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ABSTRACT
Gene variants in the alternative pathway of the complement system strongly associate with atypical
hemolytic uremic syndrome (aHUS), presumably by predisposing to increased complement activation within the kidney. Complement factor H (CFH) is the major regulator of complement activation
through the alternative pathway. Factor H-deficient mice transgenically expressing a mutant CFH
protein (Cfh⫺/⫺.FH⌬16 –20) that functionally mimics the CFH mutations reported in aHUS patients
spontaneously develop thrombotic microangiopathy. To investigate the role of complement C5
activation in this aHUS model, we generated C5-deficient Cfh⫺/⫺.FH⌬16 –20 mice. Both C5-sufficient
and C5-deficient Cfh⫺/⫺.FH⌬16 –20 mice had abnormal C3 deposition within the kidney, but spontaneous aHUS did not develop in any of the C5-deficient mice. Furthermore, although Cfh⫺/⫺.
FH⌬16 –20 animals demonstrated marked hypersensitivity to experimentally triggered renal injury,
animals with concomitant C5 deficiency did not. These data demonstrate a critical role for C5
activation in both spontaneous aHUS and experimentally triggered renal injury in animals with
defective complement factor H function. This study provides a rationale to investigate therapeutic
inhibition of C5 in human aHUS.
J Am Soc Nephrol 22: 137–145, 2011. doi: 10.1681/ASN.2010050451

The complement system is a major component of
innate immunity with diverse functions. Complement functions include host protection against
pathogens through cell lysis, recruitment of inflammatory cells, and opsonization, in addition to the
physiologic clearance of cell debris and immune
complexes.1 Complement activation initially results in deposition of C3, the central complement
activation protein, on the triggering surface. On
host cell surfaces, deposited C3 is rapidly inactivated. On foreign surfaces, rapid amplification of
C3 deposition occurs (termed opsonization) together with activation of the terminal pathway. The
latter is triggered by the cleavage of the complement
activation protein C5. This initiates the formation
of C5b-9 membrane attack complex, which can
provoke cell damage2 and the concomitant generation
of the anaphylatoxin C5a, a potent inflammatory meJ Am Soc Nephrol 22: 137–145, 2011

diator. The efficiency of this system depends on tight
regulation, which restricts complement activation to
appropriate sites (e.g. the surface of pathogens), minimizing host tissue damage. Hence, the complement
system possesses numerous regulatory proteins distributed between plasma and cell surfaces. Abnormal
complement regulation is thought to be important in
many different pathologic conditions. In particular,
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dysregulation of the alternative pathway (AP) of the complement RESULTS
system has been associated with numerous pathologies, including
age-related macular degeneration, dense deposit disease, C3 glo- C5 and Spontaneous aHUS in Cfhⴚ/ⴚ.FH⌬16 –20 Mice
merulonephritis,3 and atypical hemolytic uremic syndrome To analyze the role of C5 in aHUS, cohorts of Cfh⫺/⫺.FH⌬16–20
mice (n ⫽ 26) and Cfh⫺/⫺.FH⌬16 –20 mice deficient in C5
(aHUS).4
The hemolytic uremic syndrome (HUS, MIM 235400) is a (C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice, n ⫽ 14) were studied over a
renal disease characterized by thrombocytopenia, microangio- 4-month period. At the end of this period, the surviving mice
pathic hemolytic anemia, and acute renal failure caused by were killed, and renal function, histology, peripheral blood
glomerular thrombotic microangiopathy.5–7 The majority of smears, and complement analyses were performed. During this
HUS episodes are triggered by Escherichia coli 0157:H7 infec- period, no mortality was observed in the C5⫺/⫺.Cfh⫺/⫺.
tion.8 However, up to 10% of cases are not associated with FH⌬16 –20 mice, whereas there were 11 deaths (three animals
infection, and this form (termed atypical HUS) has the poorest found dead and eight animals sacrificed humanely because of
long-term prognosis.7 aHUS has been associated with muta- sickness) in the Cfh⫺/⫺.FH⌬16 –20 cohort (P ⫽ 0.0011, log rank
tions and/or polymorphisms in complement genes encoding test). Renal function, assessed by blood urea measurement, was
the complement regulatory proteins: factor H (CFH),9 –14 normal (Figure 1A) in C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice. Because
CD46 (also termed membrane cofactor protein),15,16 and fac- of premature mortality and morbidity, serum was available to
tor I (CFI)17,18 and the complement activation proteins: factor analyze in only 21 of the 26 Cfh⫺/⫺.FH⌬16 –20 cohort animals. In
B19 and C3.20 Mutations in complement
regulatory genes are loss-of-function mutations, whereas mutations in complement
activators are gain-of-function mutations.
Hence, aHUS can be viewed as a disorder of
AP dysregulation. Missense mutations
within the C-terminal surface recognition
domains of CFH are among the most frequent genetic alterations found in aHUS
patients.4 These mutations specifically reduce the capacity of CFH to bind to surface
ligands, an interaction that is required to
target this plasma protein to cell surfaces.10,13,21 In contrast, these mutations do
not affect the AP regulatory activity of CFH
in plasma because this activity is mediated
entirely within N-terminal protein domains of CFH. Consequently, in aHUS the
presence of mutated CFH results in an inability to regulate AP activation on renal
endothelium.
We have previously reported that transgenic mice expressing a mutant CFH protein
lacking the C-terminal surface recognition Figure 1. C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice do not develop spontaneous aHUS. (A)
domains (Cfh⫺/⫺.FH⌬16 –20) developed Assessment of renal function. Because of the accelerated mortality and morbidity urea,
spontaneous aHUS.22 The FH⌬16 –20 mu- levels could only be assessed in 21 of the 26 Cfh⫺/⫺.FH⌬16 –20 mice. In these animals
tant protein functionally mimicked CFH the median urea level was 31.8 mmol/L (range ⫽ 5.4 to 47.2, n ⫽ 21, P ⬍ 0.001
mutations reported in aHUS patients as it versus C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice). Using 20 mmol/L as the upper limit of normal,
⫺/⫺
retained the ability to regulate C3 activa- 57% of the Cfh .FH⌬16 –20 mice were uraemic at the time of analysis. In contrast,
serum
urea
levels
in C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice were all ⬍20mmol/L (median ⫽
tion in plasma but did not target to cell surof renal pathology. The
faces. In this report we demonstrate the key 12.6 mmol/L, range ⫽ 5.9 to 18, n ⫽ 14). (B) Assessment
glomerular histologic appearances in all of the C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice were
role of complement C5 activation in the denormal at 4 months (n ⫽ 14). In contrast, evidence of renal thrombotic microangiopathy
velopment of aHUS in this mouse model. was evident in the majority of Cfh⫺/⫺
.FH⌬16 –20 mice by 4 months. Of the 22 renal
Understanding the role of C5 activation is specimens available for analysis, glomerular scarring was evident in 14 mice by 4
of major importance because C5 activation months of age. The horizontal bars denote median values. (C and D) Renal histology.
is expected to occur within the kidney irre- (C) Example of glomerular scarring seen in Cfh⫺/⫺.FH⌬16 –20 mice. (D) In contrast the
spective of the particular AP mutation un- glomeruli in C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice were normal. Glomeruli are indicated by
derlying aHUS.
arrows. Original magnification, 20. Bar, 10 m.
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12 of these, the urea level was greater than 20 mmol/L (normal ficed at 8 months, two animals had evidence of renal scarring (data
value defined ⬍20 mmol/L). We have previously demon- not shown).
strated that the spectrum of spontaneous glomerular lesions
in Cfh⫺/⫺.FH⌬16 –20 mice includes glomerular thrombo- Glomerular C3 and C9 Staining in Cfhⴚ/ⴚ.FH⌬16 –20
sis, capillary microaneurysms, mesangiolysis, and glomeru- and C5ⴚ/ⴚ.Cfhⴚ/ⴚ.FH⌬16 –20 Mice
lar scarring.22 In this cohort glomerular scarring was seen in Cfh⫺/⫺.FH⌬16 –20 mice developed abnormal glomerular C3
14 out of the 22 mice (64%) for which renal histology was deposition.22 Immunofluorescence analysis of 4-month-old
available (Figure 1, B and C). All of the 12 mice with urea C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice showed a similar pattern of C3
levels ⬎20 mmol/L had glomerular scarring (median ⫽ deposition within the kidney to that observed in Cfh⫺/⫺.FH⌬16–20
40%, range ⫽ 22 to 62, n ⫽ 12). Glomerular thrombosis was mice (Figure 2A). C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 and Cfh⫺/⫺.
also noted in these uraemic animals (median glomerular FH⌬16 –20 mice that did not have histologic evidence of
thrombosis 14%, range ⫽ 2.3 to 25, n ⫽ 12). In contrast, aHUS at the time of sacrifice had similar degrees of abnormal
renal histology was entirely normal in 4-month-old C5⫺/⫺. glomerular C3 deposition. However, in Cfh⫺/⫺.FH⌬16 –20
Cfh⫺/⫺.FH⌬16 –20 mice (Figure 1D). We have also previ- mice that had developed aHUS, the intensity of glomerular C3
ously demonstrated that Cfh⫺/⫺.FH⌬16 –20 mice with renal staining was significantly increased (Figure 2B). Cfh⫺/⫺.
disease developed peripheral blood red
cell fragmentation and thrombocytopenia, features typical of human aHUS.22 In
this cohort we assessed red cell fragmentation, which was detected in only 11 out
of 21 Cfh⫺/⫺.FH⌬16 –20 mice. All of the
Cfh⫺/⫺.FH⌬16 –20 mice with red cell
fragments (median red cell fragments per
200 red cells ⫽ 17, range ⫽2 to 51, n ⫽
11) had hematuria and abnormal glomerular histology. In contrast, red cell
fragmentation was not present in any of
the C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice, and
urinalyses showed no evidence of hematuria at
4 months of age (data not shown). Furthermore, Cfh⫺/⫺.FH⌬16–20 mice with hematuria were anemic (median hematocrit ⫽
18.4, range ⫽ 6.8 to 54.9, n ⫽ 9) in contrast to normal hematocrits in Cfh⫺/⫺.
FH⌬16 –20 mice without hematuria (median hematocrit ⫽ 42.3, range ⫽ 33.9 to
44.4, n ⫽ 8, P ⬍ 0.05 versus Cfh⫺/⫺.
FH⌬16 –20 mice with hematuria) and all
of the C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice
(median hematocrit ⫽ 42.9, range ⫽ 31.9
to 48.1, n ⫽ 14, P ⬍ 0.01 versus Cfh⫺/⫺.
FH⌬16 –20 mice with hematuria).
Figure 2. Glomerular complement C9 is present in Cfh⫺/⫺.FH⌬16 –20 mice. (A) GloTo determine whether the absence of merular C3 and C9 staining in 4-month-old wild-type, C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20, and
C5 had fully protected C5⫺/⫺.Cfh⫺/⫺. Cfh⫺/⫺.FH⌬16 –20 mice with and without aHUS. C3 deposition along the glomerular
FH⌬16–20 mice against renal damage or just renal endothelium and within the mesangium was observed in both Cfh⫺/⫺.
⫺/⫺
⫺/⫺
delayed the onset of disease, separate cohorts FH⌬16 –20 and C5 .Cfh .FH⌬16 –20 mice but not in wild-type animals. As ex⫺/⫺
⫺/⫺
pected,
glomerular
C9
deposition
was absent in C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice. In
of C5 .Cfh .FH⌬16 –20 (n ⫽ 14) and
⫺/⫺
Cfh⫺/⫺.FH⌬16 –20 mice (n ⫽ 8) were moni- contrast, glomerular C9 deposition was detectable in Cfh .FH⌬16 –20 mice, with or
the same pattern as C3. (B) Quantification of the glomerular
tored up to the age of 8 months. No deaths oc- without aHUS, following
C3 deposition in C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 and Cfh⫺/⫺.FH⌬16 –20 mice. An equivalent
⫺/⫺
⫺/⫺
curred in the C5 .Cfh .FH⌬16–20 colevel of glomerular C3 deposition was obtained in C5⫺/⫺.Cfh⫺/⫺.FH⌬16–20 (n ⫽ 14) and
hort, and glomerular light microscopy was Cfh⫺/⫺.FH⌬16–20 mice without aHUS (n ⫽ 8), whereas glomerular C3 staining was more
normal in all of the animals (data not shown). intense in the Cfh⫺/⫺.FH⌬16–20 mice that had developed aHUS at the time of the analysis
In contrast, in the Cfh⫺/⫺.FH⌬16–20 group, (n ⫽ 12). (C) C9 deposition was absent in the C5⫺/⫺.Cfh⫺/⫺.FH⌬16–20 mice but present in
three animals died before the 8-month time Cfh⫺/⫺.FH⌬16–20 animals with the greatest staining intensity seen in the Cfh⫺/⫺.FH⌬16–20
point, and of the remaining five that were sacri- mice with aHUS. The values for glomerular C3 and C9 deposition are given in AFU.
J Am Soc Nephrol 22: 137–145, 2011
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FH⌬16 –20 mice had evidence of glomerular C9 deposition, a
marker of terminal complement activation. In contrast, in C5⫺/⫺.
Cfh⫺/⫺.FH⌬16 –20 and wild-type mice, no glomerular C9 staining was detectable (Figure 2A). The C9 staining pattern in Cfh⫺/⫺.
FH⌬16 –20 mice was similar to that observed for C3 staining. As
for C3 staining, the intensity of C9 staining was higher in the animals
that had developed histologic renal changes compared with the mice
that were still normal (Figure 2C). The increased glomerular deposition of C3 seen in the Cfh⫺/⫺.FH⌬16–20 mice with aHUS was associated with increased C9 deposition (Figure 2, B and C).
Plasma C3 and FH⌬16 –20 Levels in Cfhⴚ/ⴚ.FH⌬16 –20
Mice and C5ⴚ/ⴚ.Cfhⴚ/ⴚ.FH⌬16 –20 Mice

We have previously shown that the degree of plasma C3 activation is one factor that can influence the development of
aHUS in the Cfh⫺/⫺.FH⌬16 –20 mouse model.22 In these animals the plasma C3 regulation is mediated by the circulating
FH⌬16 –20 protein. Therefore, to determine whether Cfh⫺/⫺.
FH⌬16–20 mice and C5⫺/⫺.Cfh⫺/⫺.FH⌬16–20 mice regulated
plasma C3 levels to a comparable extent, we measured both plasma
FH⌬16–20 and C3 levels in these animals. Given that there were no
differences in either plasma C3 or FH⌬16–20 levels with respect to
age of the mice, data from the 4- and 8-month age groups were
pooled for the respective cohorts. This analysis showed firstly that
FH⌬16–20 levels did not differ between Cfh⫺/⫺.FH⌬16–20 and
C5⫺/⫺.Cfh⫺/⫺.FH⌬16–20 mice (Figure 3A). Second, FH⌬16–20
levelsdidnotdifferbetweenCfh⫺/⫺.FH⌬16–20micewithaHUSand
Cfh⫺/⫺.FH⌬16–20 without aHUS (Figure 3A). Similarly, plasma C3
levels were not significantly different between the C5⫺/⫺.Cfh⫺/⫺.
FH⌬16–20miceandtheCfh⫺/⫺.FH⌬16–20mice,irrespectiveofthe
presence of aHUS in the latter group (Figure 3B). Hence the phenotypic differences could not be attributed to differences in either the
expression of the transgene or the degree of plasma C3 regulation.
Plasma FH⌬16 –20 and C5 Levels in Cfhⴚ/ⴚ.FH⌬16 –20
Mice

We have previously shown that FH⌬16 –20 was able to regulate
plasma C3 activation in vivo by comparing C3 levels in factor
H-deficient animals that did or did not express the FH⌬16 –20
protein.22 C3 levels were markedly reduced in Cfh⫺/⫺ mice but
increased in proportion to the degree of expression of the
FH⌬16 –20 protein in Cfh⫺/⫺.FH⌬16 –20 mice.22 In view of our
data indicating an essential role for C5 in the development of renal
disease in the Cfh⫺/⫺.FH⌬16 –20 mice, we next examined
whether the expression of the FH⌬16 –20 protein influenced C5
levels by comparing C5 levels in Cfh⫺/⫺ and Cfh⫺/⫺.FH⌬16 –20
mice (Figure 4). There is no reliable ELISA assay to quantify
mouse plasma C5 levels, so we utilized an assay that indirectly
detects the presence of mouse C5. The assay tests the ability of
mouse C5 to reconstitute lytic activity of human C5-depleted sera.
As expected, no reconstitution was seen when serum from C5⫺/⫺.
Cfh⫺/⫺.FH⌬16 –20 mice was added because these animals are genetically deficient in C5 (Figure 4). Strikingly, sera from Cfh⫺/⫺
mice demonstrated negligible lytic activity in this assay, indicating
that the uncontrolled complement activation associated with fac140
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Figure 3. Plasma C3 regulation is comparable in C5⫺/⫺.Cfh⫺/⫺.
FH⌬16 –20 and Cfh⫺/⫺.FH⌬16 –20 mice. (A) Plasma FH⌬16 –20 levels in 4- and 8-month-old C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 and Cfh⫺/⫺.
FH⌬16 –20 mice. No significant differences were observed in the
levels of the FH⌬16 –20 protein between the Cfh⫺/⫺.
FH⌬16 –20 (median ⫽ 61.9% of pooled wild-type sera, range ⫽
38 to 97, n ⫽ 29) and C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 (median ⫽ 62.2%
of pooled wild-type sera, range ⫽ 48 to 79, n ⫽ 28) animals.
Furthermore, the FH⌬16 –20 protein level did not differ between
the Cfh⫺/⫺.FH⌬16 –20 mice with (median ⫽ 64% of pooled wildtype sera, range ⫽ 38 to 96, n ⫽ 18) and without (median ⫽ 53%
of pooled wild-type sera, range ⫽ 42 to 97, n ⫽ 11) signs of aHUS.
The values are expressed as percentages of normal CFH level
determined from pooled wild-type mouse sera. (B) Plasma C3
levels in the Cfh⫺/⫺.FH⌬16 –20 and the C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20
mice. The median plasma C3 levels did not differ between the
C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice (median ⫽ 108 mg/L, range ⫽ 61
to 228, n ⫽ 28, Figure 3B) and the Cfh⫺/⫺.FH⌬16 –20 mice
irrespective of disease status (median value for mice with aHUS ⫽
120 mg/L, range ⫽ 54 to 176, n ⫽ 18, median value for mice
without aHUS ⫽ 141 mg/L, range ⫽ 81 to 221, n ⫽ 11, P ⫽ NS,
Figure 3B). The horizontal bars denote median values.

tor H deficiency results in plasma C5 depletion. In contrast, hemolytic activity was restored using Cfh⫺/⫺.FH⌬16 –20 sera. This
demonstrated that these mice have sufficient circulating mouse
C5 to reconstitute the hemolytic activity of human C5 deficient
sera and provides indirect evidence that Cfh⫺/⫺.FH⌬16 –20 mice
can mediate C5 effector functions (C5a generation, terminal
pathway activation) in vivo.
Accelerated Serum Nephrotoxic Nephritis in Cfhⴚ/ⴚ.
FH⌬16 –20 and C5ⴚ/ⴚ.Cfhⴚ/ⴚ.FH⌬16 –20 Mice

aHUS in humans is frequently associated with an environmental trigger. To mimic this experimentally, we assessed the acJ Am Soc Nephrol 22: 137–145, 2011
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and glomerular neutrophil accumulation (Table 1) in
Cfh⫺/⫺.FH⌬16–20 mice, whereas appearances in the wild-type and
C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice were normal. In summary,
Cfh⫺/⫺.FH⌬16–20 mice demonstrated a uniformly hypersensitive
response to ANTN that was dependent on the presence of C5.
C3 Is Required for Spontaneous aHUS to Develop in
Cfhⴚ/ⴚ.FH⌬16 –20 Mice

Figure 4. Cfh⫺/⫺.FH⌬16 –20 mice have functionally active
plasma C5. Cfh⫺/⫺.FH⌬16 –20 sera was able to reconstitute the
lytic activity of human C5-depleted sera (median ⫽ 33.4, range ⫽
19.2 to 89.3, n ⫽ 12) in contrast to negligible lysis seen using sera
from Cfh⫺/⫺ mice (median ⫽ 12.5, range ⫽ 3.8 to 25.1, n ⫽ 11).
As expected in genetic C5 deficiency, sera from the C5⫺/⫺.Cfh⫺/⫺.
FH⌬16 –20 animals could not restore lytic activity of the human
C5-depleted sera (median ⫽ 7.5, range ⫽ 2.8 to 12.1, n ⫽ 11). The
horizontal bars denote median values.

celerated serum nephrotoxic nephritis (ANTN) model in
2-month-old Cfh ⫺/⫺ .FH⌬16 –20 mice, C5 ⫺/⫺ .Cfh ⫺/⫺ .
FH⌬16 –20 mice, and wild-type animals. Cfh⫺/⫺.FH⌬16 –20
mice without any evidence of renal impairment (normal urea
levels and absence of hematuria on urinalysis) were used in
these experiments. Three days after the administration of the
nephrotoxic serum, all of the Cfh⫺/⫺.FH⌬16 –20 mice developed anasarca, and hence the experiment was terminated at
this time point. In contrast, at this stage both wild-type and
C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice appeared healthy. Hematuria
and uraemia was present in all of the Cfh⫺/⫺.FH⌬16 –20 mice
but not in either C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 or wild-type animals (Table 1). Cfh⫺/⫺.FH⌬16 –20 mice also had proteinuria
at this time point (Table 1). Red cell fragmentation was evident
on blood films of Cfh⫺/⫺.FH⌬16 –20 mice exclusively (Table
1). Glomerular C3 deposition was observed to a comparable
extent in both the Cfh⫺/⫺.FH⌬16 –20 and C5⫺/⫺.Cfh⫺/⫺.
FH⌬16 –20 mice, whereas no abnormal C3 staining was seen in
the wild-type animals (Figure 5, A and B). Glomerular C9 deposition was detectable only in the Cfh⫺/⫺.FH⌬16 –20 mice (Figure
5A). The pattern of C3 and C9 deposition after ANTN in
Cfh⫺/⫺.FH⌬16 –20 mice was similar to the pattern observed
in the spontaneous aHUS phenotype. Renal histology
showed marked glomerular thrombosis (Figure 5, C and D)

Recently a C3-independent C5 activation pathway has been
described.23 To analyze whether such a pathway was relevant to
our mouse model, we generated Cfh⫺/⫺.FH⌬16 –20 mice deficient in C3 (C3⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice). An experimental cohort was then monitored over an 8-month period (n ⫽
30). At 8 months, all of the animals remained well, and there
was no evidence of hematuria. Serum urea levels were also
normal (median urea ⫽ 10.8 mmol/L, range ⫽ 3.3 to 17.5, n ⫽
30). Consistent with these observations the renal histology of
the C3⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice did not show any light microscopic abnormalities (data not shown).

DISCUSSION

There is now overwhelming evidence that dysregulation of the
AP of complement is involved in the pathogenesis of aHUS.24
Although activation of complement along the renal endothelium is considered to be the initiating event, the relative importance of C3 and C5 activation in the pathology is not
known. In this study we have demonstrated that renal histology remained normal in cohorts of C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20
animals at 4 and 8 months of age, indicating that the absence of
C5 had protected Cfh⫺/⫺.FH⌬16 –20 mice from the development of spontaneous aHUS. Previously our studies in
Cfh⫺/⫺.FH⌬16 –20 mice have shown that the ability to regulate C3 in plasma is critical for the development of renal
thrombotic microangiopathy: one line of Cfh⫺/⫺.FH⌬16 –20
mice expressed only low levels of the FH⌬16 –20 protein and
consequently did not regulate plasma C3 effectively and did
not develop renal disease.22 This suggested that aHUS would
only develop if there was defective protection of renal endothelium in the setting of a certain level of circulating intact C3.
Therefore, a critical consideration in this study was whether
the phenotypic differences between the Cfh⫺/⫺.FH⌬16 –20

Table 1. Renal function in C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20, Cfh⫺/⫺.FH⌬16 –20, and wild-type mice during ANTN

Urea (mmol/L)
Grade of haematuria (0 to 3)
Grade of proteinuria (0 to 3)
Red cell fragments (per 200 RBC)
Glomerular neutrophils

Wild-type
(n ⴝ 5)

Cfhⴚ/ⴚ.FH⌬16 –20
(n ⴝ 4)

C5ⴚ/ⴚ.Cfhⴚ/ⴚ.FH⌬16 –20
(n ⴝ 5)

8.1 (7.2 to 11.7)
negative
2 (1 to 3)
negative
0.24 (0.04 to 0.52)

41 (37.5 to 41.5)a
3 (2 to 3)a
3 (2 to 3)
12.5 (10 to 17)a
3.27 (2.48 to 3.89)a

8.7 (7.1 to 12.2)
negative
1 (1 to 3)
negative
0.17 (0 to 0.3)

Numbers represent median with range of values shown in parentheses.
a
P ⬍ 0.001 in Cfh⫺/⫺.FH⌬16 –20 mice versus wild-type or C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice, determined by Bonferroni multiple comparison test. The results
shown are representative of three independent experiments.
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Figure 5. Cfh⫺/⫺.FH⌬16 –20 but not C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice are hypersensitive to ANTN. (A) Glomerular C3 and C9 staining.
Complement dysregulation at the level of C3, as demonstrated by the presence of abnormal glomerular C3 staining, was evident only
in C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 and Cfh⫺/⫺.FH⌬16 –20 mice. Glomerular C9 staining was only evident in the Cfh⫺/⫺.FH⌬16 –20 animals.
(B) Quantification of the glomerular C3. Glomerular C3 deposition was similar in C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 and Cfh⫺/⫺.FH⌬16 –20
animals. In both groups the degree of staining was significantly greater than that seen in wild-type mice (Bonferroni multiple comparison
test). The values for glomerular C3 deposition are given in AFU. (C) Scoring of glomerular thrombosis. Significant glomerular thrombosis
was evident in all of the Cfh⫺/⫺.FH⌬16 –20 mice, whereas thrombosis was absent in both C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 and wild-type
animals. Glomerular thrombosis was expressed as percentages of PAS-positive material per 50 glomerular cross-sections examined.
(D) Representative light microscopy images of renal sections. Original magnification, 20. Bar, 10 m.

and C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice could be explained by differential expression of the FH⌬16 –20 protein and consequently plasma C3 levels. Importantly, plasma levels of both
FH⌬16 –20 and C3 did not differ between the two experimental mouse lines, allowing us to conclude that the phenotypic
differences could not be explained by differential degrees of C3
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regulation. Additional aspects of this study supported a role for
C5 activation in the development of aHUS in the Cfh⫺/⫺.
FH⌬16 –20 mice. First, these animals have detectable circulating plasma C5 as demonstrated by the ability of their sera to
reconstitute the lytic activity of human C5-deficient sera. Second, the presence of glomerular C9 staining suggested that
J Am Soc Nephrol 22: 137–145, 2011
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terminal pathway activation within the kidney occurs in this
model.
Interestingly, abnormal glomerular C3 deposition was evident in C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice, whereas, as would be
expected with complete genetic deficiency of C5, glomerular
C9 staining was absent. In C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 and
Cfh⫺/⫺.FH⌬16 –20 mice that had not developed aHUS, the
degree of abnormal glomerular C3 deposition was similar. In
contrast, the abnormal glomerular C3 staining was substantially greater in the Cfh⫺/⫺.FH⌬16 –20 mice that had developed aHUS. Similarly, glomerular C9 deposition was also most
marked in the Cfh⫺/⫺.FH⌬16 –20 with aHUS. The most likely
explanation for this is that the damaged renal endothelium in
the animals with aHUS provided a permissive surface for complement activation. It also suggested that a certain threshold of
complement activation needed to be reached in order for renal
inflammation and thrombosis to develop.
Cfh⫺/⫺.FH⌬16 –20 animals developed spontaneous renal
disease as we have previously reported.22 However, the development of aHUS in these animals was clearly variable: aHUS
was not present in eight of the 4-month cohort (n ⫽ 26) and
three of the 8-month cohort (n ⫽ 8) at the respective time
points. We speculate that this variability is likely to be driven by
background genetic factors because all of the animals were
housed in an identical specific pathogen-free facility, thereby
minimizing environmental variability. However, at this stage
we cannot exclude that stochastic events may also affect the
onset of the disease, a phenomenon that is seen in other spontaneous models of renal disease.
Incomplete penetrance of aHUS is a common event in carriers of CFH, MCP, CFI, C3, and factor B aHUS-associated
mutations.13,19,20,24,25 Hence, it is generally accepted that a
combination of multiple risk factors (i.e. genetic or environmental) is needed for disease to develop. Human aHUS is frequently triggered by an environmental insult that in most cases
remain unclear. We therefore explored the response of the Cfh⫺/⫺.
FH⌬16 –20 and C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 animals to ANTN.
Our data demonstrated that Cfh⫺/⫺.FH⌬16 –20 mice were
uniformly hypersensitive to renal injury triggered by ANTN,
developing rapid glomerular thrombosis and glomerular neutrophil accumulation. This hypersensitive response was dependent on complement dysregulation because wild-type animals remained healthy at this time point. Importantly, the
hypersensitive response of the Cfh⫺/⫺.FH⌬16 –20 mice to
ANTN was specifically dependent on the ability to activate C5
because the C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 animals did not develop glomerular thrombosis or neutrophil accumulation, despite demonstrating a similar degree of glomerular C3 activation. This observation also indicated that abnormal glomerular
C3 deposition alone was not sufficient to trigger aHUS in this
model.
Taken together, these phenotypic data demonstrate that C5
is required for aHUS to develop in Cfh⫺/⫺.FH⌬16 –20 mice.
Presently, we cannot determine the relative importance of the
membrane attack complex and C5a in aHUS pathogenesis beJ Am Soc Nephrol 22: 137–145, 2011
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cause both of these important mediators of inflammation are
generated upon activation of C5.
Activation of C3 and C5 can theoretically be mediated by
noncomplement enzymes present within inflammatory reactions. Neutrophil elastase,26 macrophage serine protease,27 as
well as proteins from the coagulation system such as factors
FXa and FXIa, plasmin, and thrombin have been shown to
activate C3 and C5 in vitro.28 Recently, using an immune complex-mediated lung injury model, tissue damage in C3-deficient mice has been shown to be dependent on the generation of
C5a by thrombin.23 However, in this study C3⫺/⫺.Cfh⫺/⫺.
FH⌬16 –20 mice did not develop aHUS. This demonstrated that
canonical C5 activation mediated by C5 convertases is required
for the development of aHUS in the Cfh⫺/⫺.FH⌬16 –20 mouse
model.
The strong association between AP dysregulation and
aHUS makes complement inhibition an obvious therapeutic
strategy. Understanding the role of C5 activation is of key importance because this is expected to occur irrespective of the
particular AP mutation. We have shown that in a spontaneous
and experimentally-triggered renal injury model of aHUS C5,
dysregulation plays a key role. Eculizumab, an anti-C5 antibody that prevents C5 activation, has been successfully used in
two aHUS patients.29,30 Although these are only anecdotal reports, our murine data strongly support the rationale that C5
inhibition should be tested in aHUS patients.

CONCISE METHODS
Animals

Cfh⫺/⫺.FH⌬16 –20 mice were developed as previously reported on
the CBAxC57BL/6 genetic background.22 Cfh⫺/⫺.FH⌬16 –20 mice
deficient in C5 (C5⫺/⫺.Cfh⫺/⫺.FH⌬16 –20) were generated by intercrossing Cfh⫺/⫺.FH⌬16 –20 mice with naturally DBA/J2 C5-deficient
mice31 that had been back-crossed on to the C57BL/6 genetic background for 10 generations. C3⫺/⫺.Cfh⫺/⫺.FH⌬16 –20 mice were generated by interbreeding Cfh⫺/⫺.FH⌬16 –20 mice with C3-deficient
mice32 that had been back-crossed on to the C57BL/6 genetic background for 10 generations. C57BL/6 mice were used as wild-type animals. All of the procedures were performed in accordance with institutional guidelines.

Quantification of Plasma FH⌬16 –20 and C3 Levels
FH⌬16 –20 levels were measured by ELISA using a goat anti-rat
CFH antibody (a gift from M. Daha, Leiden University Medical
Center, Leiden, The Netherlands) and a rabbit anti-mouse CFH
antibody (a gift from S. Rodriguez de Cordoba, Centro de Investigaciones Biologicas, Madrid, Spain). Samples were quantified by
reference to a standard curve generated using normal wild-type
serum. C3 levels were measured by ELISA, and the results were
quantified by reference to a standard curve generated from acutephase sera containing a known quantity of C3 (Calbiochem) as
described previously.33
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Assessment of Renal Function and Blood Films

Statistical Analyses

Proteinuria and hematuria levels were determined using Hema-Combistix (Bayer). Serum urea was measured by using a UV method kit
(R-Biopharm Rhone) according to the manufacturer’s instructions.
Blood films were manually prepared using EDTA whole blood and
stained using a rapid staining kit (Diff-Quik, Dade Behring). The
presence of red blood cell fragments in the blood films were determined by counting the number of fragments per 200 red blood cells
counted.

The data were analyzed by using Mann-Whitney test for the comparison of two groups and Bonferroni’s multiple comparison test for the
analysis of three groups. Mortality curves were analyzed by the log
rank test. The differences were considered significant for P values
⬍0.05. The data were analyzed by using PRISM 3.0 software for Windows (GraphPad, San Diego, CA).
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For light microscopy, the kidneys were fixed in Bouin’s solution and
embedded in paraffin, and the sections were stained with periodic
acid Schiff (PAS) reagent. Glomerular scarring was determined by
analyzing 50 glomeruli/section. The number of scarred glomeruli
identified was expressed as a percentage of the total number of glomeruli examined. Glomerular thrombosis was scored by assessing the
amount of PAS-positive material per glomerular cross-section. Scores
of 0, 1, 2, 3, and 4 were recorded when the amount of PAS-positive
material was zero, 0 to 25%, 25 to 50%, 50 to 75%, and 75 to 100% of
the glomerular cross-section, respectively. A total of 50 glomeruli
were examined, and the recorded totals were expressed as percentages
of the maximum possible score (200 maximum). Glomerular neutrophils were identified by their characteristic morphology. The total
number of neutrophils identified was expressed as a percentage of the
number of glomeruli examined (50 glomeruli total). All histologic
analysis was done in a blinded fashion. For immunofluorescence
studies, the kidneys were snap-frozen. For C3 staining, FITC-conjugated anti-mouse C3 (ICN) was used on snap-frozen sections. C9
staining was done using rabbit IgG against mouse C9 (a gift from Prof
M. Daha) followed by a secondary FITC-conjugated mouse antibody
against rabbit IgG (Sigma). The staining with FITC-conjugated antibodies was quantified as described previously35 and expressed as arbitrary fluorescence units (AFU).

Induction of ANTN

To induce renal damage 200 g of sheep IgG (Sigma, I-5131) in complete Freund’s adjuvant was injected intraperitoneally 5 days before
intravenous administration of sheep nephrotoxic serum. This was
prepared as described previously.35
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