
Human mannose-binding lectin inhibitor prevents Shiga toxin-
induced renal injury

Masayuki Ozaki1,2, Yulin Kang1, Ying Siow Tan1, Vasile I. Pavlov1, Bohan Liu3, Daniel C. 
Boyle3, Rafail I. Kushak3, Mikkel-Ole Skjoedt1,4, Eric F. Grabowski3, Yasuhiko Taira2, and 
Gregory L. Stahl1

1 Center for Experimental Therapeutics and Reperfusion Injury, Department of Anesthesiology, 
Perioperative and Pain Medicine, Brigham and Women's Hospital, Harvard Medical School, 
Boston MA, USA

2 Department of Emergency and Critical Care Medicine, St. Marianna University School of 
Medicine, Kawasaki, Japan

3 Department of Pediatrics, Cardiovascular Thrombosis Laboratory, Massachusetts General 
Hospital, Harvard Medical School, Boston MA, USA

4 Department of Clinical Immunology and Tissue Typing Lab, University Hospital of Copenhagen, 
Rigshospitalet, Denmark

Abstract

Hemolytic uremic syndrome caused by Shiga toxin-producing Escherichia coli (STEC HUS) is a 

worldwide endemic problem and its pathophysiology is not fully elucidated. Here we tested 

whether the mannose-binding lectin (MBL2), an initiating factor of lectin complement pathway 

activation, plays a crucial role in STEC HUS. Using novel human MBL2 expressing mice (MBL2 

KI) that lack murine Mbls (MBL2+/+Mbl1−/−Mbl2−/−), a novel STEC HUS model consisted of an 

intraperitoneal injection with Shiga toxin-2 (Stx-2) with or without anti-MBL2 antibody (3F8, 

intraperitoneal). Stx-2 induced weight loss, anemia, thrombocytopenia, and increased serum 

creatinine, free serum hemoglobin, and cystatin C levels, but a significantly decreased glomerular 

filtration rate all compared to control/sham mice. Immunohistochemical staining revealed renal 

C3d deposition and fibrin deposition in glomeruli in Stx-2 injected mice. Treatment with 3F8 

completely inhibited serum MBL2 levels, and significantly attenuated Stx-2 induced renal injury, 

free serum hemoglobin levels, renal C3d and fibrin deposition, and preserved the glomerular 

filtration rate. Thus, MBL2 inhibition significantly protected against complement activation and 

renal injury induced by Stx-2. This novel mouse model can be used to study the role of 
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complement, particularly lectin pathway-mediated complement activation, in Stx-2 induced renal 

injury.
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Introduction

Hemolytic uremic syndrome (HUS) is a disease characterized by renal failure, 

thrombocytopenia, and hemolytic anemia 1. HUS is divided into two major classes by its 

etiologies- Shiga toxin-producing Escherichia coli HUS (STEC HUS) and atypical HUS 

(aHUS). An AB5 toxin produced by bacteria, Shiga toxin (Stx), has been identified as the 

causative factor of STEC HUS 2. A major source of Stx is ingestion of food contaminated 

with Stx-producing Escherichia coli or Shigella dysenteriae 3. Currently there is no proven 

therapeutic option for STEC HUS other than supportive care 4. Supportive therapy with 

dialysis in the acute phase of STEC HUS can be life-saving; however, chronic renal failure 

and hypertension develop in many patients 5,6. Establishment of definitive therapy to treat 

STEC HUS is needed to decrease mortality and morbidity.

Stx is a member of the ribosome-inactivating proteins (RIPs) and is classified into two main 

forms; Stx-1 and Stx-2 7. Stx-2 is associated with severe human disease 8. The B subunits of 

Stx bind to a glycosphingolipid receptor, globotriaosyl ceramide (Gb3), which is expressed 

on the plasma membrane, and the receptor-bound Stx is then internalized to the cytosol. Gb3 

is highly expressed on human renal endothelial cells, and cellular injury may occur 

following Stx exposure 9. Stx is then transported to the ribosome where the A subunit 

cleaves an adenosine at position 4324 from the 5' terminal of the 28 S ribosome and leads to 

protein synthesis inhibition and cell injury 10. In a small number of instances, protein 

synthesis may be enhanced (e.g., tissue factor) 11,12. Although these intracellular 

mechanisms have been elucidated, the mechanisms by which ribosomal inactivation induces 

the peculiar characteristics of STEC HUS are unknown 13.
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Involvement of the complement system has been suggested as a possible mechanism in the 

development of STEC HUS 14. Low C3 plasma levels in STEC HUS patients have been 

reported 15,16. Other changes in the complement system include increased levels of 

breakdown products of the two components of the alternative pathway C3 convertase, C3 

(C3b, C3c, C3d), factor B (Ba and Bb), as well as sC5b-9 17-19. These findings imply that 

inhibiting the complement system may attenuate the cell injury and lead to resolution of 

renal insufficiency. In children with severe neurological STEC HUS, anti-C5 antibody 

eculizumab/Soliris™ was shown to be clinically effective 20. In contrast, other studies have 

questioned the effectiveness of Soliris™ in the treatment of STEC HUS 21,22. However, the 

role of the lectin complement pathway in STEC HUS is unknown. We hypothesized that 

mannose-binding lectin 2 (MBL2) of the lectin pathway plays a role in the pathogenesis of 

STEC HUS.

MBL2 is an initiating factor of the lectin complement pathway and recognizes pathogens 

and altered-self cells, resulting in induction of an inflammatory response and 

thrombogenesis. Upon MBL2 binding to its target, serine proteases called MBL/ficolin-

associated serine proteases (MASP-1, MASP-2, MASP-3) activate C4 and C2 leading to 

formation of the C3 and C5 convertases and ultimately to formation of the membrane attack 

complex (e.g., C5b-9). MASPs are also involved in cleavage of prothrombin to thrombin, 

cleavage of fibrinogen to fibrin, activation of factor XIII 23,24. MBL2 and MASPs are 

involved in the activation of multiple biological pathways involved in thrombotic diseases 25. 

We have shown that MBL2 is associated with endothelial injury during sterile injury such as 

ischemia/reperfusion injury and thrombogenesis 26.

To investigate the role of MBL2 further in clinically relevant settings, we recently described 

a mouse model in which human MBL2 is knocked-in with the absence of murine Mbls 

(MBL2+/+Mbl1−/−Mbl2−/−; MBL2 KI mouse) and also used a functionally inhibiting 

monoclonal antibody (mAb) against MBL2, clone 3F8 27-29 to inhibit MBL2 function. To 

mimic STEC HUS we modeled Stx-induced renal injury using the MBL2 KI mouse and 

purified Stx-2. In the present study we examined the role of MBL2 in the pathogenesis of 

STEC HUS and explored the effectiveness of 3F8 in this mouse model.

Results

Determination of Doses of Stx-2 and 3F8

We determined the toxicity of Stx-2 in MBL2 KI mice. Dose-response experiments 

determined that the 50% lethal dose was 625 pg/g. Administration of Stx-2 (625 pg/g) 

resulted in rapidly progressive weight loss; mice were moribund 3 days later and displayed 

convulsions and ataxia, indicating impairment of the nervous system. In order to reproduce 

more clinically relevant STEC HUS in MBL2 KI mice without death, the Stx-2 dose was 

reduced to 125 pg/g. We used weight loss as an indicator of toxicity instead of death in these 

pilot stuides, since weight loss in rodent STEC HUS models correlates with illness 30-32. 

With a dose of Stx-2 (125 pg/g), MBL2 KI mice developed various degrees of weight loss 

but none exhibited neurological deficits by day 4. This sub-lethal dose of Stx-2 (125 pg/g) 

was used in all experimental studies. For sham/controls, mice were injected with either PBS 
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or toxoid (e.g., a mutated form of Stx-2 that is produced and purified in the same manner as 

Stx-2) 33,34.

Mice were weighed every 24 hours from day −1 to day 4 (Figure 1). The MBL2 KI mice 

receiving Stx-2 and an isotype control monoclonal antibody (clone 1C10) began to lose 

body weight by day 2. On day 4, these mice lost an average of 11% of their baseline body 

weight. To control for any contaminating lipopolysaccharide or blood volume changes, we 

injected mice with toxoid or PBS 33,34. Similar to PBS, toxoid injected mice had no weight 

loss over the four day observation period. MBL2 KI mice treated with 3F8 and receiving 

Stx-2 had significantly less weight loss at day 4 compared to the 1C10 + Stx-2 group.

Functional serum MBL2 levels were evaluated in mice receiving PBS or toxoid and mice 

receiving Stx-2 and treated with either PBS, 1C10 or 3F8 (Figure 2). All groups had similar 

levels of circulating MBL2 (e.g., ~3 μg/ml sera), which was significantly inhibited in mice 

receiving 3F8.

Stx-2 Induced Renal Injury, Anemia and Thrombocytopenia in MBL2 KI Mice and 3F8 
Ameliorated Renal Injury

The main characteristics of STEC HUS are anemia, thrombocytopenia and renal injury. We 

observed a small but significant decrease in RBC count from 11±1 to 8±1 (106 cells/mm3) 

following Stx-2 administration compared to control. In order to better evaluate Stx-2 

induced lysis of RBCs, we investigated free serum hemoglobin (Hgb) as an index of anemia. 

We observed an increase in free Hgb in mice treated with PBS or 1C10 and also receiving 

Stx-2 compared to control mice receiving only PBS or toxoid (Figure 3). Mice treated with 

3F8 had significantly lower free Hgb levels and these levels were not different from the 

control mice (e.g., mice receiving only PBS or toxoid). We also observed a significant 

decrease in platelet counts induced by Stx-2 compared to mice receiving only PBS (Figure 

4; NOTE: since toxoid did not affect other parameters, the toxoid group was discontinued in 

the remaining studies). While the platelet counts in the 3F8 + Stx-2 group were not 

significantly different from those in either the PBS only group or the Stx-2 group, there was 

a trend for platelet counts with 3F8 + Stx-2 to be higher than those in the PBS + Stx-2 

group, a trend which might have reached statistical significance with a higher N. These data 

demonstrate Stx-2 induced anemia and thrombocytopenia in this novel mouse line with 

anemia blocked by anti-MBL2 treatment.

Serum samples were also analyzed for two representative markers of renal injury 

(Creatinine; Cr and Cystatin C; CysC) (Figure 5). Four days after administration of Stx-2, 

serum Cr was increased significantly compared to the PBS only group (Figure 5, top panel). 

Serum Cr in the 3F8 + Stx-2 group was significantly lower compared to the group receiving 

PBS + Stx-2. Similar to the Cr data, serum CysC (Figure 5, bottom panel) was increased in 

response to Stx-2 compared to the Control group (PBS only). Serum CysC levels were 

significantly lower in the 3F8 + Stx-2 group compared to the PBS + Stx-2 group.

To evaluate renal function, we determined glomerular filtration rate (GFR). GFR was 

significantly decreased in the PBS + Stx-2 group compared to the PBS only group (Figure 
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6). GFR in the 3F8 + Stx-2 group was significantly higher compared to the PBS + Stx-2 

group and not significantly different from the PBS only group.

In summary, Stx-2 induced three characteristics of STEC HUS; renal failure, anemia, and 

thrombocytopenia in MBL2 KI mice. In this Stx-2 model, functional inhibition of MBL2 

with mAb 3F8 prevented renal failure and anemia, with marginal affects on 

thrombocytopenia. Renal function (e.g., GFR) was significantly protected from Stx-2 

induced injury by MBL2 inhibition.

Complement activation and deposition

Local synthesis of complement protein C3 from renal epithelial cells is an important 

mediator for local tissue injury in renal disease 35. We examined renal C3d deposition as an 

index of complement activation by all complement pathways. As others have 

demonstrated 35,36, we observed local C3d in renal sections from mice given only PBS 

(Figure 7A; n=3). Mice (n=3) injected with PBS + Stx-2 (panel B) had significantly 

(p=0.001) greater renal C3d deposition compared to control mice (panel A; (47 ± 6% 

increase). The 3F8 + Stx-2 group (n=2; panel C) demonstrated C3d deposition that was not 

different from control mice (panel A) and significantly less than PBS + Stx-2 (p=0.004; 

panel B). These data demonstrate that MBL2 and the lectin complement pathway are 

responsible for complement activation and C3d deposition following Stx-2 administration.

Glomerular fibrin deposition

Immunohistochemical staining for fibrin demonstrated fibrin deposition in the glomeruli of 

PBS + Stx-2 mice (Figure 8A). There was significantly less fibrin deposition in the 

glomeruli in the 3F8 + Stx-2 group (Figure 8A and 8B). These data demonstrate the 

important role of the MBL2 complex in glomeruli fibrin deposition following Stx-2 

administration.

Discussion

We developed a murine model with three characteristics of STEC HUS (renal injury, 

anemia, and thrombocytopenia) using MBL2 KI mice injected with Stx-2. We found that the 

anti-MBL2 mAb, 3F8, attenuated complement C3d deposition and the renal injury induced 

by Stx-2. Although involvement of complement activation, particularly the classical and 

alternative pathways, has been suggested in STEC HUS, the mechanisms by which this 

occurs have not been fully elucidated 15,18,37-39. The lectin pathway has not been 

investigated in STEC HUS because of the lack of specific inhibitors to murine Mbl1 and 

Mbl2. The present studies demonstrate that MBL2, an initiating factor of the lectin pathway, 

is involved in the pathogenesis in this murine STEC HUS model and may be the rate-

limiting pathway for complement activation in STEC HUS.

Studying the role of mannose-binding lectin in mouse models of human disease has been 

limited, as wild-type mice have two active forms of MBL (e.g., Mbl1 and Mbl2) and 

inhibitors of these two functional Mbls are not available. In order to overcome these 

limitations, we generated a humanized MBL2 expressing mouse (MBL2+/+ Mbl1−/− 

Mbl2−/− ; MBL2 KI) within the Mbl1 locus 29. These mice produce functional MBL2, no 
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mouse Mbl1 or Mbl2, and mAb 3F8 completely inhibits MBL2 function in vivo 29. Using 

these mice it is now possible to study the role of the MBL/lectin complement pathway in the 

pathogenesis of STEC HUS.

We evaluated renal injury in our model by measuring glomerular filtration rate. Stx-2 

induced a decrease in GFR, and 3F8 was protective against the Stx-2 induced filtration 

dysfunction. These observations indicate that MBL2 mediates renal injury in this STEC 

HUS model. Because of the absence of Gb3 on murine glomerular endothelial cells, it has 

generally been said that microthrombosis in the glomeruli cannot be reproduced in a mouse 

model of STEC HUS 40. Consistent with this conventional theory, microthrombi were not 

found in the glomeruli of our STEC HUS model. However, we observed glomerular injury 

indicated by fibrin deposits and decreased GFR in this model. The fibrin deposits were not 

accompanied with light microscopic thrombi as is typical in the thrombotic microangiopathy 

in humans. A similar finding was reported in the glomeruli of another mouse STEC HUS 

model 31. Fibrin depositions were significantly decreased in the glomeruli of mice treated 

with the anti-MBL2 mAb 3F8. This effect of 3F8 is similar to our previous report in which 

3F8 inhibited fibrin deposition following reperfusion of the ischemic myocardium 29. These 

data suggest that the MBL/MASPs complex directly activated the coagulation cascade in 

this model. A recent study demonstrating the affinity of Stx-2 to glycolipids and glycans 

suggests the possibility that other cellular components contribute to Stx-2 potency and 

supports our findings that glomerular injury developed without Gb3 expression 41. Further, 

Stx is transferred within microvesicles in a Gb3 receptor-independent manner 42,43. Based 

on these past observations, we believe that Stx-2 induces glomerular injury in our model 

even in the absence of Gb3. Moreover, MBL2 can independently induce tubular epithelial 

cell death without complement activation 44. Our findings further support an important role 

for MBL2 mediated renal injury and extends these findings to include glomerular injury in a 

murine STEC HUS model.

Published findings and observations in the current study led us to propose the following 

mechanism of MBL2 mediated renal injury in this STEC HUS model (Figure 9). Stx 

produced by STEC or Shigella dysenteriae enters the blood stream and is internalized in 

endothelial cells 42,43,45. Stx is transported to the ribosome and inhibits protein synthesis and 

induces cellular activation and injury 10. Induction of oxidative stress by Stx-2 is one 

mechanism of cell injury in STEC HUS 46. We have published that reactive oxygen species 

induce MBL2 ligands on endothelial cells 27,28. MBL2 then binds to injured endothelial 

cells and/or exposed tubular epithelial cells and MASPs trigger complement activation and 

C3d deposition. Lectin pathway activation can then lead to amplification of the alternative 

pathway 47 via direct activation of factors B and D by MASPs 48. MBL2 inhibition with 3F8 

would suppress activation of the alternative complement pathway and even downstream 

activation of the terminal complement complex formation in this STEC HUS model. Along 

these lines, a role for the alternative complement pathway in STEC HUS has been 

proposed 9,39. Furthermore, terminal complement components (e.g., C5a and C5b-9) 

increase tissue factor expression in endothelial cells 49. Besides complement activation, the 

MBL/MASPs complex plays a role in coagulation activation via several mechanisms 

including the cleavage of fibrinogen to fibrin 11,12,50,51. These series of events may result in 

glomerular dysfunction and renal tubular injury in STEC HUS.
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Several studies have suggested that low MBL2 levels may predispose patients to increased 

risk for infection 52-54. MBL2 deficiency is a common immunodeficiency with ~10% of the 

population known to be either deficient or functionally deficient in MBL2 55. In this regard, 

low MBL2 levels are not associated with increased risk of infection by STEC 56. However, 

results from the present study suggest that MBL2 sufficient patients admitted with STEC 

HUS may be more at risk for renal injury. Thus, it is possible that HUS patients with MBL2 

deficiency may have a more favorable outcome and less renal injury. These data extend 

findings of other studies demonstrating that MBL2 levels are associated with other renal 

diseases/injuries 57,58. Thus, MBL2 inhibition may also result in decreased renal injury 

associated with STEC HUS.

In conclusion, we developed a mouse model of STEC HUS using humanized MBL2 

expressing mice. With this novel model, we demonstrated a protective effect of a mAb 

against MBL2 on renal function in STEC HUS. Results from this study provide new 

implications for pathogenesis and treatment of STEC HUS. This novel STEC HUS model 

can be used to study the role of complement, particularly the MBL2/lectin pathway.

Materials and Methods

Animals

All procedures were reviewed and conducted according to the institute's Animal Care and 

Use Committee. All experiments were performed under the standards and principles set 

forth in the Guide for Care and Use of Laboratory Animals 59.

Mouse Expressing MBL2

Humanized mice that produce human MBL2 were raised on a C57BL/6 background. The 

MBL2+/+ Mbl1−/− Mbl2−/− (MBL2 KI) mouse line was created and published previously 29.

Male mice (8 - 10 weeks; 20 - 24 g) were used. Mice were housed under a 12-hour light-

dark cycle and fed a standard diet ad libitum. Mice were assigned to several groups and the 

number of experimental mice used per group is listed in each Figure and/or the Figure 

Legend. Mice in the Sham/Control group were injected intraperitoneally with PBS (200 μl) 

and twelve hours later injected intraperitoneally again with PBS or toxoid (125 pg/g). The 

toxoid is a mutant form of Stx-2 produced in the same cells and purified exactly as Stx-2, 

thus controlling for any contaminating components 33,34. Endotoxin measured in Stx-2 and 

toxoid was less than 167 pg LPS/μg (Pierce LAL Chromogenic Endotoxin Quantitation Kit, 

Thermo Fisher Scientific, Rockford, IL). Mice in the Stx-2 groups were treated 

intraperitoneally with 200 μl of PBS,1C10 mAb (30 μg/g in PBS) or 3F8 mAb (30 μg/g in 

PBS) and twelve hours later injected intraperitoneally with Stx-2 (125 pg/g). The time of 

Stx2 injection was designated as Day 0. Mice were weighed every 24 hours thereafter. 

Before experimental procedures, mice were anesthetized with isoflurane.

The mouse monoclonal anti-human MBL2 antibodies (3F8 and 1C10) have been previously 

described 27,28,60. Clone 1C10 is an isotype control mAb that binds to MBL2 but does not 

inhibit MBL2 function. Previous studies from our laboratory have demonstrated in vivo and 
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in vitro that 1C10 mAb is not functionally different from its vehicle, PBS 27. Stx-2 and 

toxoid were purchased from Phoenix Laboratory (Tufts Medical Center, Boston, MA, USA).

Mice were anesthetized with isoflurane and exsanguinated via cardiac puncture at the end of 

the four day observation period. The whole blood samples were allowed to clot for 2 hours 

at room temperature then placed at 4°C overnight. The following day, the clotted samples 

were centrifuged at 3000 × g for 10 min; the serum collected and stored at −80°C for future 

use. Samples for performance of RBC and platelet counts were collected into heparinized 

syringes.

Measurement of Serum MBL2 Activity

Functional MBL2 was measured as previously described 29,61. Briefly, mouse serum [diluted 

with veronal-buffered saline with Ca++ and Mg++ (VBS++)] was added to mannan coated 

384-well microplates and incubated at 37°C for 30 m in. The plates were washed and 

incubated with IRDye® 800 labeled anti-MBL 2A9 antibody (1:500; Rockland 

Immunochemicals, Gilbertsville, PA, USA). After washing, MBL2 deposition was 

quantified with an Odyssey system (LiCor CLX, Lincoln, NE, USA).

Biochemical Characterization

Creatinine (Cr; Cayman, Ann Arbor, MI, USA), Cystatin C (CysC; R&D Systems, 

Minneapolis, MN, USA), and hemoglobin (Hgb; Sigma-Aldrich, St. Louis, MO, USA) were 

measured with commercially available kits.

Cell Counting

Red blood cell and platelet counts were measured with the Cellometer Auto M10 (Nexcelom 

Biosciences, Lawrence, MA, USA).

Determination of Glomerular Filtration Rate

Glomerular filtration rate (GFR) was determined by single-injection serum inulin 

clearance62. Inulin (50 mg/kg) was injected intravenously, followed by serial blood sampling 

at 30, 60, and 90 minutes. Inulin in serum was quantified with an ELISA using a FIT-GFR 

kit for Inulin (BioPAL, Worcester, MA). The serum inulin clearance curve was defined as 

the following single exponential function, according to the results of serum inulin 

concentration 63. C(t) = B*exp(−βt), where C(t) is the serum concentration of inulin at time 

t, B is the intercept at t=0 and β is the elimination constant. GFR (mg/min/kg) was 

calculated with the following equation.

where I is the amount of inulin injected, W is weight of the animal.

Immunohistochemistry

Fresh frozen renal tissue was collected and embedded in Optimal Cutting Temperature 

compound (OCT) and coded for blinded preparation and analysis. Sections (5 μm) in 
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replicate for each mouse were dried for 15 minutes, washed twice with PBS, blocked with 

20% goat serum for 30 minutes and incubated for one hour with rabbit anti-mouse C3d 

(Dako) or rabbit pre-immune IgG antibodies (ThermoFisher Scientific) at a dilution of 

1:3000 in PBS/20% goat serum. The sections were washed thrice for three minutes each 

with PBS/20% goat serum and then incubated with goat anti-rabbit IgG AlexaFluor 555 

(1:5000) for one hour. Sections were washed with PBS/20% goat serum thrice for three 

minutes each. The slides were covered and fixed with Aqua-Mount (Polysciences, 

Warrington, PA). Sections were examined using a Nikon Optiphot microscope using a 10x 

fluorescent objective and digital images recorded using a Photometrics CoolSnap HQ2 

camera (4095 grey levels, Roper Scientific, Tucson, AZ), a Lumen 200 PRO light source 

(Prior), and MetaMorph Premier software (Molecular Devices, Inc.). Digital image analysis 

quantified C3d antigen as the total number of image pixels whose intensity was above 

threshold for a given image of 1,447,680 total pixels. Pixel counts of 150,000 to 250,000 

pixels correspond to a percent surface area of ~11 to 22%. Replicate sections from an animal 

in each group were analyzed as follows: four fields of 0.101 mm2 each per renal section 

were studied, with three animals per group used for analysis.

Kidneys for microscopic evaluation were collected and fixed in 10% neutral buffered 

formalin (Sigma-Aldrich). Samples were embedded in paraffin and sectioned (3 μm). Tissue 

sections were deparaffinized using EZ-DeWax TM Solution (Biogenex, Fremont, CA, USA) 

and rehydrated through xylene and serial dilutions of ethanol to deionized water. For fibrin 

deposit evaluation, endogenous peroxidases and biotin were blocked with 0.3% H2O2. 

Endogenous IgG was blocked with goat anti-mouse IgG Fab fragments (MP Biomedicals, 

Solon, OH, USA; 1:100 in PBS/0.05% Triton X-100). Nonspecific antigen binding sites 

were blocked with normal goat serum. After blocking, the sections were incubated overnight 

at 4°C with primary antibody or isotype control antibody (GS1 64, anti-porcine C5a 10 

μg/ml) and then for 1 hour at room temperature. Mouse β fibrin was localized with 

monoclonal antibody 59D8 [gift from Dr. Charles Esmon 65; 1:500 in PBS/0.05% Triton 

X-100] and goat anti-mouse IgG HRP conjugated (Jackson ImmunoResearch, West Grove, 

PA, USA; 1:700 in PBS/0.05% Triton X-100 for 30 min). The sections were incubated with 

3,3'-diaminobenzidine (DAB) and fibrin deposition was visualized with a microscope 

(Nikon, Tokyo, Japan) and recorded with a digital CCD camera (Diagnostic Instruments, 

Sterling Heights, MI, USA). Quantitative area of fibrin deposition in the glomerulus was 

analyzed using a computer image analysis system as previously published using Image J 

(NIH, Bethesda, MD, USA) 66-68. Briefly, images of fibrin staining were changed from TIFF 

to RGB stack. The resulting three stack images were formed into a montage to form the 

grayscale image. The color threshold was adjusted to highlight the area stained by the anti-

fibrin antibody. The percentage of the highlighted area was measured by the Measure 

command in the Image J software. Six glomeruli per mouse from each group and three mice 

per group were randomly and blindly selected and analyzed.

Statistical Analysis

All statistical analysis was performed with SigmaPlot 12.5 software (SPSS, Chicago, IL). 

Data are presented as mean ± SEM. Two-way repeated measures ANOVA and Student-

Newman-Keuls test were used to demonstrate differences between the groups over time in 
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Figure 1. One-way ANOVA followed by the Student-Newman-Keuls test was used to 

demonstrate differences between all groups in Figures 2, 4, 7, and 8; the Dunn's test in 

Figures 3 and 5 and Holm-Sidak in Figure 6. A p-value < 0.05 was considered statistically 

significant.
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Figure 1. Time course of weight changes
Baseline weight measurements were obtained at Day −1 followed by injections at Day 0.5 

and Day 0 for the following groups: 1C10 + Stx-2 (n=5), 3F8 + Stx-2 (n=30), PBS + PBS 

(n=7), and PBS + toxoid (n=5). *p<0.05; ***p<0.001
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Figure 2. Serum MBL2 concentrations in MBL2 KI mice on Day 4
MBL2 concentrations remained at baseline levels after four Days in all groups, except those 

treated with anti-MBL2 mAb, 3F8, which completely inhibited circulating MBL2 levels. 

Data are shown as mean ± SEM. Numbers within the bars represent the number of animals 

studied. *p<0.001 comparing 3F8 + Stx-2 group to all other groups
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Figure 3. Free serum hemoglobin (Hgb) on day 4
As an index of hemolysis, serum hemoglobin was studied in the groups. Treatment with PBS 

or 1C10 followed by Stx-2 injection resulted in a significant increase in free Hgb compared 

to mice injected with only PBS + PBS or toxoid or treated with 3F8 then injected with Stx-2. 

Thus, MBL2 inhibition significantly prevented hemolysis. Bars and brackets represent mean 

± SEM and numbers in the bars represent number of mice studied. *p<0.05 compared to 

PBS, toxoid or 3F8 + Stx-2.
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Figure 4. Platelet count
Plasma blood samples were analyzed for platelet counts on Day 4. Mice treated with PBS + 

PBS had significantly higher platelet counts compared to PBS + Stx-2. Treatment with 3F8 

+ Stx-3 did not significantly alter platelet counts compared to PBS + PBS group, but were 

also not different from the PBS + Stx-2 group. Bars and brackets represent mean ± SEM and 

numbers in the bars represent number of mice studied. *p<0.05; ns= not significant
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Figure 5. Serum creatinine and cystatin C levels
Renal injury was assessed by serum creatinine and serum cystatin C. The upper and lower 

panels summarize serum creatinine and cystatin C levels on day 4, respectively. Creatinine 

levels significantly increased in PBS treated mice and injected with Stx-2 compared to the 

control mice injected with PBS only. Treatment with 3F8 resulted in significantly lower 

creatinine levels compared to PBS + Stx-2 mice and was not significantly different from the 

PBS only mice. Similarly results were observed with cystatin C levels (lower panel). Bars 
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and brackets represent mean ± SEM. Numbers in the bars represent the number of mice 

studied. *p<0.05 compared to the other groups.
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Figure 6. Assessment of renal function in STEC HUS model with and without 3F8
Glomerular filtration rate (GFR) was determined as serum inulin clearance. GFR was 

significantly decreased in the PBS + Stx-2 group compared to the PBS only group and also 

to the 3F8 treated group. Bars and brackets represent mean ± SEM and numbers in the bars 

represent number of mice studied. *p<0.05
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Figure 7. C3d deposition
C3 activation and deposition in the study was evaluated as C3d immunohistochemical 

staining. Representative staining of images taken from a single experiment is shown. Normal 

C3 staining is observed in the kidney and is observed in the PBS only group, panel A, which 

increases after injection of Stx-2, panel B. Anti-MBL2 (3F8) treatment significantly reduced 

C3d deposition (panel C), thus demonstrating MBL2 dependent activation of the lectin 

complement pathway in this model.
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Figure 8. Immunohistochemical analysis of renal fibrin deposition
Representative kidney sections stained for fibrin or porcine C5a (isotype control) are shown 

in Panel A. No obvious thrombi were observed in the glomeruli. Fibrin deposition was 

clearly observed in glomeruli. Quantitative area of fibrin deposition (Panel B; described in 

Methods) in the glomeruli are shown as bars and brackets representing mean ± SEM. 

Numbers in the bars represent number of mice studied. ***p<0.001. Scale bar = 50μm
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Figure 9. Proposed roles of MBL2 in pathogenesis of STEC HUS
Stx induces cellular activation and injury to endothelium resulting in the expression of 

MBL2 ligand and recognized by MBL2. MBL2 binds, activates the lectin complement 

pathway and results in C3d deposition. MBL2 complex, which has thrombin-like activity, 

cleaves fibrinogen to fibrin, leading to cross-linked fibrin formation. Stx, Shiga toxin; MBL, 

mannose binding lectin 2; MASPs, MBL/ficolin-associated serine proteases.
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