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Hypercatabolism of C3 and C4 in active and inactive
systemic lupus erythematosus
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SUMMARY The metabolism of the complement proteins C3 and C4 was studied in patients with
active and inactive systemic lupus erythematosus (SLE) using highly purified, functionally active
preparations. Nine patients with active and eight with inactive SLE were examined and 11 control
subjects. There was a significant difference in the level of double stranded DNA antibodies,
immune complexes, and serum C4 between the patients with active and inactive disease. Seven of
16 patients had detectable C4 null alleles and four had low serum concentrations of complement
inhibitors. Each subject received approximately 370 kBq [1251]C4 and 93 kBq [1311]C3. Both
patient groups showed significant C4 hypercatabolism compared with control subjects, but there
was no difference between patients with active and inactive disease. The fractional catabolic rate
(FCR) of C4 was comparable in subjects with and without detectable C4 null alleles. C4
production rate was significantly lower in patients with active SLE than in control subjects. There
was significant C3 hypercatabolism for both patient groups, but C3 production was normal. An
inverse correlation was observed between serum concentration and FCR. There was a highly
significant correlation between C4 FCR and C3 FCR for control subjects + patients with inactive
disease but not for those with active SLE combined with either controls or the inactive group. We
conclude that complement hypercatabolism occurs in SLE irrespective of disease activity and that
accelerated turnover does not account completely for the low C4 concentration observed in
patients with active disease. This low concentration also results from impaired plasma
production, which could reflect a high incidence of C4 null alleles or (inhibitory) factors
associated with pathological complement activation, or both. Low C4 production could affect
generation of the C3 converting enzyme C4b, 2a and thus influence proceeding complement
activation.
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Systemic lupus erythematosus (SLE) is associated
with well documented abnormalities of the comple-
ment system.' Most patients show activation of the
classical pathway and there is an increased preva-
lence of inherited defects of individual components.
These inherited phenomena predominantly affect
proteins of the classical pathway and include a high
incidence of heterozygous and homozygous null
alleles at one or both C4 genetic loci (C4A and
C4B).2 The coexistence of genetic and acquired
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abnormalities complicates the interpretation of
serum complement data. Although it is recognised
that complement activation has an important role in
the mediation of immunological injury, the signifi-
cance of inherited defects remains uncertain. It has
been suggested that they influence susceptibility to
disease or modify the behaviour of immunoreactive
proteins (such as immune complexes) in vivo, or
both. Both of these proposals remain unproved. C4
null alleles may also limit formation of the C3
converting enzyme C4b, 2a and thus affect proceed-
ing complement activation.
To clarify the basis for changes in serum comple-

ment levels we studied the metabolism of purified
C4 and C3 in 17 patients with SLE, seven of whom
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had one or more detectable C4 null alleles. Nine
patients had both clinical and laboratory evidence of
lupus activity. While there have been several reports
of C3 turnover in this disease, there have been no
detailed studies of C4 metabolism, even though this
component may have an important role in
pathogenesis. Ruddy and coworkers reported re-
sults in two patients, although this work preceeded
the resolution of difficulties with purification and
definition of C4A and C4B. The specific aim of the
project was to examine the individual metabolic
factors that contribute to abnormalities in plasma C3
and C4 concentrations and to determine whether C4
or C3 hypercatabolism, or both, could distinguish
between patients with and without active lupus. The
simultaneous investigation of both proteins also
provided the opportunity to examine the effect of
C4 turnover on downstream complement activation.

Patients and methods

SUBJECTS
Seventeen patients with SLE and 11 healthy medical
staff were studied. All of the SLE group satisfied the
diagnostic criteria of the American Rheumatism
Association. Nine of this group had active disease
and were in hospital for diagnosis (two patients) or
treatment, or both. Five patients had active involve-
ment of two or more systems (including glomeru-
lonephritis), three had predominant skin disease,
and one patient had cerebral lupus. The other eight
patients had clinically inactive disease, and five of
these were investigated as outpatients; the remain-
ing three were in hospital for conditions unrelated to
lupus activity-for example, two patients for the
treatment of hypertension. These patients showed a
distribution of abnormality similar to those with
active disease. The diagnosis of lupus glomeru-
lonephritis had been supported in each case by renal
biopsy. At the time of investigation only three
patients were receiving significant doses of immuno-
suppressive drugs-that is, prednisolone >10 mg/
day with or without a cytotoxic agent. None was
undergoing plasma exchange treatment. The pa-
tients and control subjects were closely matched for
age, but not for sex.

COMPLEMENT AND IMMUNE COMPLEX
STUDIES
Serum samples were separated by centrifugation at
4°C and stored at -20°C until analysed. The serum
concentration of C3, C4, and, in selected patients,
C2 and factor B was measured by radial
immunodiffusion4 using monospecific antisera
(Dakopatts), and total haemolytic activity was
tested by a standard tube assay.5 The complement

inhibitors C1-INH, C4-binding protein (bp), factors
I and H were also measured by radial immunodiffu-
sion.
The C4 allotype of each patient was examined on

fresh plasma (in edetic acid) using the method
described by Mauff and colleagues.6 Briefly, neura-
minidase treated plasma was subjected to agarose
electrophoresis at 4°C before overlay with mono-
specific polyclonal anti-C4 (Silenus). A haemolytic
overlay technique was used to define further the A
and B loci, and two dimensional immunoelec-
trophoresis was performed to identify heterozygous
null alleles at either locus.7 Where possible, family
studies were undertaken to resolve the isotypic
pattern (four subjects) further.
Immune complexes were tested on the first day of

the turnover study by a fluid phase Clq binding
assay.8

PREPARATION OF COMPLEMENT

COMPONENTS
Complement components were prepared from fresh
plasma (in edetic acid) donated by volunteers who
were negative for hepatitis B surface antigen and
human immunodeficiency virus antibody. Human
C4A3,B1 was prepared by the method of Bolotin
and coworkers,9 with modifications10 and C3 by the
method of Harrison and Lachmann.s Proteins were
tested for immunochemical purity and functional
activity by standard techniques.5 1 These showed
that preparations were essentially free from con-
taminants and that both C3 and C4 retained
haemolytic activity comparable with that observed
in an equal concentration of fresh normal serum.10
C4 preparations showed deterioration during stor-
age and were discarded once haemolytic activity fell
below 70% of normal. Purified C4 was labelled with
1251 by the lactoperoxidase method12 and C3 with
1311 by a modified chloramine T technique. 13
Radioiodination caused no significant change in
haemolytic activity, and autoradiography of poly-
acrylamide gel electrophoresis in sodium dodecyl
sulphate showed that there had been no significant
production of radiolabelled contaminants or break-
down products. Proteins were sterilised by Millipore
filtration, cultured for aerobic and anaerobic organ-
isms, and pyrogen tested in rabbits before injection.

TURNOVER PROTOCOL
The turnover protocol has been described
previouslyl 14 and was approved by the hospital
ethics committee. Informed consent was obtained
from each subject. Briefly, one or more controls
were studied simultaneously with groups of one,
two, or three patients and each received approx-
imately 370 kBq [125I]C4 and 93 kBq [1311]C3. (One
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patient was studied with only [125I]C4 and one with
only [1311]C3.) Thyroidal uptake of radioactivity was
blocked by prior administration of oral potassium
iodide for three days. Blood samples (in edetic acid)
and 24 hour samples of urine were collected for the
next 120-144 hours, or until there was less than 8%
injected radioactivity remaining in the plasma. The
serum concentration of C3 and C4 was measured at
the beginning and end of each turnover to confirm a
steady state.

ANALYSIS OF METABOLIC DATA
Metabolic data were analysed by three methods: (la)
metabolic clearance'5; (b) exponential analp'sis 6;
and (c) the integrated rate equations method. 7 The
fractional catabolic rate (FCR) was calculated by
each method except where urine collections were
incomplete or there was significant iodide retention
(such as in patients with renal failure). Plasma
production rate (mg/kg/h) was derived from the
formula:

serum concentration (mg/ml)xFCR (%/h)xplasma volume (ml)

weight (kg)

The extravascular/intravascular distribution ratio
was calculated by exponential analysis and the
integrated rate equations method. This latter techni-
que was also used to calculate the rate constant for
extravascular catabolism. The final value for the
FCR was calculated as the mean of results obtained
by the three methods of analysis. Generally there
was close agreement between the three methods,
but where one value differed by more than 20%
from the others only the other two data were used to
calculate the mean FCR.

Differences between values for serum or metabo-
lic parameters were examined by an unpaired
Student's t test. Data for C4 were also tested by a
Mann-Whitney U test. A non-parametric analysis
was applied to C4 data because of the effect of null
alleles on the distribution of serum C4 concentra-
tion. Correlations between individual parameters
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were tested by linear regression analysis with
calculation of the coefficient 'r'.

Results

IMMUNOCHEMICAL STUDIES
Tables 1 and 2 show the results of immunochemical
studies. There were significant differences in the
level of antibodies to double stranded (ds) DNA,
immune complexes, and serum C4 between patients
with active and inactive disease (p<0-01, p<0-02,
and p<002 respectively). The titre of antinuclear
antibodies and the serum C3 concentration were
comparable for the two groups (p>0-05). The serum
concentration of all four complement inhibitor
proteins was normal in 13 of the 17 patients with
SLE. The remaining four patients (three with active
disease) had significant reduction in three or more
inhibitors, including factor I and C4-bp in each case.
The C4 FCR in these four subjects was 2*0, 2-76,
3-83, and 2-61 %/h, while values for C3 FCR were
2-80, 5-62, and 2-01 %/h. (The first patient did not
have a C3 metabolic study.)
C4 null alleles were detected in four out of eight

of the active group and three of these patients had
two or more detectable null alleles. One patient
could not be typed because of an extremely low
serum C4 concentration and the unavailability of
family members. Three of the inactive group had

Table 2 Complement inhibitors in patients with systemic
lupus erythematosus (SLE). Values are given as mean (SD)
ofpercentage pooled normal serum

Subjects Cl-INH C4-bp* Factor I Factor H

Active SLE
(n=9) 107 (26) 75 (24) 90 (48) 106 (31)

Inactive SLE
(n=8) 107 (24) 106 (40) 122 (46) 107 (29)

Controls (n=50) 100 (16) 95 (35) 106 (16) 100 (15)

No significant differences were observed between groups.
*bp=binding protein.

Table 1 Immunochemical datafor patients with systemic lupus erythematosus (SLE). Values are given as mean (SD)

Subjects Anti- Immune C3 C4 C4 Null
dsDNA (%) complexes (%) (gil) (gil) (% subjects)

Active SLE (n=9) 54 (30)* 58 (29)* 0-65 (0-43)** 0.12 (0-09)* 50t
Inactive SLE (n=8) 24 (7)* 20 (23) 0 81 (0.34) 0 27 (0.16) 38
Normal 14 (7)t 9 (4)t 0-96 (0 15)t 0-32 (0-07)t 36§

Significance of difference compared with control subjects: *p<0-001; **p<0.05.
tOne patient not typed.
tValues derived from healthy subjects (n=50).
§Refers to control subjects used for metabolic studies (n=11).
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similar defects, one with two null alleles. A single
null allele was found in four out of 11 control
subjects.

METABOLIC STUDIES
C4 metabolism
Figures 1-3 and Table 3 show the C4 metabolic data
for patients and controls. There was close agree-
ment between Student's t test and the Mann-
Whitney U test for all data. Fractional catabolism
was significantly greater in both active and inactive
patients than in control subjects (p<0-001 for each

pair), but there was no difference between the
patient groups. Plasma production rate was signifi-
cantly reduced in the patients with active disease
compared with controls (p=003), but there was no
difference between the inactive group and control
subjects or between the two groups of patients. The
extravascular/intravascular distribution ratio was
significantly raised in the inactive group compared
with control subjects (p<002); two patients with
active SLE had a gross increase of this ratio (1-69
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Fig. 1 Plasma C4 production ratefor control subjects and
patients with actve and inactive systemic lupus
erythematosus (SLE). 0=null alleles not detected;
O=detectable C4 null alleles; Ol=patient with undefined C4
allotype. Plasma C4production in patients with active SLE
was lower than in control subjects (p=0 03).
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Fig. 2 A comparison of C4fractional catabolic rate (FCR)
in subjects with (left column) and without (right column)
detectable C4 null alleles. A =control subjects;
*=active SLE; *=inactive SLE. No significant difference
was observed.

Table 3 C4 metabolic data in patients and control subjects. Values are given as mean (SD)

Subjects t½(h) FCRt Plasma C4 EVIlVt
(%/h) production distribution

(mglkg/h)

Active SLE (n=9) 41 (8)- 3-19 (0-91)** 0-16 (0-10)**. 0-92 (1-04)
Inactive SLE (n=7) 41 (5)* 2-56 (0-21)** 0-29 (0-17) 0.73 (0-27)**
Controls (n=11) 54 (8) 1-87 (0-17) 0.30 (0-14) 0-45 (0-13)

Significance of difference compared with control subjects: *p<0-01; **p<0.001; ***p<0-05.
tFCR=fractional catabolic rate; EV/IV=extravascular/intravascular.
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and 3.46). Most patients and control subjects
showed evidence of extravascular catabolism.

Figure 2 compares the C4 FCR of patients and
controls with and without detectable C4 null alleles.
There was no significant difference between the two
groups.

C3 metabolism
Table 4 and Fig. 3 show the C
There was significant C3 hyperc
patient groups compared with
p<0-01; inactive: p<0-01), but i

observed between the two patiei
C3 production was normal both
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U.
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C4 FCR (%A

Fig. 3 C4fractional catabolic rate (F
control subjects (A) and patients with
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active and inactive disease, though grossly reduced
in one of the active group (0a 14 mg/kg/h). The group
with active lupus showed a significant increase in
extravascular/intravascular distribution (p<0-05).

INTERRELATIONS BETWEEN INDIVIDUAL

METABOLIC PARAMETERS
There was a significant inverse correlation between

3 metabolic data. the FCR and the serum concentration of C4 and C3
atabolism in both (C4: r=-0-513, p<0.05; C3: r=-0-69, p<0-01). No
controls (active: correlation was observed between the FCR and the
no difference was concentration of individual complement inhibitors,
nt groups. Plasma and there was no relation between extravascular/
i in patients with intravascular distribution and other metabolic para-

meters. Regression analysis was not applied to the
derived value for plasma production rate.
There was a significant correlation between C4

FCR and C3 FCR using combined data from control
subjects and patients with SLE (n=26, r=0-52,
p<0-01) (see Fig. 3). There was also a highly
significant correlation between these two para-
meters in control subjects + patients with inactive
disease (n=18, r=0-78, p<0001). Moreover, these
two groups showed a well defined ratio of C4 FCR:
C3 FCR (range 0-76-099 and 0-67-0-88 respec-
tively). In contrast, no correlation was observed
when data for patients with active disease were

combined with those of control subjects or inactive
patients. The active group also showed wide varia-
tion in the ratio C4 FCR:C3 FCR (0-33-1.46) with
six patients having a ratio below or above that
observed in either of the other two groups. None of
these subjects had homozygous C2 deficiency. Each

4.0 5.O 6.0 of the three subjects with a low ratio had reduced C4
h) production (0-02, 0-08, and 0-13 mg/kg/h) and

evidence of gross C4 hypercatabolism (2-80, 3-71,
CR) v C3 FCR in and 5-07 %/h). The C3 FCR was normal in each
active (0) and subject.

inactive SLE (-). There was a significant correlation for
combined patient and control data (r=0-52; p<0-01) and
for the inactive group + control subjects (r=0- 78;
p<O-OOI). No correlation was observed when data for
active patients was combined with thatfrom control subjects
or inactive patients.

Discussion

These data demonstrate significant hypercatabolism
of the third and fourth components of complement

Table 4 C3 metabolic data in patients and control subjects. Values are given as mean (SD)

Subjects t,2,(h) FCRt Plasma C3 EVIlVt
(%Ih) production distribution

(mglkglh)

Active SLE (n=8) 40 (11)* 2-78 (1-28)* 0-61 (0-25) 0-80 (035)**
Inactive SLE (n=8) 46 (6)* 2-02 (0-31)* 0-68 (0-29) 0-62 (0.34)
Controls (n=11) 56 (8) 1-61 (0-14) 0-55 (0-12) 0-39 (0.18)

Significance of difference compared with control subjects: *p<0.01; **p<005.
tFCR=fractional catabolic rate; EV/IV=extravascular/intravascular.

I I I
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in patients with both active and inactive SLE. There
was no difference in the fractional catabolism of C3
and C4 between these two groups-that is,
p>0-05-even though the patients with inactive
SLE had a signficantly lower titre of dsDNA
antibodies and a normal serum C4 concentration.
Furthermore, immune complexes were not found in
six out of eight of this group, whereas all of the
patients with active disease had detectable com-
plexes. Previous work shows that the Clq binding
assay provides a high yield of detection in patients
with SLE. l8 The data did not clarify whether the C3
and C4 hypercatabolism observed in the inactive
group resulted from the persistence of pathological
activators-that is, not identified by the Clq binding
assay-or whether there were additional factors,
such as relative failure of the inhibitor systems that
control C3 and C4 turnover. Previous studies have
shown reduction in the concentration of comple-
ment control proteins in patients with SLE,19 and
four of our subjects showed low concentrations of
the inhibitors controlling C3 and C4 activation. Our
study did not resolve the problem of whether these
abnormalities contributed significantly to the
accelerated turnover of C4 in these (and other)
patients. Certainly, no outstanding difference in C4
FCR was observed between patients with and
without abnormalities of inhibitor concentration.

It is unlikely that the C3 and C4 hypercatabolism
observed in either patient group resulted from
preparative denaturation. This phenomenon has
hindered previous studies of complement
turnover3 20 and may invalidate the analysis of
metabolic data. In this study the turnover character-
istics of patients were compared directly with those
of control subjects, and both proteins showed
functional activity similar to that of fresh normal
serum. Three patients had C4 FCR greater than
3.5 %/h, and two of these subjects had detectable
C4 null alleles (the third patient could not by typed).
Although this might suggest that the presence of null
alleles is associated with higher rates of C4 catabol-
ism, a comparison of all subjects with and without
these defects showed no significant difference be-
tween the two groups (see Fig. 2). A study of the
turnover of purified isotypes under normal condi-
tions and after complement activation would be
required to define metabolic differences between
the products of the C4A and C4B loci.
The comparable level of C4 FCR in patients with

active and inactive SLE suggests that other metabo-
lic factors were responsible for the difference in C4
concentration between these two groups. Two
patients with active lupus showed a gross increase of
extravascular/intravascular distribution-that is,
threefold greater than normal-and this could

account for the low serum C4 concentration
observed in these two subjects. There was also
significantly lower plasma production in patients
with active disease than in control subjects. This
could be explained, at least partially, by an in-
creased incidence of C4 null alleles, which has been
shown to influence serum C4 concentration.2' Two
observations suggest that other factors-that is,
apart from C4A and C4B-influence the C4 produc-
tion rate in SLE. Firstly, we observed little change
in fractional catabolism during disease remission
despite a significant rise in serum C4 concentration;
the variation in C4 production, implicated in such a
rise, could not be explained entirely in terms of C4A
and C4B integrity. Secondly, other groups with C4
null alleles (including normal subjects) show signifi-
cantly higher rates of production than patients with
active SLE. For example, we have found normal or
increased production in patients with rheumatoid
arthritis despite a high frequency of C4 null alleles
(unpublished observations). The relative failure of
C4 production in patients with active lupus may
reflect impairment of the acute phase response.
Previous work has alluded to this impaired
reactivity,22 and such an abnormality would have
direct relevance to complement proteins, many of
which show acute phase behaviour.23 Although it
must be stressed that derived values for plasma
production do not provide a direct measurement of
protein synthesis, they quantify the release of
protein into the plasma compartment where the
functional activity of complement components is
relevant to both the mediation and control of
immunological inflammation.
A close relation was observed between the frac-

tional catabolism of C4 and C3 in control subjects
and patients with inactive SLE (see Fig. 3). This
relation was less predictable in patients with active
disease. Our data do not define the basis for this
variation of C3 turnover in the active group. It is
possible that low levels of C4 production-
irrespective of molecular basis-restricted down-
stream complement activation by limiting the forma-
tion of the C3 converting enzyme C4b,2a. This is
supported by our finding in three patients, where C3
catabolism was normal despite gross acceleration in
C4 turnover; each of these subjects had subnormal
C4 production. Alternatively, as mentioned above,
variation in C3/C4 inhibition could influence in-
teraction between these two components. Further
experiments are required to define the factors that
control proceeding complement activation in this
disease.
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physicians who permitted us to study their patients. The figures
were reproduced by the Department of Medical Illustration, Uni-
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