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Porcine membranoproliferative glomerulonephritis
type II in piglets of the Norwegian Yorkshire breed is
considered the first animal model of human dense
deposit disease. Porcine dense deposit disease is
caused by the absence of the complement regulator
factor H in plasma. Here we report the molecular
basis for this absence. Single nucleotide exchanges at
position C1590G and T3610G in the coding region of
the factor H gene result in amino acid exchanges at
nonframework residues 1493V and I1166R that are
located within SCR 9 and SCR 20, respectively. Appar-
ently the L493V mutation represents a polymorphism
whereas the I1166R causes the physiological conse-
quences a block in protein secretion. Expression
analysis shows comparable mRNA levels for factor H
in liver tissue derived from both affected and healthy
animals. In affected piglets, factor H protein is de-
tected in increased amounts in liver cells. Factor H
accumulates inside the hepatocytes and is not re-
leased as shown by Western blot analysis and immu-
nohistochemistry. These data demonstrate that single
amino acid exchanges of two nonframework amino
acids either alone or in combination block protein
secretion of factor H. This observation is also of in-
terest for other human diseases in which factor H is
involved, such as human factor H-associated form of
hemolytic uremic syndrome. (Am J Pathol 2002,
161:2027-2034)

Membranoproliferative glomerulonephritis type Il (MPGN
I) is a relatively rare kidney disease that is characterized
by glomerular capillary wall thickening, mesangial cell

proliferation, and an increase in mesangial matrix size.
Heavy dense deposits of complement are found in the
mesangium and along the capillary wall. The lack or
inactivation of complement factor H in plasma causes
damage in the glomerular membrane of the kidney and
can cause MPGN type Il, as well as type Ill, as demon-
strated in animals as well as in humans.’2

Factor H-deficient pigs of the Norwegian Yorkshire
breed serve as a model for MPGN I1.* The disease is
inherited in an autosomal recessive pattern with complete
penetrance as shown by mating experiments.® Affected
animals die of renal failure early in life. The kidneys of
such animals show extensive glomerular hypercellularity
and profound thickening of the glomerular capillary wall.
The glomerular basement membranes are thickened be-
cause of large amounts of dense deposits. In addition
excessive complement activation is observed in affected
piglets, as demonstrated by low plasma C3, elevated
levels of plasma terminal complement complex, and
massive deposits of complement within the glomerular
basement membranes and mesangial matrix.® This dis-
ease is because of the deficiency of the complement
regulator factor H in plasma of the affected piglets as
demonstrated by enzyme-linked immunosorbent assay
and Western blotting.” That factor H deficiency causes
the renal defects is further confirmed by transfusion ex-
periments, as substitution of factor H purified from pig
plasma, reduced complement activation and resulted in
a prolonged survival of the animals.* Despite these de-
tailed studies the molecular basis of this factor H defi-
ciency is still unclear.

Deficiencies of factor H have been reported in several
cases causing a wide panel of defects ranging from
recurrent microbial infections, glomerular effects, and he-
molytic uremic syndrome.®~'® The molecular basis for
factor H deficiency has been investigated only in one
patient with inherited factor H deficiency and collagen
type Il glomerulopathy.'2° In this case single nucleo-
tide exchanges occurring in one allele causing exchange
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of C518R and the other allele affecting C941Y cause
exchanges of the highly conserved Cys residues within
SCR 9 and SCR 16. The absence of essential cysteine
residues affects disulfide bond formation and as a con-
sequence the mutated protein is retained in the endo-
plasmic reticulum and secretion is blocked.?" Similarly a
case of MPGN type Il was reported for a patient who
developed autoantibodies against the factor H protein at
an age older than 30 years.?? Thus factor H deficiency
and inactivation of factor H function by autoreactive an-
tibodies cause related symptoms and glomerulopathy.

The multifunctional and multicomponent protein factor
H acts as a central regulator of the complement systems
and thus represents an essential part of innate immuni-
ty.?® Factor H is an abundant 150-kd single-chain plasma
glycoprotein that is composed of 20 separately folding
protein domains, termed “short consensus repeats”
(SCR).?* Factor H is the major fluid phase complement
regulator and in human plasma an additional soluble
protein exists, the factor H-like protein-1 (FHL-1), also
termed reconectin (regulator of complement and fi-
bronectin-like adhesion protein) that is derived from the
factor H gene by means of alternative splicing.?®

Here we report the molecular basis of factor H defi-
ciency in pigs of the Norwegian Yorkshire breed. Single
nucleotide exchanges of the factor H molecule that cause
amino acid exchanges within SCR 9 and SCR 20 are
detected. Expression analysis show comparable steady
state MRNA levels in liver cells derived from affected and
healthy animals. On the protein level, factor H is detected
in liver cells, however the protein accumulates intracellu-
larly and is not released. Apparently the mutation in SCR
9 represents a polymorphism, whereas the 11166R muta-
tion causes the physiological effect of a block in protein
secretion.

Materials and Methods

Materials
Molecular Biology

Unless otherwise stated reagents were obtained from
Sigma (Taufkirchen, Germany) and all labware was from
Greiner (Solingen, Germany). Restriction enzymes and
Tag DNA polymerase were purchased from Amersham
Pharmacia Biotech (Freiburg, Germany) and tissue ex-
traction and lysis buffer PE-LB containing Protease Arrest
Inhibitor were from CellConcepts (Umkirch, Germany).
SuperScriptll reverse transcriptase and oligo(dT) primer
were obtained from Life Technologies (Karlsruhe, Ger-
many). The TOPO-T/A cloning kit was purchased from
Invitrogen (Groningen, The Netherlands). The QlAprep
miniprep spincolumns, the QIAquick gel extraction kit,
and the QIAquick PCR purification kit were obtained from
Qiagen (Hilden, Germany). The High Pure RNA tissue kit
was purchased from Roche (Mannheim, Germany). The
Protran nitrocellulose membrane was obtained from
Schleicher & Schuell (Dassel, Germany) and the BigDye
terminator kit for sequencing reaction was obtained from
Applied Biosystems (Langen, Germany).

Tissues and Sera

Preparation of plasma from factor H-deficient and nor-
mal pigs were described earlier.? Fresh liver tissues from
diseased and healthy animals were snap-frozen in liquid
nitrogen immediately after slaughter of the animals and
stored at —70°C until used.

Antibodies and Proteins

Production of antiserum anti-pig FH (rabbit) has been
described earlier.* Anti-human SCR1-4 (rabbit) anti-
serum was produced by Eurogentec (Seraing, Belgium)
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Figure 1. Nucleotide sequence of factor H ¢cDNA products derived from
healthy and diseased pigs. cDNA was derived from liver mRNA from healthy
and diseased pigs by reverse transcription. A: A C1590G base exchange. This
mutation causes an amino acid exchange 1493V in SCR 9. B: A T3610G base
exchange. This mutation causes an amino acid exchange I1166R in SCR 20.
RNA was isolated three times from two different animals, and three ¢cDNA
preparations were used for three distinct RT-PCR experiments and in each
case the sequences of 6 to 10 clones were determined.




using a recombinantly expressed fragment for immuniza-
tion. Horseradish peroxidase-conjugated secondary an-
tibody anti-rabbit IgG (goat) was obtained from DAKO
(Glostrup, Denmark). Fluorescein isothiocyanate-cou-
pled secondary anti-rabbit IgG (goat) antibody was ob-
tained from ICN (Eschwege, Germany). Bicinchoninic
acid (BCA) protein assay reagents were obtained from
Pierce (Rockford, IL).

Technical Equipment

Sequencing reactions were separated using an ABI
PRISM 377 and polymerase chain reactions (PCRs) were
performed using a GeneAmp 9700 thermocycler both
obtained from Applied Biosystems (Langen, Germany).
BCA protein assay was performed in enzyme-linked im-
munosorbent assay plates and evaluated at 570 nm with
a MRX microplate reader purchased from Dynatech
(Denkendorf, Germany). The laser microscope system,
Leica TCS (Leica, Heidelberg, Germany), was used for
confocal microscopy.

Methods
RNA Isolation and Reverse Transcription PCR

Total RNA was isolated using the High Pure tissue RNA
kit. Frozen pig liver tissues from homozygous healthy and
homozygous factor H-deficient pigs were ground to pow-
der under constant addition of liquid nitrogen using mor-
tar and pestle. Aliquots, representing ~10 mg of tissue
were added to 400 ul of lysis buffer and further homog-
enized using syringe and needle. An average vyield of 5
pg of total RNA was achieved by this method. This pro-
cedure integrates a DNAse | digestion step in the RNA
isolation process. Reverse transcription was performed
using Superscript Il reverse transcriptase (RT), oligo(dT)
primer, and 5 pg of total RNA. PCR analysis was per-
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Figure 2. RNA expression in healthy and factor H-deficient animals. RNA
isolated from pig liver tissue derived from healthy (lanes 1 to 4) and
diseased pigs (lanes 5 to 8) was reverse-transcribed and the corresponding
¢DNAs were used as templates for PCR amplification using pig factor H-
specific primers EST-5"" and EST-3"¢" and two sets of B-actin-specific prim-
ers. The specific factor H product is shown for healthy (lane 1) and for
diseased animals (lane 5). The two B-actin-specific products for healthy
(lanes 2 and 3) and diseased animals (lanes 6 and 7) show that equal
amounts of ¢cDNA were used. RT-minus control reactions generated no
products (lanes 4 and 8). The mobility of DNA size markers in bp is
indicated.
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Figure 3. Protein expression levels in plasma and liver derived from healthy
and diseased pigs. Plasma or liver protein extracts were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nylon
membranes. The corresponding blots were analyzed with antiserum raised
against pig (A) or human (B) factor H. Plasma derived from healthy pigs is
shown in lane 1, that of deficient pigs in lane 2. Protein extract derived from
liver tissue of healthy animals is shown in lane 3 and of affected factor
H-deficient animals is shown in lane 4. Comparable amounts of protein were
loaded as indicated by silver staining (C). The mobility of the marker proteins
in kd is indicated.
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formed using 1 ul of cDNA as a template or 1 ul of total
RNA in RT-minus control reaction. Primers specific for
porcine factor H were derived from the published porcine
small intestine cDNA library®® expressed sequence tag
(EST) sequence (GenBank accession no. F22851) using
EST-57°" (CCACCCCCTCAACTCCTCAATGG) and EST-
3R (GGGTCCAACCAGTGAAAATGATGCA). Additional
primers for pig factor H were derived according to the
sequence of porcine factor H (GenBank accession no.
AJ278470: Hegasy et al, in preparation) pig FH-0™"
(GCAGAACCTGACACAGTGTTG) and pig FH-77ev
(TGCCAAGTTTAATGAGATGC). Primers specific for
B-actin were pg-act™" (ACGGGCAGGTCATCACCATC)
and pB-act™® (ACACGGAGTACTTGCGCTCG) and hp-
act™  (TGACGGGGTCACCCACACTGTGCCCATCTA)
and hg-act®® (GGCTCCATCCTGGCCTCGCTGTCC).
The amplification protocol used was as follows: 95°C for
5 minutes of denaturation, 30 amplification cycles at 95°C
for 30 seconds, 58°C for 30 seconds, 72°C for 1 minute,
followed by 72°C for 10 minutes. PCR products were
resolved on 1% agarose gels.

Amplification, Cloning, and Sequencing of Pig cDNA

Two overlapping fragments were amplified spanning
the entire coding domain of pig factor H cDNA, covering
the 5’-untranslated region to four bases upstream of the
poly(A) tail. A 2241-bp N-terminal fragment was amplified
using primer pig FH-0™" and primer EST-37°", and a
2030-bp C-terminal fragment was amplified using prim-
ers EST-57" and pig FH-77¢". PCR conditions for ampli-
fication were as follows: 95°C for 5 minutes of denatur-
ation, 35 amplification cycles of 95°C for 1 minute 30
seconds, 56°C for 1 minute 30 seconds, 72°C for 1
minute 15 seconds, followed by 72°C for 8 minutes. The
product was purified with QlAquick PCR purification col-
umns and directly used for sequencing. Both fragments
were ligated into TOPO-T/A vector, transformed into One-
Shot cells and individual clones were sequenced.

Total Liver Protein Isolation and Analysis

Approximately 100 ug of tissue powder from liver
slices obtained from healthy and diseased animals were
homogenized in 1.5 ml of tissue extraction buffer PE-LB
using an Ultraturrax. Samples were centrifuged at
120,000 X g at 4°C for 1 hour. The supernatant was
collected and protein concentrations were determined
using the BCA protein assay. The assay was performed in
a 96-multiwell plate in triplicate and serial dilutions of bovine
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serum albumin were used as standard. Assays were incu-
bated at 37°C for 45 minutes and then read at 570 nm.

Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis and Western Blot Analysis

Approximately equal amounts of total protein extract
obtained from liver tissues and sera were separated by
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis under nonreducing conditions. Proteins were
either visualized by silver staining or electroblotted onto
nitrocellulose membrane as described.?” Membranes
were blocked with 5% dried milk in phosphate-buffered
saline (PBS) for 30 minutes and incubated overnight ei-
ther with anti-pig FH (rabbit) or anti-human SCR1-4 (rab-
bit) antisera both diluted 1:400 in PBS with 2% dried milk.
Secondary antibody was a horseradish peroxidase-con-
jugated anti-rabbit IgG (goat) antibody diluted 1:1000 in
PBS and 2% dried milk and incubated for 3 hours. The
membranes were developed in chromogenic solution (45
ml PBS, 5 ml methanol, 15 mg 4-chloro-1-naphtol, and 50
pl Ho05).

Immunofluorescence Staining and Confocal Laser
Microscopy

Cryosections of liver tissue were obtained from healthy
and diseased pigs with a cryostat and transferred to
L-lysine-coated glass slides. All further processing was
performed in a moist chamber. Cryosections were cov-
ered with fixative solution containing 1% formaldehyde
and 0.1% glutaraldhyde in PBS for 5 minutes and then
washed three times with PBS. Sections were blocked with
PBS containing 3% bovine serum albumin for 15 minutes
and washed again. Cryosections were incubated over-
night at 4°C with anti-pig FH (rabbit) antiserum, diluted
1:80 in PBS (8% bovine serum albumin). As a negative
control sections were incubated with PBS (3% bovine
serum albumin) in the absence of antiserum. After three
washing steps with PBS containing 0.05% Tween, a sec-
ondary fluorescein isothiocyanate-coupled anti-rabbit-
IgG (goat) antibody diluted 1:50 in PBS (3% bovine se-
rum albumin) was incubated for 1 hour. Sections were
washed three times with PBS, air-dried, mounted in anti-
fade medium, and covered with coverslips. Slides were
kept in the dark at 4°C. Slides were examined by micros-
copy using a Leica TCS confocal laser-scanning micro-
scope system. Images were acquired with X 10, X20,
and oil immersed X683 lenses, standard fluorescein iso-
thiocyanate filter settings and without any integration
along the z axis. A four-frame-averaging process was
performed at a resolution of 512 X 512.

Figure 4. Confocal images of liver tissue derived from healthy and factor H-deficient pigs. Liver tissues were stained with antiserum specific for pig factor H and
a secondary fluorescein isothiocyanate-coupled antibody. Fluorescence staining was visualized by confocal laser microscopy. Images on left (A—C) show sections
obtained from healthy animals and images on the right (D-F) show sections obtained from diseased animals. A: Septa, a portal triad, and a central vein. B and
C: Higher magnifications of the portal triad shown in the lower right corner of A. D: Septa and a portal triad of a diseased animal. E and F: Higher magnifications

of the triad in the center of D.
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Results
Mutations of the Pig Factor H cDNA

Factor H cDNA was amplified in two fragments using
cDNA derived from liver tissue of healthy and diseased
animals of the Norwegian Yorkshire breed. Both the N-
terminal and C-terminal fragments were sequenced in
both directions and the complete sequence was assem-
bled. The sequence was compared to the porcine factor
H cDNA sequence (GenBank accession no. AJ278470;
Hegasy et al, in preparation) derived from a normal pig,
breeding type Deutsches Mastschwein. Comparison of
the healthy animal of the Norwegian Yorkshire breed and
the Deutsches Mastschwein breed showed a single base
exchange G2939A that is silent and does not lead to a
change of the amino acid sequence. The same set of
primers was used to amplify factor H cDNA from a dis-
eased animal and revealed two mutations: a C to G
exchange at position 1590; C1590G and a T to G ex-
change at position 3610 T3610G (Figure 1). Both muta-
tions cause amino acid exchanges at position L493V in
SCR 9 and at position 11166R in SCR 20. No double
peaks were detected at these positions in the PCR prod-
uct-sequencing chromatogram. The mutations were con-
firmed in cloned PCR products from additional amplifica-
tion reactions. These mutations cause single amino acid
exchanges, but apparently do not seem to affect the
overall protein structure. Consequently we were inter-
ested to further analyze the reasons for the absence of
factor H in plasma of diseased animals.

Expression of Factor H mRNA

To confirm expression of the mutated factor H molecules
on the RNA level we performed RT-PCR analysis using
RNA isolated from liver tissue of both healthy and af-
fected littermates. Homozygosity for plasma factor H de-
ficiency was shown by plasma levels and mating exper-
iments as described earlier.?* Primers specific for factor
H generated the predicted 291-bp fragment, which was
detected with similar intensities in healthy and affected
animals (Figure 2, compare lanes 1 and 5). A similar
amount of cDNA was used for amplification as demon-
strated by the two B-actin bands of 288 bp and 660 bp,
which were generated by two different sets of primers.
Thus in healthy and diseased animals comparable factor
H mRNA expression levels are demonstrated.

Factor H Protein Levels in Plasma and Liver
Extract

To further confirm expression on the protein level we
compared factor H protein levels in plasma and liver
tissue of both healthy and diseased animals by Western
blotting. This approach shows the presence of the 150-kd
factor H protein in plasma derived from healthy animals
(Figure 3A, lane 1) and the absence of this protein in
plasma of factor H-deficient pigs (Figure 3A, lane 2).
However, a smaller protein of ~28 kd is detected. Liver is

the major source for plasma factor H and consequently
we compared factor H levels in liver tissues. In tissue
derived from healthy animals factor H was detected as a
single 150-kd band (Figure 3A, lane 3) and similarly a
protein of identical mobility was present in tissue derived
from diseased animals (Figure 3A, lane 4). Apparently the
intensity of the 150-kd factor H band is higher in tissue
derived from diseased animals as compared to control
animals. In addition a protein of higher molecular mass is
detected with this antiserum. To further confirm these
results identical blots were developed using an antiserum
specific for the N-terminal region of human factor H. This
approach shows again the absence of factor H in plasma
of diseased animals and confirms the presence of this
protein in liver tissue derived from affected animals (Fig-
ure 3B, lanes 2 and 4). The data are representative, as
similar or identical amounts of protein are loaded as
confirmed by silver staining (Figure 3C) and BCA protein
assay (data not shown). These experiments show that
mutated factor H is synthesized in the liver of diseased
animals, and suggest a block in protein secretion that
causes intracellular accumulation of the protein.

Visualization of Factor H by
Immunofluorescence

Expression analysis showing intracellular synthesis of
factor H in diseased animals and the absence of the
protein in plasma suggests a defect in protein secretion.
Immunohistochemistry was used to assay the presence
and distribution of factor H in liver tissue derived from
healthy and diseased animals. Fluorescence signals
were visualized by confocal laser microscopy. Tissue
derived from healthy animals showed the presence of
factor H particularly in the septa and the portal triad
(Figure 4A) but only a low intensity of staining was de-
tected within the hepatic lobule. Staining intensity of the
parenchyma was generally low and appeared to de-
crease with distance from the central vein (Figure 4B).
Rather little or no protein was detectable intracellularly
(Figure 4C). This pattern of distribution is clearly in agree-
ment with that of a secreted protein. Staining reactions
are considered specific because no signal was detected
in the absence of the first antibody (data not shown).

Tissue derived from diseased animals showed strong
parenchyma staining, but no staining of the connective
tissue surrounding the hepatic lobule (Figure 4D). In
higher magnification, intracellular staining and absence
of extracellular protein can be seen (Figure 4E). Hepato-
cytes were stained strongly intracellularly, but the nu-
cleus was omitted from staining (Figure 4F). A clearly
different distribution of factor H is detected in tissue
derived from diseased and healthy animals. This distri-
bution pattern is in agreement with the biochemical data
and confirms synthesis and intracellular presence of fac-
tor H and a block in protein secretion of the mutated
protein.



Discussion

Factor H-deficient pigs of the Norwegian Yorkshire breed
that lack complement factor H in plasma are considered
an ideal animal model to study the pathophysiology of
MMPGN I1lI. These factor H-deficient piglets have been
studied in great detail, but the molecular cause of the
disease has not yet been described. Here we report two
nucleotide sequence alterations in the factor H gene of
the affected pigs: a C1590G and a T3610G substitution.
Both mutations cause single amino acid exchanges
within SCR 9 position L493V and within SCR 20 position
|1166R. Based on sequence alignment it appears that the
mutation at position 493 represents a polymorphic
change. All other species, such as human,?* mouse,®®
rat,° cow,%° and the sand bass®' have a Val (V) at this
particular position. In contrast, isoleucine (l) residue at
position 1166 is conserved in pig, human, mouse, rat,
and sand bass. Thus the amino acid exchange at posi-
tion 1166 is the functional relevant alteration. This change
occurs within SCR 20 of the protein, a domain that is
central for factor H function.®?33 The replacement of a
neutral isoleucine residue with a positively charged
amino acid could affect factor H processing or activity. In
diseased animals factor H expression occurs on the
mMRNA level, as demonstrated by RT-PCR analysis. In
addition in liver cells of diseased animals factor H protein
is present and enriched intracellularly. Thus the 11166R
mutation, which alters a nonframework amino acid ap-
pears to cause a block in protein release and results in
intracellular accumulation of the mutated protein. This
study provides the explanation for the molecular defect
causing FH deficiency in Norwegian Yorkshire pigs and
is the first report demonstrating that exchanges of non-
framework amino acid residues cause a block in protein
secretion. This result is also of interest for the mecha-
nisms of other diseases in which factor H is involved, eg,
hemolytic uremic syndrome (HUS). A factor H-associated
form of HUS has been described in which patients show
mutations in the factor H gene.®*38

The relevance of framework Cys residues has also
been confirmed for the SCR-containing factor XllIb pro-
tein where mutations of essential Cys residues similar to
that reported for human factor H, cause a block of protein
secretion.®® Framework Cys residues form disulfide
bonds, which are essential for processing and function.
Apparently in the mutations reported here for the pigs
nonframework residues also affect the release of factor H.

Hereditary factor H deficiency has been reported in
several human cases causing a wide panel of defects
ranging from recurrent microbial infections, glomerular
effects, and HUS. Pathologies belonging to the group of
primary glomerular lesions has been reported in six hu-
man cases. """ The renal pathologies of three cases
have been classified to membranoproliferative glomeru-
lonephritis,”" two cases to atypical intramembranous
dense deposit disease,'® and one case to collagen type
Il glomerulopathy.'® For the patient who suffered from
collagen type lll glomerulopathy, a 2-year-old Native
American, the genetic defect and the molecular patho-
physiology have been described. Each factor H allele
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shows a mutation in a conserved framework cysteine
residue, occurring at position [C518R] within SCR 9 and
[C941Y] within SCR 16.2%2" Corresponding mutant pro-
teins were synthesized and both mutant forms were re-
tained inside the cells in the endoplasmic reticulum.?°-2?
The half life of the mutants was increased and both
proteins degraded relative slowly. This result has been
interpreted that disruption of essential framework Cys
residues affect disulfide bond formation, block protein
secretion, and cause intracellular protein accumulation.
A role of factor H for glomerular basement membrane
alteration is concluded from a patient who developed
autoantibodies to factor H.#° In this case the disease
occurred later in life and correlated with the appearance
of autoantibodies. These antibodies bind to SCR 3, which
includes the complement regulatory region of factor H
and consequently affects factor H function. Apparently
this inactivation allows unrestricted complement activa-
tion, which fully explains the low C3 and the high terminal
complement components in plasma of factor H-deficient
individuals.

In addition a factor H-associated form of HUS has
emerged, which is because of mutations in the factor H
gene.®*73¢ The vast majority of these patients show het-
erozygous mutations. So far intracellular protein accumu-
lation has not been assayed in any patient that has a
mutated factor H gene. The effect of the nonframework
amino acid mutations characterized in this work for the
factor H-deficient pigs gives a new explanation for the
defective pathway in factor H-associated HUS and opens
new ways for therapeutic approaches to the associated
diseases.*’
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