inhibition by a previously 
undescribed mechanism.

Formation of ITIH4-MASP complexes translated into inhibition 
of LP-driven complement activation (Fig. 6and fig. S9). Despite the 
residual activity that we observe for ITIH4-MASP complexes (Fig. 5 
and fig. S8), ITIH4 almost completely inhibited C4 and C3 deposi-
tion in the LP activity assays (Fig. 6 and fig. S9). This may be ex-
plained by a synergistic effect of ITIH4 since it targets five different 
reactions during LP activation: (i) activation of MASP-1 by MASP-1, 
(ii) activation of MASP-2 by MASP-1, (iii) cleavage of C2 by MASP-1, 
(iv) cleavage of C2 by MASP-2, and (v) cleavage of C4 by MASP-2. 
ITIH4 selectively inhibited the LP within the complement system, 
as no effect was seen on the CP or the AP (Fig. 6). By contrast, it was 
previously suggested that ITIH1 and/or ITIH2, which form covalent 
proteoglycan complexes with bikunin, can inhibit all three comple-
ment pathways through a combination of several distinct but ill-defined 
mechanisms (27). Similarly, ITIH1 has recently been shown to 
inhibit the AP by binding to C3 using its VWF domain (25). This 
nonspecific nature of ITIH1/2-mediated complement inhibition is 
thus markedly different from the LP-specific effect of ITIH4. We 
note that ITIH4-mediated LP inhibition was less efficient than inhi-
bition by C1inh in our assays, indicating that ITIH4 might not be 
the main inhibitor of the MASPs under normal physiological con-
ditions. However, the importance of LP inhibitors is context dependent 
and not fully reflected by their ex vivo potency (28). A limitation of 
our study is that LP inhibition by ITIH4 is not examined in an 
in vivo model. However, we do provide further lines of evidence 
supporting the link between ITIH4 and the LP, as we show that 
ITIH4–MASP-1 complexes are formed in serum by the endogenous 
proteins upon incubation with H. alvei (Fig. 2G). Noticeably, a 35-kDa 
ITIH4 fragment was observed in patients infected with M. tuberculosis, 
which is known to activate the LP (29), that had up-regulated levels of 
MBL and MASP-2 (10). Thus, it is tempting to speculate that infection 
leads to up-regulation of MBL and MASP-2, which is subsequently 
activated on the bacterial surfaces, leading to cleavage of ITIH4 and 
release of the 35-kDa fragment. In addition, we showed formation 
of ITIH4–MASP-1 complexes and ITIH4-mediated inhibition of the 
LP in murine serum (Fig. 6D and fig. S9H), demonstrating that the 
role of ITIH4 as a LP regulator is evolutionarily conserved.

The VWF domain of ITIH4 was key for protease inhibition, as a 
Mg2+- or Ni2+-bound MIDAS site was required for complex forma-

tion (Fig. 3). This indicates that the MIDAS ion, which significantly 
altered the dimensions of intact ITIH4 (Fig. 3, E and F), induces a 
conformation that enables postcleavage complex formation. Although 
VWF domains are exploited by various proteins for mediating 
protein-protein interactions, this is, to our knowledge, the first ex-
ample of a VWF domain being directly involved in protease inhibi-
tion. All ITIHs contain VWF domains with canonical MIDAS sites, 
and ITIH1 and/or ITIH2 also rely on their VWF domains for binding 
to pentraxin 3 (30). Thus, the VWF domains are emerging as key 
domains for protein binding by ITIHs, although the consequences 
of these binding events are vastly different. In contrast to complex 
formation, the MIDAS ion did not serve a key role for ITIH4 cleavage 
(Fig. 3and fig. S5F), highlighting that cleavage and complex forma-
tion are two separate events. Unexpectedly, Mg2+ was required at the 
time of cleavage to form ITIH4–MASP-1 complexes, whereas no as-
sociation was seen when adding Mg2+ after cleavage (Fig. 3B). This 
suggests that the 80-kDa ITIH4 fragment attains a transient confor-
mation capable of protease binding that relaxes into a nonbinding 
state if a complex is not formed, thereby ensuring that protease in-
hibition is retained locally in vivo.

ITIH4 was cleaved in vitro by several serine, cysteine, and metallo-
proteases belonging to different biological systems (Fig. 2C and fig. S3). 
In addition, a number of proteases were found not to cleave ITIH4, 
underlining that cleavage of ITIH4 is not a universal protease sub-
strate. The group of noncleaving proteases included ADAMTS-13 
and MASP-3, which are extremely specific proteases that circulate 
as constitutively active enzymes (15, 31). Thus, the lack of ITIH4 
cleavage by these proteases is consistent with the fact that ITIH4 was 
found as a full-length protein in serum (fig. S2, A to C). By mapping 
the cleavage sites of different human proteases with distinct substrate 
specificities, we identified a region in ITIH4 that was particularly 
susceptible to proteolysis (residues 633 to 713), which has previously 
been termed the PRR (4). We suggest that the PRR is redefined as 
the PSR, as this name holds functional significance. Note that the 
PSR defined in the present study may be extended in the future, as 
the cleavage sites of additional proteases are mapped. The susceptibility 
of the PSR to cleavage may be partly explained by its many prolines 
(17.3%) because prolines often lead to an overrepresentation of 
unstructured conformations due to the restrictions that the residue 
imposes on the main chain conformation (32). A limitation of our 
study is that although the ITIH4-cleaving proteases were all active, 
we did not perform active site titrations to estimate the exact con-
centration of functional enzyme. Thus, the ITIH4 cleavage results 
should mainly be used qualitatively rather than for a detailed 
enzymological comparison. Still, MASP-1, MASP-2, MMP-7, and 
MMP-13 appeared to cleave ITIH4 most efficiently (fig. S3). The 
cleavage by MMP-7 and MMP-13 is intriguing since these proteases 
are known to be overactive in various types of cancer (33), consistent 
with the fragmentation of the PSR in such patients (7). We speculate 
that the mechanism by which ITIH4 inhibits MASP-1, MASP-2, and 
kallikrein (Fig. 6E) is generally applicable to proteases that cleave within 
the PSR. In support of this, we note that these proteases all formed 
complexes with ITIH4, although their initial cuts were located at 
different sites in the PSR (Figs. 2C and 2B). However, it remains to 
be experimentally verified at the level of each individual protease 
whether cleavage of ITIH4 leads to complex formation and protease 
inhibition. We anticipate that knowledge about the cleavage site pref-
erences of various proteases will aid in decoding, which protease(s) 
are responsible for ITIH4 cleavage in different pathologic conditions.
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We find that ITIH4-mediated inhibition of MASP-1 and MASP-2 
is exerted by a novel inhibitory mechanism. Protease inhibitor mech-
anisms are generally divided into the standard (canonical), the non-
standard (noncanonical), the serpin, or the 2M mechanism (34). 
ITIH4 resembles the standard and nonstandard inhibitors by forming 
noncovalent inhibitor-protease complexes that dissociated during 
nonreduced SDS-PAGE analysis. By contrast, ITIH4 is mechanisti-
cally similar to the serpins and 2M by requiring cleavage to induce 
inhibition (Fig. 4). C1inh and 2M form covalent inhibitor-protease 
complexes upon cleavage of their reactive center loop or bait region, 
respectively (19, 21), inferring that the PSR functions similar to these 
regions. However, the reactive center loop and bait region differ in 
some important aspects. The 2M bait region displays great sequence 
variation across species and can be cleaved in a multitude of different 
positions to yield inhibitor-protease complexes (21). By contrast, the 
shorter reactive center loop of C1inh is extremely evolutionarily 
conserved, and cleavage outside of the P1-P1′ position can induce a 
conformational change in C1inh that does not produce a C1inh-
protease complex (35). Noticeably, the PSR of ITIH4 displays a high 
degree of sequence variation among species (4), is a rather long seg-
ment, and can likely be cleaved in multiple sites to yield inhibitor-
protease complexes, as seen for MASP-1, MASP-2, and kallikrein 
(Figs. 1 to 3). Consequently, the PSR seems to resemble the bait region 
of 2M more closely than the C1inh reactive center loop. Further-
more, the serpins and 2M are known to undergo extensive confor-
mational changes during inhibitor-protease complex formation, whereas 
minimal changes are seen for standard and nonstandard inhibitors 
(34). Our nsEM analysis of ITIH4 and ITIH4–MASP-1 complexes 
suggests that the conformation of the 80-kDa fragment of ITIH4 
changes upon complex formation (fig. S7). However, we acknowl-
edge that although the nsEM data provide valuable insight into 
the global architecture of the ITIH4–MASP-1cf complex, higher-
resolution structures of the complex will be required to understand 
in detail how complex formation gives rise to the observed mecha-
nism of protease inhibition. In contrast to serpins and 2M, 
cleavage of ITIH4 not only led to protease binding but also released 
a C-terminal fragment (Fig. 3 and fig. S5). The release of a sizeable 
protein fragment as a result of inhibitor-protease complex forma-
tion constitutes yet another distinctive feature of ITIH4-mediated 
protease inhibition. In the future, it would be interesting to assess 
whether the C-terminal ITIH4 fragment serves downstream func-
tions or if it is a passive byproduct that is merely cleared from 
the circulation.

MASP-1 and MASP-2 inhibition by ITIH4 was mediated by pro-
ducing complexes that leave the active site of the protease intact but 
less accessible to larger substrates (Fig. 5). This mimics the 2M 
mechanism, as 2M-trapped proteases are also able to cleave small 
substrates, while larger protein substrates are physically excluded 
from the active site (21). In contrast to 2M, which completely 
enwraps proteases in a molecular cage (36), ITIH4 sterically blocks 
larger substrates from being cleaved by shielding a smaller surface 
of the MASPs (Fig. 4D). This enables ITIH4 to function as a smaller, 
monomeric inhibitor, and it can, therefore, inhibit solid-phase LP 
activation (Fig. 6), which the larger 2M is not capable of (20, 22). 
An additional unique feature of ITIH4-mediated inhibition is the 
fact that residual C2-cleaving activity was still observed for purified 
ITIH4–MASP-1 complexes (Fig. 5B). This could be explained by dis-
sociation of the complexes after purification, although we find that 
ITIH4–MASP-1 complexes were extremely stable once formed. 

An alternative explanation might be that flexibility within the com-
plexes leads to inefficient gatekeeping of access to the active site. Note 
that the experiments with MASP-2cf did not use purified complexes, 
meaning that it was not possible to differentiate between residual 
activity of complexes and incomplete complex formation in these 
experiments (Fig. 5, C and D). The model in which ITIH4 serves as 
a gatekeeper for access to the active sites within ITIH4-protease com-
plexes could also explain why ITIH4 inhibited MASP-2cf more effi-
ciently than MASP-1cf (Fig. 5B and fig. S8, E and F), as the active site 
of MASP-1 is wider and more accessible than that of MASP-2 (37).

In summary, we have shown that the plasma protein ITIH4 is a 
protease inhibitor that may target several proteases by a novel inhib-
itory mechanism, as exemplified by its inhibition of MASP-1, MASP-2, 
and kallikrein (Fig. 6E). Following cleavage of the PSR of ITIH4, 
Mg2+-dependent complexes are formed between the 80-kDa ITIH4 
fragment and the executing protease that relies on the ITIH4 VWF 
domain. The active sites of MASP within the noncovalent ITIH4-
MASP complexes are catalytically competent, but downstream cleav-
age of C2 and C4 are inhibited by physically blocking access of the 
scissile bonds to the active sites. Such activity was demonstrated in 
human and murine serum. ITIH4 was found to be cleaved by various 
proteases within the PSR, suggesting that ITIH4 is a broad-acting 
inhibitor that targets numerous proteases.

MATERIALS AND METHODS
Co-IP using activated MASPs
Descriptions of recombinant proteins, including activated MASPs, 
are listed in Supplementary Materials and Methods. IP for mass 
spectrometry analysis was performed by diluting serum to 12.5% in 
TBS, 0.05% (v/v) Tween 20, and 5 mM CaCl2 (TBST/Ca2+) together 
with MASP-1cf, which was added to a final concentration of 82 nM. 
All steps were performed at 4°C. Following overnight incubation, 
biotinylated antibody was added (24 g/ml), and the samples were 
incubated for 1 hour. Subsequently, streptavidin agarose resin 
(Thermo Fisher Scientific) was added (10% v/v), and the samples 
were incubated for 1.5 hours. The beads were washed thrice in TBST/
Ca2+ and transferred to Pierce Micro-Spin Columns (Thermo Fisher 
Scientific). Buffer was removed by centrifugation, and elution was 
performed using 0.1 M glycine (pH 2.5). The pH of the eluates was 
neutralized using 1 M tris (pH 8.5) (0.06 times the elution volume). 
In experiments for WB analysis, MASP variants were added to a final 
concentration of 260 nM, and biotinylated antibodies were used at 
a concentration of 37 g/ml. The LC-MS/MS analysis is described 
in Supplementary Materials and Methods.

IP from serum obtained from WT C57BL/6 mice was performed 
as IPs from normal human serum (NHS). For pulldown of MASP-1cf 
variants, MASP-1 EK variants, and MASP-3 K448Q, we used a murine 
anti–MASP-1/3 antibody. IP of MASP-2cf was performed using a 
rat anti–MASP-2 antibody, whereas pulldown of ITIH4 was conducted 
using affinity-purified, polyclonal rabbit anti-ITIH4 antibody 
(Supplementary Materials and Methods). As isotype controls, 
biotinylated mouse immunoglobulin G (IgG) (7404304, Lampire), 
biotinylated rat IgG (7407005, Lampire), or biotinylated rabbit IgG 
(7406404, Lampire) was used.

WB analysis
Samples were subjected to SDS-PAGE using 4 to 15% Criterion TGX 
Precast Midi Protein Gels and transferred to nitrocellulose membranes 
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using the semidry Trans-Blot Turbo Transfer System (Bio-Rad). The 
membranes were blocked by incubation in TBS and 0.1% (v/v) Tween 20 
for 1 hour before addition of the primary antibodies, which were 
diluted in 25 mM tris, 0.05% (v/v) Tween 20, 1 mM EDTA, HSA 
(1 mg/ml; CSL Behring), and human IgG (100 g/ml; Beriglobin, 
CSL Behring) (pH 7.4). Detection of human ITIH4 was achieved 
using monoclonal rabbit anti-ITIH4 (0.05 g/ml; ab180139, Abcam) 
mixed with polyclonal rabbit anti-ITIH4 (0.05 g/ml; HPA001835, 
Sigma-Aldrich), which ensures that both N- and C-terminal fragments 
of ITIH4 are detected. Murine ITIH4 was detected using monoclonal 
rabbit anti-ITIH4 (0.1 g/ml; ab180139, Abcam). MASP-1 was de-
tected using mouse anti–MASP-1 antibody (1 g/ml); MASP-3 was 
detected using a monoclonal rat anti–MASP-3 antibody (1 g/ml), 
while MASP-2 was detected using polyclonal antiserum (1:1000 
dilution) from a rat that was immunized with a MASP-2 fragment. 
In all cases, the secondary antibody was the appropriate species-specific 
anti-IgG antibody conjugated with horseradish peroxidase (Dako).

Cleavage of ITIH4 by different proteases
To examine whether ITIH4 was cleaved by the different MASPs, 
2000 nM ITIH4 (201 g/ml) was incubated at 37°C with 100 nM 
MASP in TBS and 2 mM CaCl2. Aliquots were withdrawn at different 
time points, and the reaction was stopped by diluting the sample in 
SDS-PAGE loading buffer. MASP-1cf–mediated cleavage of ITIH4 
was performed in both TBS and 2 mM CaCl2 and TBS, 2 mM CaCl2, 
and 1 mM MgCl2 to examine the effect of Mg2+ on the cleavage rate. 
The samples were separated by SDS-PAGE using 4 to 15% Criterion 
TGX Precast Midi Protein Gels (Bio-Rad) and stained with Coomassie 
Brilliant blue R 250 (Merck).

To investigate the cleavage of ITIH4 by different proteases, 2000 nM 
ITIH4 was incubated with 80 nM protease at 37°C and the reaction 
was stopped at different time points by mixing aliquots with SDS-PAGE 
loading buffer containing dithiothreitol (25 mM). Cleavage by serine 
proteases was performed in TBS, 2 mM CaCl2, and 2 mM MgCl2, 
whereas cleavage by metalloproteases was performed in 50 mM tris, 
150 mM NaCl, 10 mM CaCl2, 2 mM MgCl2, and 0.05% Brij 35 
(pH 7.6). The samples were used for Coomassie-stained SDS-PAGE 
and N-terminal sequencing to identify the cleavage sites of the initial 
cut. If it was not possible to distinguish the order of two cleavage 
events for an individual protease, then we mapped both cleavage 
sites. The N-terminal sequencing and the various proteases are 
described in Supplementary Materials and Methods.

Cleavage of the ITIH4 variants ITIH4 WT, ITIH4 S282A, ITIH4 
S284A, ITIH4 T350A, and ITIH4 S282A + S284A + T350A was per-
formed by mixing MASP-1 EK (final concentration of 2.5 g/ml) 
with ITIH4-containing culture supernatant (final ITIH4 concentra-
tion of 25 g/ml) in TBS, 2 mM CaCl2, and 0.1% (v/v) sodium azide. 
The samples were incubated at 37°C; time points were stopped with 
SDS-PAGE loading buffer, and anti-ITIH4 WBs were performed. 
Band intensities were quantified by densitometry.

Cleavage of ITIH4 by MBL–MASP-1 complexes bound 
on a surface
Recombinant MBL was bound to mannose-derivatized TOYOPEARL 
HW-75F resin (Sigma-Aldrich) by incubating 0.25 g of MBL per l 
of resin in TBST and 5 mM CaCl2 for 2 hours at room temperature 
(RT). The beads were washed thrice; MASP-1 EK or MASP-1 EK 
S646A were added (25 ng of MASP-1 EK per l of resin), and the 
samples were incubated overnight at 4°C. A negative control was 

included that did not receive MBL but did receive MASP-1 EK. The 
resin was washed thrice, and ITIH4 was added to the sample (375 ng 
of ITIH4 per l of resin). The samples were incubated at 37°C, and 
the reaction was stopped at different time points by mixing aliquots 
with SDS-PAGE loading buffer. Cleavage of ITIH4 was monitored 
by SDS-PAGE and Coomassie staining, as described above.

Immunoassay for detection of ITIH4–MASP-1 complexes
Microtiter wells were incubated with 100 l of anti-ITIH4 (5 g/ml) 
or with 100 l of anti–MASP-1/3 antibody (5 g/ml). Subsequently, 
the wells were blocked with HSA. To form complexes between ITIH4 
and MASP-1, serum was diluted to 10% in TBST/Ca2+ together with 
MASP-1cf (0 to 20 g/ml). The samples were incubated at RT for 
1.5 hours and diluted fivefold in TBST/Ca2+. Then, 100 l of sample 
was added to the plate in duplicates and incubated for 1.5 hours at 
RT. To detect complexes, the wells were washed in TBST/Ca2+ and 
biotinylated anti–MASP-1/3 (1 g/ml) was added to anti–ITIH4–
coated wells, whereas biotinylated, affinity-purified anti-ITIH4 (1 g/ml) 
was added to anti–MASP-1/3–coated wells. The samples were incu-
bated for 1.5 hours at RT, the wells were washed thrice in TBST/Ca2+ 
and received Eu3+-labeled streptavidin (0.1 g/ml; PerkinElmer) 
diluted in TBST and 25 M EDTA. The wells were incubated for 
1 hour at RT, washed thrice in TBST/Ca2+, and incubated briefly 
with 200 l of enhancement solution (Ampliqon A/S) before mea-
suring the fluorescence by time-resolved fluorometry using a 
VICTOR X5 plate reader (PerkinElmer). The dose dependency of 
the assay on ITIH4 was monitored by keeping the concentration of 
MASP-1cf at 5 g/ml and varying the concentration of recombinant 
ITIH4 between 0 and 500 g/ml. To verify the specificity of the as-
says, the samples were added in parallel to wells coated with isotype 
control antibodies. For the anti–MASP-1/3 antibody, the isotype con-
trol was mouse IgG (7404304; Lampire), while rabbit IgG (7406404; 
Lampire) was used as a control for anti–ITIH4–coated wells.

Varying concentrations (0.22 to 450 nM) of the different MASP-1 
variants (see Fig. 2D) were added to NHS to assess their ability to 
form complexes with ITIH4. The assay was performed using anti–
ITIH4–coated wells, as described above, with minor modifications. 
To increase the signal-to-noise ratio, the serum concentration during 
complex formation was 20%, and biotinylated anti–MASP-1 anti-
body was used for detection.

To outline the elution profiles of ITIH4–MASP-1 complexes by 
SEC, serum was mixed with MASP-1cf, MASP-1cf S646A, or MASP-1 
SP in TBS to yield a final serum concentration of 75% and a final 
MASP-1 concentration of 440 nM. These samples were incubated 
for 1.5 hours at RT, centrifuged at 10,000g for 10 min, and fractionated 
on a Superose 6 Increase 10/300 GL column (GE Healthcare Life 
Sciences) equilibrated in TBS. Fractions from serum that received 
MASP-1cf or MASP-1cf S646A were diluted sixfold in TBST/Ca2+ 
and measured in the ITIH4–MASP-1 complex assays to determine 
the elution profile of the complexes. Similarly, to locate ITIH4–
MASP-1 SP complexes, the fractions were diluted twofold in TBST/
Ca2+ and added to anti–ITIH4–coated wells, followed by detection 
using biotinylated anti–MASP-1. The elution profile of total ITIH4 
was defined by diluting the fractions 500-fold and using the poly-
clonal rabbit anti-ITIH4 antibody for capture and detection.

To investigate the importance of divalent cations, normal human 
serum was dialyzed thrice against TBS and 10 mM EDTA, followed 
by three dialysis steps against TBS to remove EDTA. Dialyzed serum 
or nondialyzed serum were diluted to 10% in TBS together with 



Pihl et al., Sci. Adv. 2021; 7 : eaba7381     8 January 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

14 of 17

MASP-1 EK (final concentration of 3 g/ml) and divalent cations 
(final concentration of 5 mM; CaCl2, MgCl2, CuCl2, ZnCl2, NiCl2, 
and MnCl2). Complex formation and detection of complexes were 
performed as described above using anti–MASP-1/3–coated wells 
and biotinylated anti-ITIH4 for detection.

Complex formation between MASP-1 EK and ITIH4 variants in 
human embryonic kidney 293-F culture supernatant was performed 
by incubating MASP-1 EK (3 g/ml) or MASP-1 EK S646A (3 g/ml) 
with supernatant containing varying concentrations (0 to 100 g/ml) 
of ITIH4 WT, ITIH4 S282A, ITIH4 S284A, ITIH4 T350A, or ITIH4 
S282A + S284A + T350A. Complex formation and detection using 
anti–MASP-1/3–coated wells were performed as described above for 
serum, with the exception that the fivefold dilution was made using 
20 mM tris, 1 M NaCl, 2 mM CaCl2, 1 mM MgCl2, 0.05% Tween 20, 
HSA (1 mg/ml), and mouse IgG (100 g/ml) (pH 7.4).

To assess the influence of high salt and EDTA on the ITIH4–
MASP-1cf complexes, an additional step was included in the assay. 
Upon capture of the complexes by the coating antibody, the wells 
were incubated in different buffers for 1 hour at RT. These buffers 
were either 25 mM tris, 0.05% Tween 20, and 5 mM CaCl2 (pH 7.4) 
with varying concentrations of NaCl (145, 250, 500, 750, or 1000 mM) 
or 25 mM tris, 145 mM NaCl, 0.05% Tween 20, and 10 mM EDTA 
(pH 7.4). After this incubation step, the wells were washed in TBST 
and 5 mM CaCl2, and the rest of the assay was performed as described 
above. The data were normalized by defining the signal from the 
sample in 145 mM NaCl as 100% complex formation.

H. alvei–induced formation of ITIH4–MASP-1 complexes 
in human serum
The H. alvei strain polish collection of microorganisms (PMC) 1200 
was cultured as previously described (23) and fixated by adding 
formaldehyde to 1% (v/v). The bacteria were equilibrated in TBST, 
2 mM CaCl2, and 1 mM MgCl2 and mixed with serum to yield final 
H. alvei concentrations ranging from 0.25 × 109 to 1.5 × 109 bacteria/ml 
in 12.5% serum. The total volume was 250 l. As controls, the 
MASP-1 inhibitor SGMI-1 was added to a final concentration of 5 M, 
or the sample was prepared in TBST and 10 mM EDTA. Moreover, 
serum from an H-ficolin–deficient donor was used instead of normal 
human serum. The samples were incubated at 37°C for 2 hours on a 
rotor; the bacteria were pelleted by centrifugation and washed thrice 
in TBST, and H-ficolin–MASP complexes were eluted from H. alvei 
using 225 l of 25 mM tris, 1 M NaCl, and 10 mM EDTA (pH 7.4). 
The eluates were added in duplicates to anti–MASP-1/3–coated wells, 
and complexes were quantified using biotinylated, affinity-purified 
anti-ITIH4, as described above. Wells that only received elution 
buffer was used to define the background signal.

ITIH4-protease complex formation detected by SEC
Generation of ITIH4–MASP-1cf complexes using purified proteins 
was conducted by incubating 11 M ITIH4 (1103 g/ml) with 4.4 M 
MASP-1cf (200 g/ml) in different buffers at 37°C for 1 hour. These 
buffers were TBS and 2 mM CaCl2 (Ca2+); TBS, 2 mM CaCl2, and 
1 mM MgCl2 (Ca2+/Mg2+); or TBS, 2 mM CaCl2, and 1 mM NiCl2 
(Ca2+/Ni2+). After incubation, the SP inhibitor Pefabloc was added 
to 2.0 mM to quench MASP-1 activity. Furthermore, buffer was 
added to the sample (0.2 times the sample volume), which enabled 
us to vary the buffer composition between the cleavage step and SEC 
fractionation. The buffers added after cleavage either yielded TBS 
and 2 mM CaCl2; TBS, 2 mM CaCl2, and 1 mM MgCl2; or TBS and 

10 mM EDTA (EDTA). During SEC fractionation, the Superdex 
200 Increase GL 30/100 column (GE Healthcare Life Sciences) was 
equilibrated in these buffers or Ca2+/Ni2+. A total of 200 l of sample 
was loaded on the column for SEC analysis. To examine the content 
of the different peaks, SEC fractions were analyzed by SDS-PAGE, 
followed by silver staining.

In general, complex formation using MASP-2cf was performed 
as described for MASP-1cf. However, the concentrations of MASP-2cf 
and ITIH4 were 4 and 6 M, respectively. To compare complex for-
mation for MASP-1cf and MASP-2cf, an experiment with MASP-1cf 
was also performed using these concentrations. To investigate com-
plex formation between ITIH4 and MASP-1 EK, ITIH4 (6.25 M) 
and MASP-1 EK (2.5 M) were incubated in Ca2+ or Ca2+/Mg2+. A 
Superose 6 Increase 10/300 GL column (GE Healthcare Life Sciences) 
was equilibrated in the same buffer as used for complex formation, 
and the sample was fractionated by SEC to detect complex forma-
tion. Kallikrein-ITIH4 complexes were formed by incubating ITIH4 
(13.6 M) with plasma kallikrein (3.47 M; Sigma-Aldrich, no. K2638) 
at 37°C for 15 min in Ca2+ or Ca2+/Mg2+. Following complex forma-
tion, Pefabloc-containing buffer was added (0.3 times the sample 
volume) to yield 2 mM Pefabloc, and 100 l was injected onto a 
Superdex 200 Increase GL 30/100 column. To identify kallikrein-
containing fractions, SEC fractions were analyzed by anti-kallikrein 
WB using a rabbit anti-kallikrein antibody (Abcam, no. ab44392).

Analysis of ITIH4-mediated protease inhibition
To form ITIH4–MASP-1cf complexes, ITIH4 (17.6 M) was incu-
bated with MASP-1cf (4.4 M) for 1 hour at 37°C in Ca2+/Mg2+ and 
purified by SEC, as described above. The complex-containing frac-
tions were pooled and concentrated, and the MASP-1 concentration 
in the sample was determined by an immunoassay (12). The activity 
against the tripeptide substrate FGR-AMC (methylsulfonyl-d-Phe-
Gly-Arg-AMC; American Diagnostica) was measured by mixing 
dilutions of ITIH4–MASP-1cf or free MASP-1cf with FGR-AMC 
(final concentration of 0.1 mM) in microtiter wells and incubating 
the plate at 37°C. Cleavage was followed at various time points (fig. 
S8) by measuring fluorescence at 460 nm after excitation at 355 nm. 
To determine the initial rates of cleavage, the data series were trun-
cated to enable linear regression that fitted with R2 > 0.98 using Prism 
version 6 (GraphPad software). The cleavage of C2 S679A was fol-
lowed by mixing C2 (final concentration of 640 g/ml) with free 
MASP-1cf or ITIH4–MASP-1cf with a final MASP-1 concentration 
of 4.55 g/ml in Ca2+/Mg2+. The samples were incubated at 37°C, and 
aliquots were withdrawn at different time points and stopped by 
mixing with SDS-PAGE loading buffer. The samples were analyzed 
by SDS-PAGE, followed by Coomassie staining, and cleavage of C2 
was quantified by measuring the band intensities using densitometry.

The effect of ITIH4 on MASP–2cf–mediated cleavage of FGR-
AMC was measured by incubating MASP-2cf (1.5 M) with ITIH4 
(18 M) in Ca2+ or Ca2+/Mg2+. Moreover, a control was made with 
MASP-2cf Ca2+/Mg2+ without addition of ITIH4. These samples 
were incubated at 37°C for 45 min before they were placed on ice. 
Two sets of dilution series were made using these samples. One was 
mixed with FGR-AMC, and cleavage was measured, as described 
for MASP-1cf. The other dilution series (ranging from 0 to 150 pM 
MASP-2cf) were added to anti–MASP-2–coated microtiter wells, in-
cubated for 2 hours at 4°C, and the wells were washed thrice in Ca2+ 
or Ca2+/Mg2+. Purified C4 (2.0 g/ml) in MgCl2 Ca2+/Mg2+ was added 
to the wells; the plates were incubated at 37°C for 2 hours and washed 
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thrice in TBST, and C4 deposition was estimated using biotinylated 
rabbit anti-C4c (no. Q0369, Dako). Eu3+-labeled streptavidin was 
added, and deposition was measured using time-resolved fluorometry, 
as described above. For each plate, the highest signal was defined as 
100% C4 deposition.

To directly follow the ITIH4-mediated inhibition of C2 and C4 
cleavage by MASP-2cf temporally, MASP-2cf (0.23 M) was incu-
bated with ITIH4 (18 M) in Ca2+ or Ca2+/Mg2+ for 1 hour at 37°C. 
The samples were diluted 9.2-fold in Ca2+ or Ca2+/Mg2+ before mixing 
it with the substrate of interest to yield 2.7 nM MASP-2cf, 211 nM 
ITIH4, 1850 nM C2 S679A, or 787 nM C4. Cleavage was examined 
by incubating the samples at 37°C and quenching the reaction by 
adding SDS-PAGE loading buffer at the various time points. Analysis 
of C2 cleavage was performed using nonreduced SDS-PAGE, whereas 
reducing conditions were used to monitor C4 cleavage. The reac-
tions were quantified using densitometry, and the band intensity at 
t = 0 was defined as 100%. A similar setup was used to investigate 
the effect of increasing ITIH4 concentrations on MASP-2cf activity. 
For these experiments, a 1.5-fold dilution series of ITIH4 was pre-
pared in Ca2+/Mg2+, and the samples were mixed with MASP-2cf 
(0.23 M) to yield ITIH4 concentrations starting at 15 M. Complex 
formation and substrate cleavage were performed as described above, 
using 15 or 60 min of incubation at 37°C for C4 and C2, respectively. 
Inhibition of kallikrein-mediated cleavage of HMWK (Sigma-Aldrich, 
no. 422686) was analyzed by mixing kallikrein (0.02 M) with vary-
ing concentrations of ITIH4 (2.39 M and twofold dilutions hereof) 
in Ca2+ or Ca2+/Mg2+. Samples were incubated at 37°C for 1 hour 
before addition of HMWK, yielding 0.018 M kallikrein, 1.92 M 
HMWK, and up to 2.14 M ITIH4. The cleavage was performed for 
2 hours at 37°C.

Complement activity assays
The assay for MBL-mediated LP activity was performed in mannan-
coated wells, as previously described (38). Serum was diluted to 1% 
in 4 mM barbital, 145 mM NaCl, 2 mM CaCl2, and 1 mM MgCl2 
(pH 7.5) together with different additives: recombinant ITIH4 WT, 
ITIH4 S282A, ITIH4 S282A + S284A + T350A, C1inh (Sigma-Aldrich), 
and HSA (CSL Behring, no. 109697). All additives were used in final 
concentrations that varied from 0 to 4000 nM. Samples were added 
to the microtiter wells, which were incubated at 37°C for 1.5 hours. 
Deposited C3 fragments were detected using biotinylated rabbit 
anti-C3d (no. A0063, Dako), while C4 fragment deposition was quan-
tified using biotinylated rabbit anti-C4c (no. Q0369, Dako). Eu3+-
labeled streptavidin was added, and deposition was measured using 
time-resolved fluorometry, as described above. Furthermore, the ef-
fect of ITIH4 WT and HSA on MBL and MASP binding was exam-
ined using either biotinylated anti-MBL (0.1 g/ml) or biotinylated 
anti–MASP-1/3 (1.0 g/ml), respectively. In these experiments, serum 
from an MBL-deficient donor was included as a negative control. 
MBL-driven LP activity in murine serum was tested in mannan-
coated wells, as described above with minor modifications. The assays 
were performed using 0.2% serum from male C57BL/6 mice, and 
LP activity was detected at the level of C4 fragment deposition 
using a rat anti-mouse C4 antibody (Connex GmbH, no. RMC16D2), 
followed by a biotinylated rabbit anti-rat IgG antibody (Dako, 
no. E0468) and Eu3+-labeled streptavidin. Similarly, LP activity driven 
by H-ficolin in human serum was examined using acetylated BSA 
(Sigma-Aldrich) as the solid-phase ligand. Each well was coated 
with 1 g of acetylated BSA, and the assay was performed as de-

scribed for the mannan-based LP assay using ITIH4 WT, C1inh, 
and HSA.

Complement activity by the CP was investigated by coating mi-
crotiter wells with 100 l of human IgG (10 g/ml; CSL Behring, no. 
007815). The assay was performed as described for the LP assays 
with a serum concentration of 0.5% using ITIH4 WT, C1inh, and 
HSA as additives. An inhibitory nanobody that binds to C3 (C3Nb) 
and prevents its cleavage was included as a control. The assay for 
AP activity was performed in zymosan-coated wells, as previously 
described (15). This was performed in a buffer that prevents activa-
tion of the LP and CP. The assay was carried out in 16.67% serum, 
and the effect of HSA, ITIH4, and C3Nb on the C3 fragment depo-
sition was tested in concentrations from 0 to 4000 nM.

For all assays, the data were normalized by defining 100% depo-
sition (of either C3 or C4 fragments) as the signal from serum without 
any additives. IC50 values were estimated using the “log(inhibitor) vs. 
normalized response − variable slope” in Prism version 6 (GraphPad 
software). All data were fitted with R2 > 0.75.

Statistical analysis
All data except gels and WBs were represented and analyzed using 
Prism version 6 (GraphPad software). Densitometry analyses were 
performed using the Fiji software (39). Data points are presented as 
mean values, and error bars represent SDs. Statistical tests are de-
tailed in the respective figure legends and were performed using 
Prism version 6 (GraphPad software).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/2/eaba7381/DC1

View/request a protocol for this paper from Bio-protocol.
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