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Abstract

In patients with dermatomyositis (DM) the earliest lesion
is microvasculopathy mediated by deposition of C5b-C9
membranolytic attack complex (MAC) on intramuscular
capillaries. This leads sequentially to muscle ischemia, ne-
crosis of muscle fibers, and muscle weakness. High-dose in-
travenous immunoglobulin (IVIG), which can modulate
complement-dependent tissue damage in animal models, has
been shown to be effective in the treatment of patients with
DM. We used an in vitro C3 uptake assay to examine 55
coded sera from 13 patients with DM and 5 patients with
other non-complement-mediated neuromuscular diseases,
before and after treatment with IVIG or placebo. Patients
with active DM had a significantly higher baseline C3 up-
take compared with the others (geometric mean 12,190 vs
3,090 cpm). Post-IVIG but not post-placebo sera inhibited
the C3 uptake, without depleting the complement compo-
nents, by 70.6-93.4%. The maximum inhibition of C3 up-
take occurred within hours after IVIG infusion, started to
rebound 2 d later, and reached pretreatment levels after 30
d. The serum levels of SC5b-9 complex production were
high at baseline but normalized after IVIG therapy. Repeat
biopsies from muscles of improved patients showed disap-
pearance of C3b NEO and MAC deposits from the endomy-
sial capillaries and restoration of the capillary network. We
conclude that IVIG exerts its beneficial clinical effect by
intercepting the assembly and deposition of MAC on the
endomysial capillaries through the formation of complexes
between the infused immunoglobulins and C3b, thereby pre-
venting the incorporation of activated C3 molecules into C5
convertase. These findings provide the first serological and
in situ evidence that IVIG modulates complement attack in
a human disease. (J. Clin. Invest. 1994. 94:1729-1735.) Key
words: complement membrane attack complex ¢ comple-
ment C3b « immunomodulation « immunoglobulin therapy
« autoimmune diseases
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Introduction

Dermatomyositis (DM), ' polymyositis, and inclusion body my-
ositis are three distinct subgroups of acquired muscle diseases
collectively called inflammatory myopathies because endomy-
sial inflammation is a common histological characteristic in all
three conditions. DM differs from the other two entities not only
clinically because of the characteristic rash that accompanies or
often precedes the muscle weakness (1), but also immunopath-
ologically on the basis of a complement-mediated endomysial
microangiopathy which is characteristic for the disease (2-5).
Membrane attack complex (MAC), consisting of activated
complement components C5b-C9, is deposited on intramuscular
capillaries early in the disease and leads sequentially to destruc-
tion of endothelial cells, microinfarcts within the muscle fasci-
cles, muscle ischemia, inflammation, and ultimately perifascicu-
lar atrophy (1, 4, 5). Circulating antibodies to endothelial cells
have been described in DM patients, but their cytotoxic effect
on endothelial cells has not been demonstrated (6, 7).

Because of these immune mechanisms, DM is treated with
various immunosuppressive agents. One of the new approaches
in the treatment of patients with. DM unresponsive to conven-
tional therapies has been with high-dose intravenous immuno-
globulin (IVIG). IVIG was found to be very effective in DM
patients in one controlled (8) and two uncontrolled (9, 10)
studies. However, its mechanism of action remains unclear.

In an in vitro model called Forssman shock, IVIG has been
effective in preventing the complement-mediated immune dam-
age to the pulmonary microvasculature (11). Anti-Forssman
antibodies bind to the Forssman antigen present on the endothe-
lial cells and perivascular tissue and trigger the activation of
complement through the classical complement pathway (12).
IVIG prevents Forssman shock by modulating the complement-
dependent immunopathology through diverting activated C3
and C4 fragments from the targets cells (11).

The immunopathological similarities between Forssman
shock in guinea pigs and DM in humans (both complement-
mediated microangiopathies that respond to IVIG) prompted us
to examine whether the beneficial effect of IVIG in DM patients
is also exerted via the same mechanism as in Forssman shock,
namely through interference with the complement system. We
demonstrate that the sera of DM patients treated with IVIG
exhibit marked inhibition of C3 uptake resulting in inhibition
of the C3b deposition on the endomysial capillaries and forma-
tion of MAC.

Methods

Patients and treatment. We studied 13 adult patients with DM who had
failed to respond to previous treatments with prednisone, methotrexate,
or cyclophosphamide in a double-blind placebo-controlled crossover
design. All patients had significant proximal muscle weakness rated 3—
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Table I. Comparison of C3 Uptake Values as Mean Logs before
and after IVIG Therapy in Patients with DM and Other NMD

Pre-IVIG Post-IVIG
Range of post-
Patients Mean Mean IVIG
(n=17) log* SE log SE inhibition
Active DM (n =9) 4.086 0.084 3.350 0.054* 70.6-93.4%
Chronic DM (n = 3) 3.298 0.039 3.249 0.039% 0-2.3%
Other NMD (n = 5) 3.524 0.040 3.379 0.033! 0-4.1%

* All values calculated and expressed based on triplicate measurements
of C3 uptake in counts per minute. * Comparison between pre-IVIG
and post-IVIG values; t = 4.31, 16 df, P < 0.001. * Pre-IVIG/post-
IVIG comparison; ¢ = 0.70, 4 df, P > 0.20. " Pre-IVIG/post-IVIG
comparison; ¢t = 2.00, 8 df, P = 0.08.

4/5 MRC scale and a diagnostic muscle biopsy before enrollment. The
patients were admitted to the National Institutes of Health Clinical Cen-
ter after signing an Informed Consent and were randomized to receive
three monthly infusions of IVIG at 2 g/kg for 2 d or placebo consisting
of dextrose in half-normal saline. Assessment of improvement was based
on quantitative measurements of muscle strength and neuromuscular
symptoms scores, as described (8).

Patients’ sera. A total of 55 coded serum samples from the following
patients and controls were examined: patients with DM, before and after
treatment with IVIG (13 patients) or placebo (5 patients); patients with
other neuromuscular diseases, such as amyotrophic lateral sclerosis,
demyelinating polyneuropathies, or polymyositis before and after IVIG
therapy (5 patients); and 5 normal controls. The readings in an in vitro
C3 uptake assay described later were obtained without prior knowledge
of whether a sample was from a treated patient, a control, or whether
the patient had received IVIG or placebo.

Antibodies. Monoclonal antibody against C3b NEO human antigen
was purchased from Quidel (San Diego, CA ). Rabbit anti—human eryth-
rocyte IgG was obtained from Cappel Laboratories (West Chester, PA).
Anti—human C3 IgG polyclonal antibody was obtained by immunizing
a goat with purified human C3. IgG fractionation was performed by
octanoic acid precipitation (13). Anti-MAC monoclonal antibody
was a kind gift of Dr. Michaels (University of Minnesota, Minneapo-
lis, MN).

Buffers. Isotonic Veronal-buffered saline containing 0.1% gelatin,
0.15 mmol/liter Ca®*, and 1 mmol/liter Mg** (GVBS?*), isotonic
Veronal-buffered saline containing 0.1% gelatin, and 10 mmol/liter
EDTA buffer were prepared as described previously (14). Isotonic PBS,
pH 7.4, was purchased from Biofluids, Inc. (Rockville, MD).

Other reagents. Sodium ('1) iodide was purchased from Amersham
Corp. (Arlington Heights, IL). Iodobeads were purchased from Pierce
Chemical Co. (Rockford, IL).

Radiolabeling. Radioiodination of goat anti—human C3 was accom-
plished with iodobeads following the directions supplied by the manu-
facturer. 300 ug of the polyclonal IgG was incubated with 1 mCi of
iodine-125 and three iodobeads for 30 min at room temperature. Free
iodine was separated from protein-bound isotope by passing the labeled
material through a prepacked PD10 (Sephadex G-25M) column (Phar-
macia Fine Chemicals, Piscataway, NJ) in isotonic PBS, pH 7.4.

C3 uptake assay. Human red blood cells of type O* were separated
from EDTA plasma, washed, and standardized. Aliquots of three-tenths
of 1 ml of human red blood suspension at 1 X 10° cells/ml were
incubated with 0.3 ml of diluted goat IgG anti—human erythrocyte anti-
body or 0.3 ml of buffer (negative control) for 30 min at 37°C. After
two washes in GVBS?*, tubes were placed on ice. Pellets of aliquoted
sensitized erythrocytes were resuspended in 500 ul of undiluted sera
from DM patients before and after IVIG therapy or placebo. Pellet of
unsensitized erythrocytes was resuspended in normal human serum of
type O ™. The tubes were then placed in a water bath at 37°C, and after
5 min of incubation triplicate 60-ul samples were removed from each
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Table II. Geometric Means, Range, and Mean Logs of Pre-IVIG
C3 Uptake Values in Active and Chronic DM, Other NMD, and

Normal Controls

Patients Geometric Mean

(n=22) means* Range log
Active DM (n = 9) 12,190 2,032-61,646 4.086*
Chronic DM (n = 3) 1,986 1,418-2,220 3.298
Other NMD (n = 5) 3,342 1,993-5,442 3.524
Normals (n = 5) 3,724 1,549-10,914 3.571

* All values calculated and expressed based on triplicate measurements
of C3 uptake in counts per minute. * Comparison between active
DM and other conditions; ¢ = 2.28, 18 df, P < 0.05.

tube and transferred to corresponding tubes with 2 ml of ice-cold EDTA
buffer. The erythrocytes in these samples were pelleted and washed
once in GVBS?*. The final pellets were resuspended in 200 ul of
GVBS?*. Each tube received the amount of radiolabeled anti-C3 anti-
body equal to 2 X 10° cpm and incubated on melting ice for 60 min
with occasional shaking. After two further washes in ice-cold EDTA
buffer, the pellets were counted in a gamma counter.

SC5b-9 ELISA assay. The amount of the SC5b-9 complexes present
in serum samples was measured by ELISA using a commercially avail-
able kit (Quidel) following the manufacturer’s instructions.

Muscle immunohistochemistry. Two muscle biopsies, one from each
biceps muscle, were performed in five patients, one before starting IVIG
therapy and the other upon completion of three monthly infusions. The
patients were selected for repeat biopsies based on a convincing objec-
tive clinical response to IVIG therapy in terms of normalization of
muscle strength (from 3—4/5 MRC scale before therapy to 5/5 after
treatment) before the code was broken (8). The muscle biopsy speci-
mens were processed simultaneously for immunocytochemistry as de-
scribed (8, 15). Briefly, three 4-um serial sections of fresh-frozen mus-
cle biopsies were fixed in acetone for 5 min at 4°C, rinsed in 0.05 M
Tris-buffered saline (pH 7.6) for 15 min, and incubated for 30 min with
a blocking solution containing 1% bovine serum albumin, 10% normal
human serum, and 3% normal horse serum. The sections were incubated
with the primary mouse monoclonal antibody anti-MAC at 1:40 dilution
or anti-C3b NEO at 1:60 dilution. To determine if the MAC was on
the muscle fibers or the capillaries, the same sections were subjected to
dual immunostaining with anti-MAC followed by FITC anti—mouse
IgG, and with a capillary marker, the biotinylated lectin Ulex Europeus
(Vector Labs, Inc., Burlingame, CA) followed by avidin-rhodamine, in
single and double exposure settings, as described (1, 3). The C3b NEO
deposition was identified by single staining procedure using biotinylated
secondary antibody and avidin-biotin-peroxidase complex ( Vector Labs,
Inc.). Antigen—antibody reaction was visualized by incubating the tissue
sections with 0.05% (wt/vol) 3,3-diaminobenzidine.

Statistical analysis. Analysis of variance was performed by use of
PROC GLM procedure of the computer software SAS/STAT (SAS
Institute, Cary, NC). Log normal distribution was tested by Shapiro-
Wilk test (16).

Results

In vitro C3 uptake by sera of patients with DM and controls.
To determine the effect of IVIG therapy on the ability of the
patients’ sera to deposit activated C3 fragments onto sensitized
human erythrocytes, serum samples (collected from each pa-
tient before administration of IVIG therapy and 2 d after com-
pletion of the first dose) were screened in the in vitro C3 uptake
assays. After IVIG therapy, C3 uptake (expressed as log mean
of triplicate measurements of counts per minute) was decreased
to a highly significant degree in patients with active DM com-
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Figure 1. Kinetics of C3 uptake in
sera of DM patients after IVIG
therapy. C3 uptake was quanti-
tated by use of '*I-labeled anti—
human C3 antibody in serum sam-
ples of four patients at baseline, 2
d after completion of IVIG ther-
apy, and 30 d later. At day 2 after
IVIG infusion, the C3 uptake in
all the patients was suppressed to
the background level; 30 d later,
the C3 uptake had rebounded and
risen to 97% of the baseline in pa-
tient 4, up to 90% in patient 2, up
to 40% in patient 3, and 51% in
patient 1. The C3 uptake was mea-
sured serially in another patient
(patient 5), at baseline and at 2,
24, and 48 h after IVIG infusion
(B, inset), as well as at 7, 14, and
30 d post-IVIG (B). C3 uptake
was inhibited to background 2 h
after IVIG infusion and remained
unchanged until day 2 (B, inset).
Eventually, C3 uptake reached the
pre-IVIG (baseline) value at day
30 (B).

IVIG) C3 uptake (not shown). The patients who had the highest

= 4.31, 16 df, P < 0.001) (Table I). The percentage of inhibi- percentage of inhibition also had major clinical improvement,
tion varied in individual patients from 70.6 to 93.4% and was as judged by the increase of muscle strength and disappearance

more pronounced in the patients with the highest baseline (pre-

of rash (8). Comparisons of pre-IVIG and post-IVIG C3 uptake
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Figure 2. Immunostaining of muscle biopsy specimens from DM patients
for C3b NEO antigen. 4-um-thick muscle biopsy sections from a patient
with active DM before IVIG infusions (A) and upon completion of three
monthly infusions of IVIG (B) immunostained with antibody against C3b
NEO followed by biotinylated secondary antibody and avidin-biotin-per-
oxidase complex. In the pre-IVIG biopsy, C3b NEO is deposited on the
muscle capillaries and some muscle fibers (A ); in the post-IVIG specimen,
no C3b NEO deposits were detected (B). X375.




in patients with chronic, long-lasting DM (¢ = 0.70, 4 df, P >
0.20) and patients with other neurological diseases (¢ = 2.00,
8 df, P = 0.08) did not reveal any significant difference (Table
I). No statistically significant difference was found in coded
samples from DM patients before and after placebo, run simulta-
neously (¢ = 0.18, 8 df, P > 0.20).

Analysis of variance between baseline C3 uptake in patients
with active progressive disease and pooled baseline data from
patients with chronic DM, other neurological diseases, and nor-
mals showed significantly higher uptake in the active DM (¢
=228, 18 df, P < 0.05). Pooling of groups for statistical
analysis was justifiable because of the intergroup homogeneity,
i.e., no significant difference between their mean logs (Table
IT). Pooling was necessary because of the small numbers in
control groups. All patient and control groups fit the log normal
distribution as determined by Shapiro-Wilk test (16) (not
shown).

Detection of SC5b-9 in patients sera. The presence of the
SC5b-9 complex in sera of nine DM patients and five normal
controls was studied quantitatively using a commercially avail-
able ELISA assay (Quidel). High levels of SC5b-9 were de-
tected in the serum of DM patients before IVIG therapy, ranging
from 250 to 640 ng/ml, compared with 115—190 ng/ml of the
normal controls. In post-IVIG samples, the amount of SC5b-9
was suppressed to nearly normal level, with values ranging from
140 to 225 ng/ml.

C3 uptake in serum samples before IVIG and at various
times after therapy. C3 uptake was measured in the serum of
four patients with active DM sequentially, before IVIG infusion,
2 d after completion of IVIG therapy, and 30 d later (before
the next monthly IVIG infusion). C3 uptake was inhibited to
almost background values 2 d after IVIG (Fig. 1 A). 30 d later
the C3 uptake returned to baseline in one patient and rebounded
by 40—-90% in the other three (Fig. 1 A).

In a subsequent patient, the kinetics of C3 uptake inhibition
were examined closely, using more time points. The C3 uptake
was inhibited to the background level 2 h after IVIG infusion
and remained at that level for 2 d (Fig. 1 B, inset). After the
second day post-IVIG, the C3 uptake started to increase slowly,
reaching baseline value by day 30 (Fig. 1 B).

Immunohistochemical staining for C3b NEO antigen in bi-
opsy specimens before and after IVIG therapy. To determine if
the effect on C3 uptake can be correlated with in situ events
related to C3 deposition into immune complexes on capillaries
at sites of muscle damage, we immunostained muscle biopsy
specimens with the monoclonal antibody against a new epitope
(neoantigen) of C3b that gets exposed upon the incorporation
of C3b into an immune complex; C3b NEO antigen is therefore
immune complex—specific for this activated C3 fragment (17).
Before IVIG infusion, the C3b NEO antigen was detected on

up to 10% of the muscle capillaries and on occasional (1-5)
muscle fibers per field (at a magnification of 25) (Fig. 2 A).
After IVIG therapy, no C3b deposits were detected (Fig. 2 B).
Furthermore, there was a significant histological improvement
after IVIG with increase in the size of the muscle fibers, espe-
cially at the periphery of the fascicle (Fig. 2 B), as described
previously (8).

The effect of IVIG therapy on the deposition of MAC of the
complement cascade in muscle capillaries. The formation of
MAC is the function of C5 convertase formation for which
incorporation of C3b is essential; any change in C3b uptake
affects the MAC formation exponentially (18). For this reason,
we examined the deposition of MAC in muscle fiber capillaries
before and after IVIG therapy. Staining for MAC (Fig. 3 A)
and endothelial cells (Fig. 3 B) before the institution of IVIG
therapy showed by dual exposure (Fig. 3 C) that MAC com-
plexes were on the endothelial cells and muscle fibers. After
high dose IVIG, no MAC deposits were detected (Fig. 3 D).

Degree of clinical improvement in patients with high C3
uptake inhibition. As reported previously (8), when the total
MRC and the total neuromuscular symptom score increased by
five or more grades each, the patients had a major improvement.
All the patients with active DM, whose sera showed the highest
C3 uptake inhibition, had major clinical improvement. Their
mean MRC score increased from 74.5+5.9 at baseline to
84.7+4.5 (P < 0.018), and the mean neuromuscular symptom
score increased from 38.6+5.9 to 51.0+8.0 (P < 0.035) (8).
In contrast, the C3 uptake inhibition and the neuromuscular
symptom score remained unchanged in the patients who re-
ceived placebo.

Discussion

IVIG has been found to be effective in a variety of autoimmune
cytopenias (19-21) and other immune-mediated disorders (22,
23). The exact mechanisms of action of IVIG, however, have
not been elucidated. The proposed theories include: (a) block-
ade of IgG Fc receptors on phagocytic cells by the infused
IVIG, thereby preventing the removal from the circulation of
cells sensitized with autoantibodies of IgG isotype (24); (b)
presence of antiidiotypic antibodies capable of suppressing au-
toantibody secretion in the pool of plasma donors used for IVIG
production (25); (c) direct effect on B and T lymphocytes
(26); (d) inhibition of cytokine production (27, 28); (e) the
presence of soluble CD4, CD8, and HLA that modify antigen
recognition by target cells (29); and (f) interference with the
complement system. The last theory was based on two in vivo
models of complement-mediated immune damage (8, 30) and
several in vitro complement-uptake assays (31, 32). These stud-
ies have shown that IVIG can effectively modulate the com-

Figure 3. Transverse section of a fresh-frozen muscle biopsy specimen from a patient with DM before and after IVIG. Cross-sections of fresh-
frozen muscle biopsy specimens from a patient with DM dually immunostained with antibodies to the C5b-9 MAC and fluorescein isothiocyanate—
conjugated anti—mouse IgG, which highlights the complement deposits with a green fluorescence (A), and with biotinylated Ulex Europeus and
avidin-thodamine, which highlights the endomysial capillaries with a red fluorescence (B). The double exposure of A and B produces an orange
color (C) from superimposition of the green fluorescence from the MAC deposits and the red fluorescence on the capillary wall. Before IVIG
therapy, MAC deposits are present not only on the capillaries (orange color in C) but also on some perifascicular muscle fibers (green color in A
and C). After IVIG therapy, the repeat specimen dually immunostained for MAC and Ulex (D) shows absence of MAC deposits (no green
fluorescence visualized) from both the capillaries and the muscle fibers, in a randomly selected perifascicular region (periphery of the fascicle is
at the lower right). Note the increase in the number of capillaries (D) and the decrease in their diameter compared with the pretreatment specimen

(B). X250.
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plement-dependent immunopathology by diverting activated
complement fragments, C3b and C4b, from target cells,
thus preventing the complement-mediated destruction of mi-
crovasculature. This action is relevant to the beneficial effect
of IVIG in patients with DM where an MAC-mediated destruc-
tion of the endomysial capillaries is the major pathogenic event
4,5).

Our study presents evidence that the sera of DM patients
after IVIG therapy markedly suppressed the uptake of C3 frag-
ments onto targets in vitro. Furthermore, IVIG almost abrogated
the deposition of C3b in immune complexes and the MAC
deposits on the target cells within the muscle after the full
course of IVIG therapy. These findings collectively indicate
that the remarkable clinical and histological improvement ob-
served in DM patients is due to the interception of MAC forma-
tion at the level of C5 convertase assembly, caused by interac-
tion between the Ig molecules of IVIG and the C3b fragments.
The mechanism of this interaction is most likely the formation
of covalent or noncovalent complexes between specific acceptor
site(s) within the immunoglobulin molecule and C3b. This in-
terception results in unavailability of C3b for incorporation into
the enzyme C5 convertase which is necessary for triggering
MAUC, as supported by the absence of MAC from the endomy-
sial capillaries in the repeat biopsies. The absence of MAC
deposits on the capillaries allowed neovascularization, reperfu-
sion of the muscle, resolution of muscle ischemia, and finally
increased muscle strength, as reported (8).

The beneficial effect of IVIG via the complement pathway
is supported by the reversal of the inhibition of C3 uptake in
the sera of DM patients 30 d after IVIG therapy, consistent with
the half-life of the infused IgG, and by the lack of effect of the
placebo-treated sera in the C3 uptake. Therapy itself did not
cause a decrease in function or availability of complement com-
ponents, since C3 antigen and CH50 values remained within
the normal range in both pre- and post-IVIG samples. By using
coded sera, the interpretation and documentation of C3 uptake
in the sera subjected to analysis were unbiased. Although the
effect of IVIG on C4 uptake was not studied, our previous
studies have shown that IVIG inhibits the C4 uptake to the
same degree as C3 (31).

The finding of high baseline (pre-IVIG) C3 uptake values
in patients with the most active form of DM supports the com-
plement-mediated mechanism of the disease. This is further
strengthened by correlation of disease activity with the activa-
tion of complement and generation of active fragments of early
complement components (C3b, C4b). The increased C3 uptake
in active phase of DM, but not in the chronic form or the
controls, suggests that the high rate of complement activation
may be responsible for the formation of a large number of
activated early components. Whether C3 uptake is also in-
creased in other complement-mediated neuromuscular diseases,
such as Guillain-Barré syndrome (33) or myasthenia gravis
where IVIG is also effective (23, 34), is not known.

Our results may provide an explanation for the mechanism
of therapeutic effect of IVIG in other conditions in which com-
plement-mediated tissue injury plays a role in their cause.
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