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Introduction

Atypical haemolytic uraemic syndrome (aHUS) is a severe
renal illness with up to 50% of cases progressing to end-
stage renal disease (ESRD) and up to 25% of lethal out-
comes in the acute phase of aHUS [1].
dysregulation, leading to glomerular endothelial cell
damage is considered to be a central element in aHUS
pathogenesis and complement inhibition therapy has been
reported to be successful and has recently been approved for

aHUS treatment [2—4].
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Summary

Atypical haemolytic uraemic syndrome (aHUS) is associated with (genetic)
alterations in alternative complement pathway. Nevertheless, comprehensive
evidence that the complement system in aHUS patients is more prone to
activation is still lacking. Therefore, we performed a thorough analysis of
complement activation in acute phase and in remission of this disease. Com-
plement activation patterns of the aHUS patients in acute phase and in
remission were compared to those of healthy controls. Background levels of
complement activation products C3b/c, C3bBbP and terminal complement
complex (TCC) were measured using enzyme-linked immunosorbent assay
(ELISA) in ethylenediamine tetraacetic acid (EDTA) plasma. In vitro-
triggered complement activation in serum samples was studied using
zymosan-coating and pathway-specific assay. Furthermore, efficiencies of the
C3b/c, C3bBbP and TCC generation in fluid phase during spontaneous acti-
vation were analysed. Patients with acute aHUS showed elevated levels of
C3b/c (P<0-01), C3bBbP (P<0-0001) and TCC (P<0-0001) in EDTA
plasma, while values of patients in remission were normal, compared to
those of healthy controls. Using data from a single aHUS patient with com-
plement factor B mutation we illustrated normalization of complement acti-
vation during aHUS recovery. Serum samples from patients in remission
showed normal in vitro patterns of complement activation and demon-
strated normal kinetics of complement activation in the fluid phase. Our
data indicate that while aHUS patients have clearly activated complement in
acute phase of the disease, this is not the case in remission of aHUS. This
knowledge provides important insight into complement regulation in aHUS
and may have an impact on monitoring of these patients, particularly when
using complement inhibition therapy.
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The complement system, a part of the innate immune
system, can be activated via three pathways: the classical, the
lectin and the alternative. These pathways converge at the
cleavage and activation of the central complement compo-
nent C3. This results in formation of the C3b fragment,
which binds zymogen complement factor B (CFB) and,
in association with properdin, forms the alternative
pathway C3 convertase (C3bBbP). C3bBbP cleaves and acti-
vates more C3 molecules, leading to formation of the C5b-9
terminal complement complex (TCC) and release of the
potent anaphylatoxins C3a and C5a. To protect healthy host
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tissue, the C3 convertase activity is controlled by comple-
ment inhibitors, such as complement factor I (CFI), com-
plement factor H (CFH) and membrane co-factor protein
(CD46/MCP). As a result of C3 convertase inactivation,
various C3 degradation products are formed, such as iC3b,
C3c and C3dg [5,6].

Currently, alternative complement pathway deficiencies
are identified in 50-60% of aHUS patients. Genetic variants
affecting CFH, CFI, MCP, C3 and CFB as well as
autoantibodies against CFH (anti-CFH) are associated with
aHUS pathogenesis. Aberrations affecting genes outside the
complement cascade, encoding thrombomodulin (THBD)
and diacylglycerol kinase € (DGKE), were also reported
[7-20]. Aetiological analysis of patients with aHUS is criti-
cally important, especially in renal transplantation, which is
frequently required in this patient group. For example,
patients who carry mutations in genes encoding CFH, CFI
or C3 are at higher risk of disease recurrence in the graft
(40-90%), whereas such probability is lower for the aHUS
patients carrying MCP mutations and anti-CFH
autoantibodies [21-24]. Functional analysis of complement
activation in aHUS patients remains very limited. The C3
and C4 levels, which are often used in clinical practice, often
show normal values. Recently, a single study reported that
C5a and TCC are higher in aHUS than in thrombotic
thrombocytopenic purpura (associated not with comple-
ment aberrations, but with ADAMTS13 deficiency) [25].
However, it is still not clear whether complement system in
aHUS patients is more prone to activation than in healthy
individuals.

In this study, for the first time we performed a thorough
analysis of complement activation in aHUS patients in
acute phase and in remission of the disease. Monitoring of
complement activation dynamics in ethylenediamine
tetraacetic acid (EDTA) plasma and serum samples may
provide a simple and important tool in assessment of com-
plement activation in aHUS patients, particularly when
complement inhibition therapy is used.

Materials and methods

Study population

The research population consisted of two groups of aHUS
patients in acute phase (n =6) and in remission (n=11) of
the disease. Acute phase was defined as the presence of
haemolytic anaemia, thrombocytopenia and acute renal
failure. Patients in remission had their last aHUS episode
more than 1 year ago. In addition, from a single aHUS
patient with CFB p.Lys323Glu mutation, samples were
taken during two acute aHUS episodes, in the following
convalescence periods during plasmapheresis (PF) treat-
ment and in remission phase at the time of the study. The
patients were referred to the Pediatric Nephrology Depart-
ment of the Radboud University Medical Center. The
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control group (n=19) consisted of healthy adult volun-
teers. For the controls, the following exclusion criteria were
applicable: fever, bacterial/viral infection in the previous 2
weeks, chronic illness, inborn or acquired immune disor-
ders and immunosuppressive medication. The study was
approved by the institutional review board and was per-
formed in accordance with the appropriate version of the
Declaration of Helsinki. Informed consent of all patients
and/or their parents as well as of controls was obtained
before analysis.

Genetic analysis

Genomic DNA was isolated from peripheral blood leuco-
cytes as described by Miller et al. [26]. Coding fragments of
CFH, CFI, MCP, C3, CFB, THBD and DGKE genes were
amplified from genomic DNA by means of polymerase
chain reaction (PCR). Primer sequences are available upon
request. The obtained PCR products included DNA
sequences of the individual exons, flanked by the splice
donor site and the splice acceptor site. The amplimers were
subjected to double-stranded DNA sequence analysis on an
ABI 3130 xI GeneticAnalyzer (Applied Biosystems, San
Francisco, CA, USA). Sequence analyses were performed
using Sequencher version 4-8 software (Gene Codes, Ann
Arbor, MI USA). Anti-CFH autoantibodies were detected as
described previously [27].

Sample collection

EDTA blood and serum samples of patients and controls
were collected and processed within 1h after sampling.
Samples were aliquoted and stored at —80°C. To avoid in
vitro complement activation after sampling, EDTA plasma
samples were used to compare complement activation in
acute phase and in remission of aHUS. Serum samples were
used in the in vitro complement activation experiments.

Complement activation analyses

The levels of complement activation products — C3b and its
degraded form C3c (C3b/c), the alternative complement
pathway convertase C3bBbP and the fluid phase terminal
sC5b-9 complement complex (TCC) in EDTA plasma —
were quantified using enzyme-linked immunosorbent assay
(ELISA), as described in detail previously by Bergseth et al.
[28]. International complement standard 2 (ICS 2) was
used for quantification of activation products in comple-
ment activation units per ml (CAU/ml) [28].

Zymosan-induced activation of serum was performed in
96-well plates coated using 2 pg/well of zymosan A from
Saccharomyces cerevisiae (Sigma-Aldrich, St Louis, MO,
USA). Complement activation and detection of C3b and
TCC deposition on the solid phase was performed as
described previously [29].
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Table 1. Clinical and genetic data available for patients in acute phase of atypical haemolytic uraemic syndrome (aHUS).

Patient no. aHUS pathogenic change Gender Age at onset/time of study* Treatment Outcome
Pla’ C3: p.Argl61Trp [15,16] Male Ist episode: 6 years; Plasma therapy Remission
2nd episode: 12 years
P2a None Female 7 years Plasma therapy Remission
P3a Anti-CFH autoantibodies [19] Female 11 years Plasma therapy, haemodialysis Remission
P4a MCP: p.Asp271_Ser272del [10] Male 1st episode: 4 years; Plasma therapy Remission
2nd episode: 8 years
P5af None Male 1st episode: 7 months; Plasma therapy, eculizumab Remission under
2nd episode: 2 years eculizumab
Péa None Male 5 years Plasma therapy, CVVHDF Remission

*Age at onset of the latest episode for these patients is equal to the age at the time of the study. First episodes of patients Pla, P4a and P5a resolved

in (almost) complete remission without need of a renal transplantation. "Familial aHUS. CVVHDF = continuous veno-venous haemodiafiltration;

CFH = complement factor H; MCP = membrane co-factor protein.

To analyse the classical, lectin and alternative pathway
activation separately, the Wieslab® Complement system
Screenkit (Euro Diagnostica, Malmo, Sweden) was used
according to the manufacturer’s protocol.

In kinetic activation analysis, serum samples were diluted
1:2 in Dulbecco’s phosphate-buffered saline with MgCl,
and CaCl, (Sigma-Aldrich) and incubated at 37°C with
gentle agitation; samples were collected at 0, 10, 20, 30 and
60 min of incubation and immediately placed on ice. To
stop the complement activation, EDTA (Sigma-Aldrich)
was added to a final concentration of 20 mM. Complement
activation products were quantified as described above for
EDTA plasma samples.

Statistical analysis

Statistical analysis was performed using the unpaired two-
tailed #-test. Statistically significant differences with P < 0-05
are indicated.

Results

Genetic background of the aHUS patients

For this study, samples from two groups of patients in acute
phase (n=06) and in remission (n = 11) were available. The
patients in both groups were screened for the presence of
pathogenic genetic variations in genes encoding CFH, CFI,
MCP, C3, CFB, THBD and DGKE; furthermore, the pres-
ence of anti-CFH autoantibodies was analysed. In the acute-
phase aHUS group, two of the patients carried heterozygous
genetic variants in C3 or MCP and one had anti-CFH
autoantibodies, while three patients had aHUS of undefined
aetiology (Table 1). In the aHUS remission group six
patients carried heterozygous changes in CFH, CFI, C3 or
THBD; in five patients no genetic aberrations or anti-CFH
autoantibodies were found (Table 2). Familial and idi-
opathic aHUS patients were present in both groups
(Tables 1 and 2).

Table 2. Clinical and genetic data available for patients in remission phase of atypical haemolytic uraemic syndrome (aHUS).

Age at first onset/

Patient no. ~ aHUS pathogenic change ~ Gender time of study Treatment Outcome Transplantation history

Plr* CFH: p.Arg1206Cys [8] Male 22 years/27 years ~ Plasma therapy, haemodialysis ~ Remission None

par*t CFH: p.Arg1206Cys Female 21 years/48 years  Plasma therapy, haemodialysis ESRD aHUS in graft

P3r CFI: p.Arg474Stop [9] Female 49 years/57 years ~ Plasma therapy, haemodialysis ESRD No recurrence

P4r* C3: p.Argl61Trp [15,16] Male 52 years/59 years  Plasma therapy, haemodialysis ESRD No recurrence

P5r* C3: p.Argl61Trp Female 23 years/35 years Plasma therapy ESRD No recurrence

Pé6r THBD: p.Ala43Thr [18] Female 2 months/5 years Antibiotics, CVVH Remission None

P7r None Male 24 years/29 years Haemodialysis ESRD None, on the waiting
list for transplantation

P8r None Female 3 years/23 years Haemodialysis ESRD aHUS in graft

Por None Male 1 years/13 years Peritoneal dialysis ESRD aHUS in graft

P10r None Female 15 years/24 years Haemodialysis ESRD No recurrence

P11r® None Male 8 years/17 years Blood transfusions ESRD No recurrence

*Familial aHUS. "Mother of P1r. *Familial steroid-resistant nephrotic syndrome. Full spectrum aHUS developed during cyclosporin treatment.

CFH = complement factor H; CFI = complement factor I; CVVH = continuous veno-venous haemofiltration; ESRD = end stage renal disease;

THBD = thrombomodulin.
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Fig. 1. Plasma complement activation products in patients with
atypical haemolytic uraemic syndrome (aHUS) in acute phase and in
remission. Ethylenediamine tetraacetic acid (EDTA) plasma samples of
six aHUS patients in acute phase (a) and of 11 patients in remission
phase (b) were analysed for the levels of C3b/c, C3bBbP and terminal
complement complex (TCC). The values were compared to those of
19 healthy controls. Data were quantified using international
complement standard 2 (ICS 2) in complement activation units per
ml (CAU/ml) and are presented as mean =+ standard deviation. Values
that were statistically different from those of healthy controls

(P < 0-05) are indicated.

Complement activation in acute phase and in remission
of aHUS

First, we analysed complement activation in acute phase
and in remission of aHUS. To this end, we measured con-
centrations of complement activation products C3b/c,
C3bBbP and TCC in EDTA plasma of aHUS patients and
compared the values to those of healthy controls (n=19).
These assays reflect activation of the alternative comple-
ment pathway, which is implicated in aHUS pathogenesis.
In the acute phase of the disease, we observed significantly
elevated levels of C3b/c, C3bBbP and TCC (Fig. 1a). In four
of the six patients in the acute phase all three activation
products were elevated; in the other two patients two of the
three activation product were elevated, indicating ongoing
complement activation in all these patients (Table 3). The
values of C3bBbP and TCC were increased in all six
patients, including the three patients with normal serum C3
levels in the acute phase. Conversely, patients in remission

Complement activation patterns in aHUS

Table 3. Complement assessment of patients in the acute phase of
atypical haemolytic uraemic syndrome (aHUS).

Patient C3 C4 C3b/c C3bBbP TCC
no. 7001500  100-400*  (<158)F  (<23-5)7  (<22)
Pla 1110 323 57-82 148-7 7-85
P2a 1130 300 18-15 293 15-16
P3a 639 292 12-25 4659 5:39
P4a 657 164 34-25 67-48 2:56
P5a 927 205 11-28 34-74 4-84
P6a 620 250 19:63 99-95 10-94

*Normal serum concentration range (mg/l) defined by the standard
clinical protocol. "Normal concentration range (CAU/ml) defined by
this study as mean + 2 standard deviations of control values (n=19).
Values outside the normal range are indicated in bold type. TCC = ter-
minal complement complex.

showed C3b/c, C3bBbP and TCC values that were com-
pletely comparable to those of healthy controls (Fig. 1b).

From a single female patient carrying a well-
characterized CFB p.Lys323Glu mutation, samples taken
during two acute aHUS episodes, during PF treatments and
in remission at the time of the study were available
(Table 4) [17]. Increased concentrations of all three com-
plement activation markers (first episode) and C3b/c and
C3bBbP (second episode) were detected in acute phase.
Complement activation levels decreased considerably
during PF treatments and were completely normalized in
remission.

Together, our data indicate that in acute aHUS episodes
complement activation is taking place, but returns to the
level of healthy controls during remission.

Induced complement activation in serum samples of
aHUS patients in acute phase

Ongoing complement activation in the acute phase of
aHUS may lead to complement consumption, as seen par-

Table 4. Complement assessment of a single female patient during two
acute atypical haemolytic uraemic syndrome (aHUS) episodes, in con-
valescence periods after five (first episode) and 10 (second episode)
plasmapheresis (PF) sessions and in remission at the time of the study.
The patient recovered without need of a renal transplant and carries
pathogenic p.Lys323Glu mutation in CFB [17].

Age C3b/c C3bBbP TCC
Disease phase (years) (<15-8 )* (<23-5)* (<2:2)*
First acute episode 2:5 155-17 61-58 2-88
After 5 PF sessions 2:5 21-57 19-87 1-3
Second acute episode 35 116-16 115-49 0-74
After 10 PF sessions 35 22-82 10-82 0-67
Remission phase 21 10-33 6-00 0-46

*Normal concentration range (CAU/ml) defined by this study as
mean * 2 standard deviations of control values (n = 19). Values outside
the normal range are indicated in bold type. TCC = terminal comple-
ment complex.
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Fig. 2. Pathway-specific activation of serum samples from acute
atypical haemolytic uraemic syndrome (aHUS) patients. Specific
activation of the classical (CP), the lectin (LP) and the alternative
(AP) pathways of complement was measured in six acute-phase
patients and in 19 controls with TCC deposition as readout. Data are
presented as percentage of activation of the positive control provided
with the assay. Low alternative pathway activation value in a sample of
patient P6a is indicated.

tially from the C3 serum levels (Table 3). This may cause
diminished capacity for complement activation. Next, we
tested this hypothesis using a pathway-specific activation
assay, used widely in clinical laboratories (Fig. 2).

Our results indicate that the classical and lectin pathway
activation profiles are not different between the acute phase
patients and healthy individuals. In the alternative pathway
experiment, only one of the acute phase patients (P6a)
demonstrated activation outside the normal range.

Induced complement activation in serum samples of
aHUS patients in remission

Next, we analysed whether, when triggered, serum samples
of aHUS patients in remission are able to reach higher com-
plement activation levels than the samples of healthy con-
trols. To this end, we performed complement activation on
the zymosan-coated surface. Zymosan is able to directly
activate the lectin and the alternative complement pathways
and also activates the classical pathway, when anti-zymosan
antibodies are present in the serum [30]. We quantified C3b
and TCC deposition on the zymosan-coated surface in
response to the activation of the serum samples. No signifi-
cant differences between remission phase aHUS samples
and control samples were observed by using zymosan-
induced complement activation (Fig. 3a).

Furthermore, we performed pathway-specific analysis to
quantify activation of the classical, lectin and alternative
pathways separately (Fig.3b). This analysis also did not
reveal significant differences between complement activa-
tion in aHUS patients in remission and in healthy controls.

These data indicate that complement activation in serum
samples of aHUS patients in remission is not triggered to a
higher level than in the samples of healthy controls.
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Fig. 3. Induced complement activation of serum samples from
atypical haemolytic uraemic syndrome (aHUS) patients in remission.
(a) Serum samples of 11 patients in remission phase of aHUS and of
19 healthy controls were analysed for complement activation in
zymosan-coated wells, using C3b and TCC deposition as readout.
Results are given as absorbance units of optical density (OD).

(b) Specific activation of the classical (CP), the lectin (LP) and the
alternative (AP) pathway of complement was measured with terminal
complement complex (TCC) deposition as readout. Data are
presented as percentage of activation of the positive control provided
with the assay.

Kinetics of complement activation in serum samples of
aHUS patients in remission

So far, no differences in complement activation between
patients in remission and controls were observed. Finally,
we analysed whether serum samples of aHUS patients in
remission have faster activation kinetics compared to the
samples of healthy controls. Thus, we studied kinetics of
spontaneous complement activation in fluid phase. Serum
samples were incubated at 37°C to induce spontaneous
alternative pathway complement activation; concentrations
of C3b/c, C3bBbP and TCC were then analysed at various
time-points (Fig. 4). No statistically significant differences
were observed between patients and controls.

These results indicate that there is no difference in com-
plement activation kinetics between aHUS patients in
remission and healthy controls.

Discussion

Complement dysregulation is an established hallmark of
aHUS. To the best of our knowledge, in this study we
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Fig. 4. In vitro kinetics of spontaneous complement activation in the
serum samples of atypical haemolytic uraemic syndrome (aHUS)
patients in remission. Samples of 11 aHUS patients in remission and
of 19 healthy controls were incubated at 37°C with gentle agitation.
Samples were collected at 0, 10, 20, 30 and 60 min of incubation and
levels of C3b/c (a), C3bBbP (b) and terminal complement complex
(TCC) (c) were analysed. Data were quantified using international
complement standard 2 (ICS 2) and are presented as complement
activation units per ml (CAU/ml).

present for the first time a comprehensive analysis of com-
plement regulation in the blood of aHUS patients in acute
phase and in remission.

We observed a clear activation of the alternative comple-
ment pathway in the acute phase group, as revealed by sig-
nificant increases in C3b/c, C3bBbP and TCC in EDTA
plasma. However, the levels of these complement activation
markers in aHUS patients in remission were normal.
Moreover, when analysed in a single aHUS patient with
CFB mutation, complement activation was detected clearly
in both aHUS episodes, but not in remission.

Therefore we suggest that, in remission, complement
activation in blood of aHUS patients normalizes to the
levels of healthy individuals. As our experiments included a
limited number of patients, studies in larger cohorts should
be performed in the future.

The levels of complement activation markers measured
in this study reflect complement activation in the fluid
phase. The sC5b-9 (fluid phase TCC) does not normally
shed from the cell surface, as when first inserted into the

Complement activation patterns in aHUS

membrane there is a firm attachment. However, activation
might take place at the surface but not close enough for the
TCC to be inserted, thereby generating a fluid phase
complex, as seen typically by artificial surfaces such as hae-
modialysis membrane [31,32].

Our data do not exclude the possibility of ongoing com-
plement activation on the cell surface in remission, that
could be detected experimentally using sheep erythrocytes
or endothelial cells and that was outside the scope of this
study.

We found that in a single aHUS patient with CFB muta-
tion, complement activation was detected clearly in both
aHUS episodes, but not in remission. Previously, comple-
ment activation in a single aHUS patient with CFH muta-
tion p.Ser1191Leu was monitored before and after infusion
of fresh frozen plasma [33]. Only a limited effect of plasma
infusion on complement activation was observed using a
haemolytic alternative pathway assay and no difference was
observed in a pathway-specific screen. Assays used in this
previous study reflect a resultant of several factors, includ-
ing the amount of native components present, which does
not necessarily reflect the degree of ongoing activation. The
latter is reflected by the activation product assays we have
used. Consistent with these previous data, all but one
patient in our acute-phase group demonstrated normal
activation in a pathway-specific assay (Fig. 2).

Further, we analysed whether complement activation
in serum samples of remission patients can be triggered
more efficiently than in samples of healthy controls. Our
data indicate that both zymosan-induced activation and
pathway-specific activation of aHUS serum samples
give results similar to those of the control group. The results
of kinetic analysis in the fluid phase also appeared to be
comparable in aHUS remission patients and in controls.

These findings are indeed intriguing, as six of 11 patients
carry aHUS-predisposing genetic aberrations, which are
expected to cause more efficient complement activation.
Patients P1r and P2r carry p.Argl206Cys substitution in the
CFH gene. Previously, the p.Argl206Ala variant was charac-
terized in functional studies using a recombinant CFH19-20
fragment [8]. In this work, impaired binding of CFH19-20
fragment carrying p.Argl206Ala to C3b/d and mouse
glomerular endothelium was shown. We expect the
p.Arg1206Cys to have a similar effect on protein function.
Patients P4r and P5r carry the C3 variant p.Argl61Trp that
was reported previously by us and others, and has a negat-
ive impact on CFH and MCP binding and increases the
affinity to CFB [15,16]. Furthermore, thrombomodulin, a
component of the coagulation system, was reported previ-
ously to regulate inactivation of C3b in wvitro. The
p-Ala43Thr change (P6r) was shown to affect this funct-
ion negatively [18]. Particularly interesting is the CFI
mutation in patient P3r, which leads to a stop codon in the
serine protease domain that is important for C3b and C4b
inactivation.

© 2015 British Society for Immunology, Clinical and Experimental Immunology, 181: 306-313 311
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The absence of a phenotype in remission-phase patients
might be in line with the relatively mild nature of often
heterozygous aHUS changes. Penetrance (the chance to
acquire aHUS) is estimated to be approximately 60% for
aHUS variants. It is suggested that next to a genetic variant
or anti-CFH autoantibodies, the presence of aHUS-
predisposing single nucleotide polymorphisms and external
stimuli, such as infections, surgeries or use of medication, is
needed for development of aHUS [34].

In this study, low serum C3 levels were found only in
three acute-phase patients, indicating complement activa-
tion. Moreover, only one patient showed aberrant alterna-
tive pathway activation in a pathway-specific activation
assay. However, the activation markers, which were elevated
in all patients, may provide a more promising tool for the
detection of complement activation in aHUS.

The fact that the samples from patients in remission of
aHUS display normal complement activation pattern in
blood has an important clinical implication. This indicates
that in remission phase aHUS patients are likely to have the
same low complement activation levels as those of healthy
controls. Therefore, these assays may be used in the early
detection of relapse of aHUS in the future. Recently, the
complement component C5 inhibitor eculizumab (Soliris®)
was approved for the treatment of aHUS [2-4]. Patients in
the acute phase of aHUS who undergo treatment with com-
plement inhibition therapy can be monitored for the levels
of complement activation markers (C3b/c, C3bBbP and
TCC). The value of these markers in patients undergoing
eculizumab treatment will be studied in the near future,
which may lead to the development of individualized
therapy based on the levels of complement activation.

In conclusion, we demonstrate that complement activa-
tion can be shown clearly in the blood of aHUS patients
during acute episodes of aHUS and that levels of comple-
ment activation markers in the fluid phase return com-
pletely to normal during remission. No change in
complement activation profile compared with controls was
seen when complement was triggered in vitro in the serum
samples of aHUS patients in remission. These assays may be
extremely helpful in the diagnostic setting to monitor com-
plement dysregulation during aHUS attacks, especially
when using complement inhibition therapy.
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