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Summary

 

Erythrocyte complement receptor type one (E-CR1) is thought to protect
against immune complex (IC) disease through interactions that lead to E-CR1
consumption, and low E-CR1 levels are characteristic of systemic lupus
erythematosus (SLE). The purpose of this study was to test the hypothesis that
E-CR1 consumption can predict or mark SLE flare. Recurrently active SLE
patients [

 

n

 

 ====

 

 43; 28 with past or present major renal manifestations (SLER)
and 15 without (SLENR)], were evaluated every 2 months by detailed protocol
testing (mean follow-up 22 months), including direct measurements of E-CR1
levels using a radioimmunoassay. In all patients, detectable E-CR1 levels fluc-
tuated widely through acute periods of consumption and regeneration, pre-
venting the use of any single value as a baseline. However, when individual
chronic baseline values were used, determined as the mean of all E-CR1 values
4 months or more from a flare, a clear trend was observed. In 16 of 16
instances of non-renal flare in SLER patients, E-CR1 levels decreased at flare
(mean decrease 34%, 

 

P

 

 < 0·0001). In contrast, no consistent difference was
observed for flare in SLENR patients or for renal flare in SLER patients.
Changes in E-CR1 levels did not correlate with plasma CR1 levels. In conclu-
sion, single occurrences of E-CR1 consumption did not generally predict or
mark SLE flare. However, compared to the average E-CR1 levels measured
during no-flare intervals, E-CR1 consumption in SLER patients at flare was
strongly associated with freedom from signs of renal involvement. We postu-
late that E-CR1 consumption reflects E-CR1 function that includes protecting
against SLE nephritis.
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Introduction

 

The type one complement receptor (CR1, CD35) is a trans-
membrane glycoprotein that binds the complement proteins
C3b, C4b, C3bi and C1q [1]. In humans, approximately 90%
of the total circulating CR1 occurs on erythrocytes (E-CR1),
where it binds to complement-opsonized immune com-
plexes (IC) through a process known as immune adherence
[2]. Non-human primates also have immune adherence
receptors, some of which are derived from the CR1-like gene
[3]. Studies in both humans and non-human primates have
demonstrated that erythrocytes, through the process of
immune adherence, shuttle IC through the circulation and
target IC disposal to the liver and spleen [4,5]. Interruption
of this process accelerates IC clearance through non-

discriminatory tissue trapping, and leads to IC deposition in
vulnerable tissue sites such as the kidney [6–8]. Thus, E-CR1
can be viewed as a critical component in protecting tissue
such as the kidney from IC deposition and subsequent
inflammation.

Numerous studies have documented lower E-CR1 func-
tion and levels in systemic lupus erythematosus (SLE) pop-
ulations 

 

versus

 

 normal controls (reviewed in [9]). A recent
report showed that low E-CR1 levels were highly specific for
SLE diagnosis relative to healthy controls, and when com-
bined with erythrocyte-bound C4d was highly specific for
SLE diagnosis relative to other rheumatic/autoimmune dis-
eases [10]. Although the basis for the low E-CR1 expression
in SLE is not understood completely and genetic influences
have been implicated, acquired changes are clearly involved.
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Mechanisms involving proteolytic cleavage, erythrocyte
membrane vesiculation and loss of CR1 epitope have been
suggested to explain this acquired change [11–16]. Neverthe-
less, the exact nature of this change in E-CR1 remains
unclear.

Studies demonstrating acquired E-CR1 changes show that
E-CR1 levels are related inversely to SLE disease activity [17–
19] and that E-CR1 levels recover during SLE remission
[20,21]. Thus, regardless of the mechanism of E-CR1 alter-
ation, loss of detectable E-CR1 could serve as a biomarker for
SLE disease activity or disease relapse. The purpose of this
study was to determine if changes in detectable E-CR1 levels
correlated with disease flare in a group of recurrently active
SLE patients, with or without renal manifestations.

 

Materials and methods

 

Patients

 

The patients in this report were part of the Ohio SLE Study
(OSS), a prospective, longitudinal study of recurrently active
SLE patients [22,23]. Patients were recruited into the OSS
under informed human subjects Internal Review Board
(IRB) consent if they had currently active SLE, two or more
SLE flares requiring an increase in therapy in the previous 3
years or persistently active SLE, defined as greater than
4 months of activity despite therapy. The OSS patients with
renal SLE (SLER) were required to have major renal mani-
festations past or present taken as: 24-h urine protein/
creatinine (Pr/Cr) ratio 

 

>

 

1, serum creatinine 

 

>

 

1·1 mg/dl
(females) or 1·3 mg/dl (males) attributable to SLE, or both.
The OSS patients with non-renal SLE (SLENR) were defined
as never having shown major renal manifestations attribut-
able to SLE GN. These patients had a normal serum creati-
nine (1·1 mg/dl females; 1·3 males), a Pr/Cr 

 

<

 

 0·3 and urine
sediment with 

 

<

 

5 RBCs/hpf and no casts. Each patient was
evaluated clinically and with laboratories every 2 months.

The patients studied in this report represented all the OSS
patients who had been followed for a minimum of 1 year and
who had experienced at least one flare, defined as either a
renal flare or non-renal flare (see below). In total, 43 patients
were identified (28 SLER, 15 SLENR).

 

Adjudication and classification of SLE flare

 

After all clinical results were compiled from each 2-month
study visit, the patient’s study physician determined whether
an SLE flare occurred, whether it was renal or non-renal and
whether the flare was mild, moderate or severe. Confirma-
tion of the flare was required by independent review of the
data by another study physician. Identification of renal flares
was based on prespecified criteria of changes in serum crea-
tinine and proteinuria, as we have reported previously
[22,23]. A non-renal flare was declared if the patient devel-
oped one or more symptoms or signs of non-renal SLE,

based on prespecified previously reported criteria [22,23], in
the absence of renal flare manifestations, that were attribut-
able to SLE and were of sufficient severity that the managing
study physician increased therapy.

 

Measurements of CR1

 

Blood samples were collected from the SLE patients every 2
months at the time of their clinical evaluations. From these
samples, average E-CR1 levels (mean CR1/E) were deter-
mined by radioimmunoassay, as we have described
previously [24–26]. This assay uses a high-affinity anti-
CR1 monoclonal antibody (mAb), E11 (Accurate Chemi-
cal and Scientific Corporation, Westbury, NY, UJSA), that
recognizes an epitope that is distinct from the CR1 ligand-
binding domain [24]. In our laboratory, this determina-
tion has been carried out on 261 healthy normal individu-
als, with the finding of an average E-CR1 level of 444 CR1/
E and a range of 81–1200 CR1/E. The average and range
are similar to CR1/E-values reported using dimeric C3b
[27], as well as a different anti-CR1 monoclonal antibody
[28]. All SLE samples in this study were assayed in dupli-
cate, and every assay included a sample from a healthy nor-
mal of a known E-CR1 level to account for assay-to-assay
variation. The interassay coefficient of variation, deter-
mined from 20 different measurements of this normal sam-
ple, was 11·7%.

Plasma samples, collected in ethylenediamine tetraacetic
acid (EDTA) at the time of each office visit, were also used to
determine relative plasma CR1 concentrations. This deter-
mination utilized an enzyme-linked immunosorbent assay
(ELISA) as we have reported previously [26], with modifica-
tions. Specifically, E11 (2 

 

μ

 

g/ml) was coated onto wells of a
96-well plate (Nunc Maxisorb, Nalge Nunc International,
Rochester, NY, USA). After blocking with 1% BSA, 50 

 

μ

 

l of
each EDTA plasma sample, diluted 1/10 in 0·01 

 

M

 

 Tris-HCl,
pH 7·4, 0·05 

 

M

 

 NaCl, 0·01% Tween 20, 1% Igepal, was added
and incubated at room temperature for 60 min. Bound CR1
was detected by sequential incubations with a chicken anti-
CR1 antibody (Accurate), rabbit anti-chicken-horseradish
peroxidase (HRP) (Zymed Laboratories Inc., South San
Francisco, CA, USA) and ortho-phenylenediamine (OPD)
(Sigma Fast, Sigma Chemical Co., St Louis, MO, USA), with
colour development measured at OD

 

490

 

. All samples were
run in duplicate, and all plasma samples from a given patient
were run together in the same assay and with a normal
plasma standard (diluted 1/10). Patient sample values were
expressed as the percent of the standard OD

 

490

 

 (OD

 

490

 

 patient
sample/OD

 

490

 

 standard 

 

×

 

 100). The interassay coefficient of
variation was 9·4%.

Some of the plasma samples, corresponding to the same
time periods as those demonstrating substantial decreases in
detectable CR1, were also assessed for CR1 fragments by
unreduced Western blot analysis, as described previously
[29], using biotin-labelled E11 followed by strepavidin-HRP
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(Zymed). Blots were developed using chemiluminescence
(ECL, Amersham Biosciences, Piscataway, NJ, USA).

 

Analysis of data

 

Chronic CR1 levels, both E-CR1 and plasma CR1, were cal-
culated for each patient as the mean of the values determined
from samples collected 4 months or more from a lupus flare.
Chronic CR1 levels were compared to the CR1 levels 2
months prior to flare (

 

−

 

2), at the time of flare (0) and 2
months after flare (

 

+

 

2) using analysis of variance applicable
to repeated measures to determine if differences existed. A
mixed model was used where patients were treated as ran-
dom effects and flare period (chronic, 

 

−

 

2, 0, 

 

+

 

2) were treated
as fixed effects. The response in this model was the natural
log of the CR1 levels, C3 levels or C4 levels. These analyses
were performed separately for non-renal flare in SLENR
patients, for non-renal flare in SLER patients and for renal
flare in SLER patients, and an alpha level of 

 

P

 

 

 

<

 

 0·01 was used
for significance due to multiplicity. Multiple regression was
also performed to determine the relationship between E-
CR1 levels and plasma CR1 levels. Patients were used as ran-
dom effects, and contributions by patient type (SLENR 

 

ver-
sus

 

 SLER) were tested. The statistical analysis program JMP
(SAS Institute Inc., Cary, NC, USA) was used for all analyses.

 

Results

 

Number of flares in the SLE population

 

Fifteen SLENR and 28 SLER patients were identified from
the OSS cohort on the basis of having 12 months or more
follow-up and experiencing at least one flare. The mean fol-
low-up was 22·3 

 

±

 

 5·8 months. A total of 66 flares was iden-
tified, and the number and type of flares are shown in
Table 1. In the SLENR cohort, 13 of 15 patients experienced
only one flare, with the other two patients experiencing two

flares. In the SLER cohort, the number of flares per patient
ranged from one to six, with 13 patients having more than
one flare.

 

CR1 changes and SLE flare

 

Erythrocyte CR1 levels were measured every 2 months in

 

>

 

85% of these bimonthly study visits. The E-CR1 levels fluc-
tuated widely within each patient, and these fluctuations did
not appear to be specific for flare onset, flare type or flare
severity (Fig. 1). Neither average individual E-CR1 levels nor
average individual E-CR1 level coefficients of variations (a
measure of E-CR1 fluctuation) were different between the
SLER and SLENR cohort, or between the SLER patients
experiencing at least one renal flare and SLER patients expe-
riencing at least one non-renal flare, regardless of flare sever-
ity (data not shown).

Because of the fluctuations in non-flare E-CR1 levels, no
single value could be used as a baseline for comparison to E-
CR1 values occurring around a flare. To provide a more reli-
able baseline for this comparison, ‘chronic’ E-CR1 levels
were calculated for each patient as the mean CR1/E of all the
samples collected 4 months or more from a flare. This value
was then compared to E-CR1 levels 2 months prior to a flare
(

 

−

 

2), at the time of flare (0) and 2 months after a flare (

 

+

 

2).
These data were analysed after stratifying the flares according
to type and severity (Table 1). The results of this analysis,
shown in Fig. 2, indicate that while no consistent loss of
detectable E-CR1 occurred around non-renal flare in the
SLENR patients, or around renal flare in the SLER patient,
there was a highly significant reduction in E-CR1 levels at the
time of non-renal flare in SLER patients (

 

P

 

 

 

<

 

 0·0001). This
reduction was observed in 16 of 16 instances of a non-renal
flare in which data were available for both chronic E-CR1

 

Table 1.

 

Summary of non-renal flares and renal flares in systemic lupus

erythematosus (SLE) patients without non-renal flare in systemic lupus

erythematosus (SLENR) and with renal SLE (SLER) major renal

manifestations.

SLENR SLER

No. of patients 15 28

No. of patients with only non-renal flare 15 8

No. of patients with only renal flare 0 12

No. of patients with both 0 8

No. of non-renal flares 17 21

Mild 7 12

Moderate 9 9

Severe 1 0

No. of renal flares 0 28

Mild 10

Moderate 14

Severe 4

 

Fig. 1.

 

Sequential changes in E-CR1 levels in three representative SLE 

patients. The solid symbols indicate the visit month in which a flare was 

identified.
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levels and E-CR1 levels at the time of flare, and the mean
reduction was 34 

 

±

 

 18%. The severity of the flare did not
influence these results.

The loss of detectable E-CR1 at the time of non-renal flare
in SLER patients could be related to the type of flare or to the
patient type (SLER patients experiencing a non-renal flare).
To address these two scenarios, the E-CR1 levels in patients
who had experienced at least one renal flare and one non-
renal flare were evaluated (

 

n

 

 

 

=

 

 7). In this SLER subset, the
only significant difference occurred at the time of non-renal
flare (

 

P

 

 

 

=

 

 0·002, data not shown).
Also relevant to this analysis is a single SLER patient who

experienced three non-renal flares and three renal flares, but
could not be included in the analysis of Fig. 2 because during
follow-up she never experienced a time period that was
4 months or more from a flare, and thus a chronic E-CR1
value could not be calculated. As can be seen in Fig. 3, all
three E-CR1 levels at the non-renal flare times in this patient
were lower than those occurring at the renal flares times. The
mean CR1/E for the three non-renal flares (227 

 

±

 

 103 s.d.)
was significantly lower than the mean CR1/E for the three
renal flares (381 

 

±

 

 30, one-tailed 

 

P

 

 

 

=

 

 0·034).

 

Plasma CR1 levels

 

To assess whether the loss of detectable E-CR1 resulted in the
shedding of CR1 into the plasma, levels of plasma CR1
(pCR1) were measured by a sandwich ELISA. The degree of
pCR1 variability from one study visit to the next was sub-
stantially less than that of E-CR1. When chronic pCR1 levels
were compared to plasma levels 2 months prior to, at the

time of, and 2 months after flare, no differences were iden-
tified (Fig. 4). Western blot analysis did not reveal the pres-
ence of CR1 fragments at the times that E-CR1 levels
decreased (data not shown). Multiple regression analysis of
E-CR1 levels and plasma CR1 levels, with the patients
accounted for as random effects, indicated that no correla-
tion existed between these two measurements, regardless of
the patient type.

 

Relationship of C3 and C4 levels to flare and 
to CR1 levels

 

Serum C3 and C4 levels were determined at each study visit.
These levels were compared for the same time-periods for
each of the three flare groups, as was performed for E-CR1

 

Fig. 2.

 

Relationship of E-CR1 levels to SLE flare. Chronic E-CR1 levels 

were determined for each patient (average of all values 4 months or 

more from a flare) and compared to E-CR1 levels 2 months prior to 

(

 

−

 

2), at the time of (0) and 2 months after (

 

+

 

2) flare. This comparison 

was made for non-renal flare in non-renal SLENR patients, for renal 

flare in SLER patients, and for non-renal flare in SLER patients. Mean 

values 

 

±

 

 SE are shown. **

 

P

 

 

 

<

 

 0·0001 compared to chronic E-CR1 in 

SLER patients experiencing a non-renal flare.
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Fig. 3.

 

Sequential changes in E-CR1 levels in a single renal SLER patient 

who experienced multiple flares, both renal and non-renal. The solid 

grey symbols indicate the visit months at which non-renal flares were 

identified, and the solid black symbols indicate the visit months at 

which renal flares were identified.
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Fig. 4.

 

Relationship of plasma CR1 (pCR1) levels to SLE flare. Relative 

pCR1 levels, expressed as a percentage of the normal pCR1 standard, 

were compared for the three types of flare at the indicated times, as 

described in Fig. 1. Mean values 

 

±

 

 SE are shown.
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levels. The only significant differences observed were at the
time of renal flare, where both C3 levels (Fig. 5a) and C4 lev-
els (Fig. 5b) were decreased relative to the chronic values
(

 

P

 

 

 

<

 

 0·0001 for both C3 and C4).

 

Discussion

 

Abnormally low E-CR1 levels have long been considered a
characteristic of SLE (reviewed in [30]). Previous studies
have suggested that loss of detectable E-CR1, referred to
herein as E-CR1 consumption, could also serve as a predictor
or marker for SLE flare, based on levels that appeared to be
inversely related to disease activity [17–21]. However, this
question has never been addressed directly and rigorously.
The present study was designed to answer this question
through a bimonthly analysis of 43 recurrently active SLE

patients, followed for an average of 22 months, during which
66 flares were identified (both renal and non-renal).

The results of the present study revealed three unexpected
findings concerning E-CR1 and recurrently active SLE. First,
E-CR1 levels in a given patient were variable, cycling through
periods of consumption and regeneration. Single occur-
rences of E-CR1 consumption were neither predictive of nor
specific for SLE flare. This finding is unexpected because
abnormally low E-CR1 levels have been considered a con-
stant phenotype of active SLE patients [17–19,28,31] and
single measurements of E-CR1 levels have recently been
reported as highly specific and sensitive for SLE [10]. Thus,
the cyclic nature of the E-CR1 level changes observed in the
current study has never been recognized.

Secondly, in SLE patients with past or present major renal
manifestations (SLER), E-CR1 consumption at the time of
flare was associated with non-renal flare, i.e. with freedom
from renal manifestations of the flare. The association was
statistically strong (

 

P

 

 

 

<

 

 0·0001) and unique to the SLER
patients. This finding appears counterintuitive, as we and
others have shown evidence that E-CR1 functions to protect
against IC tissue trapping at sites that include the kidney [6–
8]. Accordingly, E -CR1 consumption would be expected to
result in loss of kidney protection, and thus be associated
with renal manifestations during flare in SLER patients.

Thirdly, E-CR1 consumption at non-renal flare did not
involve C3 or C4 consumption. In contrast, at renal flare, C3
and C4 were consumed in the face of stable E-CR1 levels.
This is an unexpected finding, as previous reports have
linked E-CR1 consumption to complement activation
[17,18,20]. Thus, greater E-CR1 consumption would be
expected to occur concurrent with greater C3 and C4
consumption.

To explain our findings, we propose the following:

1 The process of E-CR1 consumption is a normal conse-
quence of appropriate E-CR1 function. Thus, under
conditions of frequent or continuing exposure to comple-
ment-activating IC that occur in recurrently active SLE,
frequent episodes of E-CR1 consumption occur.

2 E-CR1 consumption does not exclusively mean loss of
CR1 from the membrane, but also includes changes to the
receptor that damage anti-CR1 antibody epitopes. How-
ever, these changes are reversible, with periods of epitope
restoration (E-CR1 regeneration). We have provided evi-
dence previously that acute ‘consumption and regenera-
tion’ cycles do occur in a monkey erythrocyte complement
receptor (the E-CR1 orthologue), following interaction
with circulating IC, that are independent of receptor loss
from the erythrocyte [15,16].

3 Enumerating E-CR1 does not completely define the ability
of E-CR1 to efficiently bind to complement-opsonized IC
and to control complement activation. Changes could
occur in functional sites that render them less active, but
have minor effects on antibody-based detection of the

 

Fig. 5.

 

Relationship of C3 and C4 concentrations to SLE flare. The C3 

levels (a) and C4 levels (b) were compared for the three types of flare at 

the indicated times, as described in Fig. 1. Mean values 

 

±

 

 SE are shown. 
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receptor. Non-numerical changes in E-CR1 could also be
related to changes in the clustering of CR1 on the mem-
brane that is thought to be critical for efficient E-CR1
binding of IC [32,33]. In support of this, there is evidence
that some E-CR1 clusters are devoid of ligand binding
function [34]. Thus, we propose that there are high-
function and low-function E-CR1 phenotypes that are
changeable and independent of E-CR1 levels.

4 The greater the ability of E-CR1 to interact with comple-
ment-activating IC, the greater is E-CR1 consumption.
Thus, E-CR1 of high function that provides the best pro-
tection against severe IC injury, such as nephritis, will be
the most consumed. In contrast, E-CR1 of low function
will not be able to handle the IC storm associated with a
flare. This would lead to greater consumption of C4 and
C3, and greater deposition of IC in vulnerable organs such
as the kidney, leading to a renal flare. E-CR1 consumption
would not occur at this time precisely because the patient
was largely expressing low function E-CR1.

Using the above hypotheses, we can explain all the find-
ings of the present study. In addition, we come to a new
understanding of the role of E-CR1 in the pathogenesis of
SLE flare. Most importantly, we are able to construct test-
able hypotheses regarding new approaches to protection
against SLE flare, particularly its nephritis. One key test-
able hypothesis is that stimulating erythropoiesis in the
SLE patient, which leads to higher circulating E-CR1 levels
probably by inducing an overall younger erythrocyte popu-
lation [35], will also lead to an increase in the pool of
high-function E-CR1. This could provide an important
measure of protection against renal flare, and one that
would have the advantage of avoiding the use of immuno-
suppressive/anti-inflammatory drugs and exposure to their
complications.

With regard to the nature of E-CR1 consumption, true
loss of CR1 from the erythrocyte membrane, either through
proteolysis, vesiculation or another unknown process,
should lead to an increase in soluble CR1 in the plasma. Such
higher levels of soluble CR1 could, theoretically, increase
complement regulation in the plasma and account for the
associated protection against renal involvement during flare.
However, no differences in plasma CR1 levels were found to
be associated with any of the flares, or with acute E-CR1 con-
sumption. Furthermore, regression analysis showed no cor-
relation between E-CR1 levels and relative plasma CR1
levels. These data suggest that an increase in the pool of cir-
culating soluble CR1 is not the cause for protection against
renal involvement during flare, and supports further the
concept that acute E-CR1 consumption involves mainly
changes that render the receptor undetectable. Alternatively,
if acute E-CR1 consumption involves CR1 loss from the
membrane, the released CR1 are removed from the circula-
tion too quickly to be detected within the 2-month interval
in which the patients were followed.

In conclusion, this is the first extensive study of E-CR1
changes during long-term follow-up of recurrently active
SLE patients experiencing numerous flares. The present
study highlights the ability of E-CR1 levels to fluctuate, indi-
cating that the process of consumption and regeneration
occurs continuously in those with recurrently active disease.
The present work also suggests that, at various points in
time, the SLE patient may express E-CR1 of ‘high function’
or ‘low function’. We postulate that the high function E-CR1
are those that undergo consumption while operating to pro-
tect against renal involvement at the time of flare in the SLER
patient.
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