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SUMMARY

Complement (C) activation is believed to play an adverse role in several chronic degenerative

disease processes, including atherosclerosis, myocardial infarction and Alzheimer’s disease.

We developed several in vitro quantitative assays to evaluate processes which activate C

in human serum, and to assess candidates which might block that activation. Binding of

C-reactive protein (CRP) to immobilized cell surfaces was used as a tissue-based method of

activation, while immunoglobulin G in solution was used as a surrogate antibody method.

Activation was assessed by deposition of C fragments on fixed cell surfaces, or by capture of

C5b-9 from solution. We observed that several cell lines, including SH-SY5Y, U-937, THP-1

and ECV304, bound CRP and activated C following attachment of cells to a plastic surface

by means of air drying. Treatment of human neuroblastoma SH-SY5Y cells with the reactive

oxygen intermediates generated by xanthine (Xa) – xanthine oxidase (XaOx) prior to air

drying or by hydrogen peroxide solutions after air drying, enhanced C activation, possibly

through oxidation of the cell lipid membrane. Several C inhibitors were tested for their

effectiveness in blocking these systems. Pentosan polysulphate (PPS), an orally active agent,

blocked C activation in the same concentration range of 1–1000 mg/ml as heparin, dextran

sulphate, compstatin and fucoidan. PPS may have practical application as a C inhibitor.

INTRODUCTION

Complement (C) activation plays a key role in fighting

infection and coping with diverse pathogenic situations

but it can also have adverse actions against host tissues, thus

exacerbating the initial problem.1 This appears to occur in

such diseases as atherosclerosis,2,3 myocardial infarction4–6

and stroke.7 The C system is also believed to exacerbate

a number of neurodegenerative disorders, including

Alzheimer’s disease,8–11 multiple sclerosis7 and Pick’s

disease.12 Therefore, inhibitors of C activation may have

applications in the treatment of a wide range of diseases.1,7,13

Pentosan polysulphate (PPS) is an example of a drug

which might have an application as a C inhibitor.14 –16 It is a

mucopolysaccharide derivative that has a similar structure

to heparin, but has a higher degree of sulphation and, unlike

heparin, is bioavailable orally.17 It has been reported to

reduce C-mediated myocardial injury in vitro,15,16 and its

clinical use for the treatment of interstitial cystitis has been

approved.18

In this study, the effect of PPS was compared to other

known C inhibitors in a number of in vitro assays which

detect deposition of various C proteins. The C system was

activated by either aggregated immunoglobulin G (IgG)

or C-reactive protein (CRP). These are known C activators,

and CRP has been shown to co-deposit with C fragments in

a number of disorders, including Alzheimer’s disease,19–21

myocardial infarction5 and atherosclerotic plaques.2,3 CRP

belongs to the pentraxin family of proteins and its plasma

concentration can increase several-hundred-fold during an

acute-phase response.22,23 Although the biological functions

of CRP are largely unknown, it has been shown to activate

the classical C pathway both in vitro23,24 and in vivo.25

Activation of C by CRP requires that it binds to an appro-

priate substrate. These substrates include a number of
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phospholipids and proteins.22,26 –29 CRP-induced C activa-

tion can also be observed on the surface of tissues and

cells.30 Here it is shown that four different cell lines were

able to support CRP binding and subsequent C activation.

Furthermore, treatment of neuronal SH-SY5Y cells with

reactive oxygen intermediates enhanced CRP-mediated

C activation, as measured by deposition of the terminal

membrane attack complex (C5b-9, MAC).

MATERIALS AND METHODS

Reagents

CRP was supplied by either Chemicon (AG723, Mississauga,

Ont., Canada) or ICN (152315, Montreal, PQ, Canada). PPS

was a kind gift from Dr B. R. Lucchesi, Department of

Pharmacology, University of Michigan, Ann Arbor, MI.

Compstatin and its linear control peptide were a kind gift

from Dr J. D. Lambris of the University of Pennsylvania,

Philadelphia, PA. Compstatin is a synthetic, 13-amino-acid

peptide inhibitor (ICVVQDWGHHRCT-NH2) which is

cyclized between the two cysteine residues. It interacts

with C3. The linear control peptide (IAVVQDWGHHRAT-

NH2), has the cysteines replaced with alanines, which

prevents formation of the disulphide bridge. This peptide

has been shown to be inactive as an inhibitor of human

C.31,32 The following substances were obtained from

Sigma (St Louis, MO): human C serum (S1764); human

IgG (I4506); gelatin–veronal buffer (GVB) and GVB-

ethylenediaminetetraacetic acid (GVB-EDTA); xanthine

(Xa) and xanthine oxidase (XaOx; xanthine : oxygen oxido-

reductase, EC 1.1.3.22); the C inhibitors heparin (H3393,

from porcine intestinal mucosa), dextran sulphate, fucoidan

and polyinosinic acid; and the reducing agents dithiothreitol

(DTT), glutathione (reduced form) and sodium borohydride.

The following primary antibodies were used: goat anti-

human C3 (Calbiochem, La Jolla, CA); goat anti-human C4

(Chemicon); goat anti-human C7 (Quidel, San Diego, CA);

goat anti-human C8 (Calbiochem); mouse anti-human iC3b

neoantigen (Quidel); mouse anti-human C5b-9 neoantigen

(DAKO, Carpinteria, CA); and rabbit anti-human CRP

(DAKO). Alkaline phosphatase-labelled rabbit anti-goat

antibodies were from Sigma, while alkaline phosphatase-

labelled goat anti-mouse and goat anti-rabbit antibodies,

as well as alkaline phosphatase substrate ( p-nitrophenyl

phosphate, pNPP) were purchased from Gibco BRL, Life

Technologies (Burlington, Ont., Canada).

Cell cultures

The following human cell lines were obtained from the

American Type Culture Collection (ATCC; Manassas, VA):

monocytic THP-1, lymphoma U-937 and ECV304. The

latter was specified as being derived from human endo-

thelial cells, however, it has recently been suggested that it

may be a variant of T-24 human bladder carcinoma cells

(ATCC, personal communication). Human neuroblastoma

SH-SY5Y cells were a gift from Dr R. Ross, Fordham

University, NY. ECV304 cells were grown in Medium 199

supplemented with 10% fetal bovine serum (FBS), while

other cell lines were grown in Dulbecco’s modified Eagle’s

medium-nutrient mixture F12 Ham (DMEM-F12) supple-

mented with 10% FBS. Cells were added into 96-well plates

at a concentration of 8r104/well in 100 ml DMEM-F12.

After 3 days incubation in a humidified 5% CO2, 95% air

atmosphere at 37u, the medium was removed and cells were

then exposed to light fixation by the technique of air drying

at 37u. This technique has been long recognized in routine

cytology,33 and has been successfully used by us in other

experiments.34 With this technique, the cells became firmly

attached to the surface, with the cell membranes being

transformed into a porous state. In this state, CRP was able

to bind to cell membranes, while there was no evidence of

such binding in unfixed cells.

Treatment of SH-SY5Y cells with reactive oxygen

intermediates

After 2 days in culture on 96-well plates, SH-SY5Y cells

were exposed to a mixture of Xa and XaOx. First, Xa was

added to reach a final concentration of 0.5 mM, with sub-

sequent addition of XaOx (from 0.12 to 120 mg/ml). After

16 hr incubation in a humidified 5% CO2, 95% air

atmosphere at 37u, the medium was removed and cell

monolayers were fixed by air drying at 37u. Cell treatment

with H2O2 was performed after cells had been fixed by

air drying. Solutions of H2O2 (0.01–1 mM) in phosphate-

buffered saline (PBS) were added to the wells, and the

plates were incubated for 16 hr at room temperature.

Subsequently the plates were washed twice with PBS.

CRP-induced C activation on cultured cells

Plates containing air-dried THP-1, U-937, ECV304, or

SH-SY5Y cells were first washed twice with PBS, and non-

specific binding sites were blocked by incubation of wells

for 2 hr at room temperature with 200 ml 1% bovine serum

albumin (BSA) and 1% skim milk powder in PBS. Plates

were washed twice with 0.05% Tween-20 in PBS, pH 7.0

(PBS/Tween). Wells were filled with 100 ml human serum

diluted 1 : 40 in GVB containing various concentrations

of human CRP (0.01–1 mg/well). In the series of experiments

where the effect of various drugs on CRP-induced C

activation was studied, PPS, dextran sulphate or heparin

at various concentrations were also added. Plates were

incubated in a humid chamber at 37u for 40 min, and

after four washes with PBS/Tween, the levels of C3, C4

and C5b-9 bound to the plates were determined as described

below. Negative controls included CRP-containing samples

where human serum had been previously heat-inactivated

by incubation at 56u for 30 min, and also samples where

human serum was diluted in EDTA-containing buffer

(GVB-EDTA) instead of GVB as described above.

IgG-induced C activation

Human IgG was dissolved in PBS to make a 10-mg/ml

solution, and aliquots were stored at x70u. In order to

obtain aggregated IgG, aliquots were diluted 10 times in

Hanks’ balanced salt solution and incubated for 20 min

at 65u.35 Subsequently, aggregated IgG was diluted to

10 mg/ml in 0.1 M bicarbonate coating buffer, pH 8.2.

Aliquots (100 ml) were added to each well of 96-well plates,
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and incubated overnight at 4u. Non-specific binding sites

were blocked by incubation of wells for 2 hr at room

temperature with 200 ml of 1% BSA and 1% skim milk

powder in PBS. Plates were washed twice with PBS/Tween,

and wells were filled with 100 ml human serum diluted 1 : 40

in GVB with or without various concentrations of drugs.

After 40 min incubation in a humid chamber at 37u, plates

were washed four times with PBS/Tween, and various C

proteins bound to the plates were determined as described

below. Negative controls included samples where human

serum had been previously heat-inactivated by incubation at

56u for 30 min, and also samples where human serum was

diluted in EDTA-containing buffer (GVB-EDTA) instead

of GVB as described above.

Measurement of C activation by soluble IgG

Anti-human C7 antibodies where used to capture the C5b-9

complex. They were diluted to 1 : 1000 in 0.1 M bicarbonate

coating buffer, pH 8.2, 50-ml aliquots were added to each

well of 96-well plates, and the plates were incubated over-

night at 4u. Non-specific binding sites were blocked by

incubation of wells for 2 hr at room temperature with 200 ml

of 1% BSA and 1% skim milk powder in PBS. Plates were

washed twice with PBS/Tween, and wells filled with 100 ml

human serum (1 : 40 in GVB). The serum samples had been

previously exposed for 30 min at 37u to aggregated IgG

(2 mg/ml) and various concentrations (0.01–1 mg/ml) of

PPS or dextran sulphate. After incubation of the samples

overnight at 4u, plates were washed twice with PBS/Tween,

anti-human C5b-9 antibodies were added (100 ml of 1 : 1000

solution), and the bound C5b-9 was assayed as described

below.

Detection of bound C proteins

Plates which had been reacted with human serum and

washed four times with PBS/Tween were used to determine

the fixation of several C components. For this purpose

100 ml various primary anti-C antibodies (see Reagents

section) was added to the wells at 1 : 1000 dilution. After

1 hr incubation in a humid chamber at 37u, plates were

washed four times with PBS/Tween. They were then treated

for 1 hr with 100 ml alkaline phosphatase-labelled second-

ary antibody (1 : 3000). After another six washes with

PBS/Tween, the wells were filled with alkaline phosphatase

substrate (2 mg/ml) dissolved in 0.1 M diethanolamine

buffer, pH 9.8. A Model 450 microplate reader (Bio-Rad

Laboratories, Richmond, CA) with a 405-nm filter was used

to measure the optical density of each sample. The readings

for each well (from 2 to 120 min) were plotted against time

and the reaction rate was expressed in units of optical

density per min, where units/min=DODr1000/min.

Detection of CRP bound to SH-SY5Y cells

Plates were prepared as for CRP-induced C activation

on SH-SY5Y cells (see above). After reacting plates with

human serum and CRP they were washed four times with

PBS/Tween, and 100 ml rabbit anti-human CRP antibodies

diluted 1 : 2000 were added to the wells. After 1-hr

incubation in a humid chamber at 37u, plates were washed

four times with PBS/Tween. They were then treated for 1 hr

with 100 ml alkaline phosphatase-labelled secondary anti-

body (1 : 3000). After another six washes with PBS/Tween,

wells were filled with alkaline phosphatase substrate and

optical densities were measured as described above.

Statistical analysis

Data from at least three independent experiments are

presented as meanststandard error of the mean (SEM).

The data were evaluated statistically by the Student’s

t-test when two groups of data were compared, and by

randomized blocks design analysis of variance (ANOVA) for

the concentration-dependent effects of various treatments

and drugs. In those cases where data are presented as a

percentage of control values, statistical analyses were

performed before transformation of data.

RESULTS

Figure 1 shows that CRP did not cause C activation, as

measured by deposition of C5b-9 complex, when mixed with

human serum in untreated plastic wells. This is in accord

with in vivo observations where even very high levels of

serum CRP failed to activate serum C. However, when this

mixture was added to wells containing confluent layers of

SH-SY5Y neuroblastoma cells, which had been previously

fixed to the surface by air drying, CRP induced C activation

in a concentration-dependent manner (Fig. 1). In these

experiments CRP and human serum were added to wells

containing no cells, or coated with air-dried SH-SY5Y cells.

The wells were treated with anti-C5b-9 antibody followed

by an alkaline phosphatase-labelled secondary antibody.

Substrate was then added and the linear change in absorb-

ency was followed over time. The rate of change, which

is proportional to antibody capture, was calculated as

units/min (DODr1000/min).
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Figure 1. Human serum was mixed with various concentrations

of human CRP in uncoated wells of 96-well plates, or in wells

precoated with human SH-SY5Y neuroblastoma cells which had

been fixed by air drying. After a 40-min incubation, deposition of

C5b-9 was assayed as described in the Materials and Methods

section. The data (meantSEM) are presented as the rate of

increase in optical density (units/min), and P-values were calculated

by randomized blocks design ANOVA.
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The ability of air-dried cells to support CRP-dependent

C activation was not limited to SH-SY5Y cells, since this

phenomenon was also observed with several other cell lines,

including ECV304, THP-1 and U-937 cells (Fig. 2). The C

activation by CRP was enhanced when SH-SY5Y cells were

exposed to reactive oxygen intermediates generated by a

mixture of Xa with XaOx prior to attachment by air drying

(Fig. 3). Figure 3 also shows that preincubation of cells with

Xa alone did not enhance the CRP-induced C activation

(P>0.05, Student’s t-test). However, when increasing

concentrations of XaOx were added simultaneously with

Xa, there was a concentration-dependent increase in the

deposition of C5b-9 (F=6.0; P=0.004). Concentrations of

XaOx above 12 mg/ml were cytotoxic to SH-SY5Y cells in

the presence of Xa. Viability of SH-SY5Y was monitored

in parallel cultures by measuring lactate dehydrogenase

release in cell supernatants and by estimating numbers

of live cells by their ability to reduce formazan dye

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium

bromide].34

Several reducing agents were tested for their ability to

reverse this effect of Xa-XaOx treatment. Neither DTT

(0.001–1 mM) nor reduced glutathione and sodium boro-

hydride (0.01–10 mM, data not shown) had an effect on

C5b-9 deposition, indicating that the effect was not

dependent on oxidation of protein thiol groups.

The CRP-induced C activation could also be enhanced

by preincubation of cells with H2O2. Since the concentra-

tions of H2O2 required to achieve this effect were cytotoxic

to SH-SY5Y cells, the H2O2 treatment was performed

after the cells had been fixed to the surface of the wells by air

drying. Figure 4 shows that treatment of neuroblastoma

cells with H2O2 resulted in a concentration-dependent

increase in C5b-9 deposition (F=3.4; P=0.04). The binding

of CRP to SH-SY5Y cells was also measured directly

by binding of anti-CRP antibodies. Similarly to the data

obtained by measurement of C5b-9 deposition, coating of

plastic wells with SH-SY5Y cells resulted in deposition of

CRP (Fig. 5), which was enhanced further by pretreatment

of cells with the Xa-XaOx mixture (F=6.4; P=0.01).

The CRP-induced C activation was also detected by

capture of C3 and C4 fragments detected by polyclonal C3

and C4 antibodies (Table 1). Each gave a higher signal

than the anti-C5b-9 monoclonal antibody. The table also

shows that the C activation could be prevented by heat-

inactivation of serum, as well as by the presence of EDTA in

the reaction mixture (see Materials and Methods section).

PPS inhibited the CRP-induced C activation at a

concentration range similar to two well-known C inhibitors,

heparin and dextran sulphate. All of these drugs caused
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Figure 3. Human SH-SY5Y cells were treated with xanthine (Xa)

alone or with a mixture of Xa and xanthine oxidase (XaOx) at the

concentrations marked on the abscissa. After a 16-hr incubation,

the cells were fixed by air drying, and the wells were filled with a

mixture of human serum and human CRP (0.1 mg/well). Deposition

of C5b-9 was assayed as described in the Materials and Methods

section. The data (meantSEM) are presented as the rate of

increase in optical density (units/min), and P values were calculated

by Student’s t-test for the paired comparison, and by randomized

blocks design ANOVA for the concentration-dependent effect of

XaOx.
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Figure 2. Human serum was mixed with CRP (1 mg /well) in wells

precoated with human ECV304, THP-1, U-937, or SH-SY5Y cells

which had been fixed by air drying. After a 40-min incubation,

deposition of C5b-9 was assayed as described in the Materials and

Methods section. The data (meantSEM) are presented as the

rate of increase in optical density (units/min), and P values were

calculated by Student’s t-test for the paired comparison.
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Figure 4. Human SH-SY5Y cells were fixed by air drying, and

subsequently treated with various concentrations of H2O2 for 16 hr

(marked on the abscissa). After a 16-hr incubation, wells were

washed and filled with a mixture of human serum and human CRP

(0.1 mg /well). Deposition of C5b-9 was assayed as described in

the Materials and Methods section. The data (meantSEM) are

presented as the rate of increase in optical density (units/min), and

P values were calculated by ANOVA.
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a concentration-dependent reduction in binding of all

three C components studied, with two apparent exceptions:

heparin as measured by C5b-9 deposition, and dextran

sulphate as measured by C3 deposition. In these two

cases the significance value did not reach P<0.05 with

the numbers of observations made.

Table 2 shows that PPS and dextran sulphate exhibited

a similar inhibitory effect on C activation induced by

aggregated IgG. The reaction was monitored by deposition

of five different C proteins, as well as by sandwich

enzyme-linked immunosorbent assay (ELISA) using anti-

C7 to capture and anti-C5b-9 to detect the complex. Both

PPS and dextran sulphate had a concentration dependent

inhibitory effect on the deposition of C5b-9, iC3b, and C4.

Their effects on C7 and C8 deposition were somewhat

weaker, since the significance values reached the P<0.05

criterion only in the case of dextran sulphate’s effect on C7

deposition, while in other cases only a trend towards

significance was observed (0.05<P<0.15). Their inhibitory

action was re-confirmed by sandwich ELISA, which

measured the levels of soluble C5b-9 complexes formed

(see Materials and Methods section). Table 3 compares the

activity of PPS with other known C inhibitors in the assay

based on C activation by aggregated IgG. Six of the

substances tested reduced significantly the levels of bound

C5b-9 complexes, while the linear peptide used as a control

for compstatin had no effect. Fucoidan was the most potent

inhibitor (IC50=8 mg/ml), while heparin was the weakest

with IC50 of 203 mg/ml. The other four inhibitors were

of intermediate potency with their IC50 in the range of

10–90 mM. Compstatin, and not the linear control peptide,

also inhibited CRP-mediated C activation on SH-SY5Y

cells, as measured by C5b-9 binding. This is consistent with

the C3 binding being the mechanism of the inhibitory

activity of compstatin. IC50 for compstatin in this assay was

49.8 mg/ml (P=0.02, randomized blocks design ANOVA).

DISCUSSION

In order to activate the classical C pathway, CRP must bind

to an appropriate ligand. The data presented here indicate

that cells fixed by air drying expose such ligands. They are

Table 1. Complement activation by CRP on the surface of SH-SY5Y cells measured by capture of antibodies to C3, C4, or C5b-9

Conditions

Concn

(mg /ml)

C5b-9 C3 C4

Units/min P value Units/min P value Units/min P value

Control 2.7t0.2 42.5t6.4 36.8t10.7

Heated 1.7t0.2 20.7t5.1 14.6t6.6

EDTA 1.6t0.1 17.7t4.1 11.7t2.0

Pentosan polysulphate (PPS) 1 2.8t0.4 <0.001 41.5t5.8 <0.001 33.3t13.2 <0.001

10 2.4t0.3 31.3t4.8 23.1t5.9

100 1.7t0.2 18.7t4.3 11.2t5.4

1000 12.0t3.5 5.5t3.9

Heparin 1 3.1t0.1 0.1 41.7t4.7 0.001 39.9t12.7 <0.001

10 2.7t0.3 37.7t5.1 27.9t9.0

100 2.5t0.6 21.7t7.2 13.0t8.6

1000 2.1t0.3 17.4t3.3 7.8t3.7

Dextran sulphate 1 3.6t0.5 <0.001 46.3t5.8 0.07 34.2t11.7 0.001

10 3.6t0.4 36.0t11.2 24.9t15.4

100 2.5t0.4 28.5t6.5 21.7t13.8

1000 1.8t0.4 27.4t7.4 14.9t10.9

Human serum was mixed with CRP (1 mg/well) in the wells precoated with SH-SY5Y cells which had been fixed by air drying. Plates were incubated

in the presence or absence of different drugs for 40 min, and subsequently deposition of either C3, C4, or C5b-9 was assayed as described in

the Materials and Methods section. Controls included serum diluted in EDTA-containing buffer, as well as heat-inactivated serum. The data

(meantSEM) are presented as the rate of increase in optical density (units/min). Significance levels (P) for the concentration-dependent effect of

the drug were calculated by randomized blocks design ANOVA.
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Figure 5. Human SH-SY5Y cells were treated with xanthine (Xa)

alone or with a mixture of Xa and Xa oxidase (XaOx) at various

concentrations as marked on the abscissa. A set of wells did not

contain any cells. After a 16-hr incubation cells were fixed by air

drying, and the wells were filled with a mixture of human serum

and human CRP (0.1 mg /well). Deposition of CRP was assayed

as described in the Materials and Methods section. The data

(meantSEM) are presented as the rate of increase in optical

density (units/min), and P values were calculated by Student’s t-test

for the paired comparison, and by randomized blocks design ANOVA

for the concentration-dependent effect of XaOx.
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not exposed when the cells are viable, because no CRP

binding was detected on any of the cells prior to fixation.

It has previously been shown that C is activated when

CRP binds to mounted sections of rat kidney or acetone–

methanol-fixed human epithelioma HEp-2 cells.30 These

data provide further evidence that cells of many types can

provide substrates for CRP binding when their membranes

are altered.

We selected SH-SY5Y cells for testing the effects of

various treatments on induction of CRP binding. Pre-

exposure of SH-SY5Y cells to reactive oxygen intermediates

generated by XaOx in the presence of Xa, increased both

CRP binding and subsequent C activation. Exposure of

these cells to H2O2 after fixation produced a similar increase

in C activation. It is well known that exposure of cells to

H2O2, or a mixture of Xa and XaOx changes membrane

fluidity,36,37 which alters CRP binding to lipid bilayers.29,38

It has been reported that insertion of the membrane attack

complex of C can increase CRP binding to lipid bilayers,39

T
a
b
le

2
.

C
o

m
p

le
m

en
t

a
ct

iv
a

ti
o

n
b

y
a

g
g

re
g

a
te

d
Ig

G
,

m
ea

su
re

d
b

y
ca

p
tu

re
o

f
a

n
ti

b
o

d
ie

s
to

C
4

,
iC

3
b

,
C

7
,

C
8

,
o

r
C

5
b

-9
,

a
n

d
b

y
C

7
/C

5
b

-9
sa

n
d

w
ic

h
E

L
IS

A

C
o

n
d

it
io

n
s

C
o

n
cn

(m
g

/m
l)

C
5

b
-9

iC
3

b
C

4
C

7
C

8
S

a
n

d
w

ic
h

E
L

IS
A

C
7

/C
5

b
-9

U
n

it
s/

m
in

P
v

a
lu

e
U

n
it

s/
m

in
P

v
a

lu
e

U
n

it
s/

m
in

P
v

a
lu

e
U

n
it

s/
m

in
P

v
a

lu
e

U
n

it
s/

m
in

P
v

a
lu

e
U

n
it

s/
m

in
P

v
a

lu
e

C
o

n
tr

o
l

6
5
. 8
t

1
0
. 7

1
1

7
. 7
t

4
8
. 2

9
7
. 9
t

1
8
. 9

7
9

. 7
t

8
. 9

7
1
. 1
t

1
3
. 6

0
. 5

6
t

0
. 0

8

H
ea

te
d

6
. 1
t

2
. 9

4
3

. 2
t

3
2
. 5

2
2
. 9
t

8
. 2

4
1

. 6
t

4
. 0

3
6
. 1
t

6
. 7

0
. 0

7
t

0
. 0

7

E
D

T
A

5
. 9
t

4
. 1

3
0

. 1
t

1
5
. 8

2
9
. 0
t

8
. 1

3
9

. 2
t

1
. 4

3
2
. 9
t

5
. 1

0
. 1

1
t

0
. 0

1

P
en

to
sa

n
1

8
7
. 3
t

1
5
. 2

<
0
. 0

0
1

1
2

1
. 1
t

5
4
. 4

0
. 0

1
7

5
. 5
t

2
3
. 0

–
–

–

p
o

ly
su

lp
h

a
te

1
0

5
6
. 0
t

1
3
. 8

1
2

0
. 5
t

5
0
. 7

8
6
. 4
t

1
4
. 1

<
0
. 0

0
1

6
9

. 5
t

1
8
. 3

0
. 1

4
5

3
. 8
t

1
6
. 8

0
. 1

2
0
. 2

9
t

0
. 0

7
<

0
. 0

0
1

(P
P

S
)

1
0

0
3

0
. 4
t

8
. 7

8
0

. 5
t

3
4
. 1

7
0
. 6
t

1
2
. 0

6
9

. 9
t

1
3
. 4

5
9
. 7
t

1
8
. 4

0
. 1

6
t

0
. 0

3

1
0

0
0

5
. 7
t

3
. 1

1
8

. 3
t

1
0
. 1

2
8
. 6
t

8
. 4

4
8

. 4
t

2
. 3

3
9
. 9
t

4
. 6

0
. 1

6
t

0
. 0

2

D
ex

tr
a

n
1

4
9
. 0
t

1
8
. 4

<
0
. 0

0
1

7
2

. 8
t

3
4
. 5

0
. 0

0
1

6
0
. 5
t

1
3
. 2

<
0
. 0

0
1

su
lp

h
a

te
1

0
4

1
. 6
t

1
3
. 7

8
3

. 0
t

2
9
. 5

7
8
. 2
t

1
6
. 4

6
5

. 7
t

1
1
. 1

0
. 0

0
3

5
5
. 7
t

1
5
. 8

0
. 0

9
0
. 2

4
t

0
. 0

9
0
. 0

0
7

1
0

0
5
. 3
t

2
. 8

1
8

. 0
t

1
2
. 1

2
8
. 5
t

7
. 0

4
4

. 4
t

6
. 5

4
5
. 9
t

1
1
. 6

0
. 1

6
t

0
. 0

7

1
0

0
0

4
. 5
t

2
. 6

1
4

. 6
t

9
. 5

2
8
. 2
t

7
. 4

4
2

. 4
t

3
. 6

3
7
. 1
t

7
. 0

0
. 0

6
t

0
. 0

6

H
u

m
a
n

se
ru

m
w

a
s

a
d

d
ed

to
th

e
w

el
ls

co
a
te

d
b

y
h

ea
t-

a
g
g
re

g
a
te

d
h

u
m

a
n

Ig
G

in
th

e
p

re
se

n
ce

o
r

a
b

se
n

ce
o

f
d

if
fe

re
n

t
d

ru
g
s.

T
h

e
d

ep
o

si
ti

o
n

o
f

se
v
er

a
l

C
fr

a
g
m

en
ts

,
a
s

w
el

l
a
s

th
e

sa
n

d
w

ic
h

E
L

IS
A

w
er

e

p
er

fo
rm

ed
a
s

d
es

cr
ib

ed
in

th
e

M
a
te

ri
a
ls

a
n

d
M

et
h

o
d

s
se

ct
io

n
.

C
o

n
tr

o
ls

in
cl

u
d

ed
se

ru
m

d
il

u
te

d
in

E
D

T
A

-c
o

n
ta

in
in

g
b

u
ff

er
,

a
s

w
el

l
a
s

h
ea

t-
in

a
ct

iv
a
te

d
se

ru
m

.
T

h
e

d
a
ta

(m
ea

n
t

S
E

M
)

a
re

p
re

se
n

te
d

a
s

th
e

ra
te

o
f

in
cr

ea
se

in
o

p
ti

ca
l

d
en

si
ty

(u
n

it
s/

m
in

).
S

ig
n

ifi
ca

n
ce

le
v
el

s
(P

)
fo

r
th

e
co

n
ce

n
tr

a
ti

o
n

-d
ep

en
d

en
t

ef
fe

ct
o

f
th

e
d

ru
g

w
er

e
ca

lc
u

la
te

d
b

y
ra

n
d

o
m

iz
ed

b
lo

ck
s

d
es

ig
n

A
N

O
V

A
.

Table 3. Inhibitory activity of various substances on activation of

complement by aggregated IgG as measured by deposition of C5b-9

Substance

Concn

(mg /ml) % control

IC50

(mg /ml) P value

Pentosan 1 132.7t23.0 87.7 <0.001

polysulphate 10 85.1t21.0

(PPS) 100 46.2t13.2

1000 8.7t4.8

Dextran 1 84.5t31.7 18.7 <0.001

sulphate 10 71.8t23.5

100 9.2t4.8

1000 7.7t4.5

Heparin 1 113.8t13.2 203.2 <0.001

10 90.4t20.1

100 73.3t19.1

1000 19.5t5.3

Fucoidan 1 92.2t7.8 8.2 <0.001

10 30.3t13.5

100 5.2t0.8

1000 5.0t0.8

Polyinosinic 1 111.3t14.6 87.0 0.001

acid 10 97.2t12.4

100 50.3t17.0

1000 5.3t0.9

Compstatin 5 83.2t2.5 30.6 <0.001

10 67.3t3.9

50 42.9t2.5

100 28.6t1.6

Linear control 10 95.2t3.7 not 0.3

peptide 50 95.4t4.1 applicable

100 95.2t1.7

Human serum was added to wells coated by heat-aggregated human

IgG in the presence or absence of different drugs. After 40 min

incubation, the deposition of C5b-9 was measured as described in the

Materials and Methods section. The data (meantSEM) are presented

as a percentage of the values obtained in the control samples containing

no drugs. Significance levels (P) for the concentration-dependent effect

of the drug were calculated by randomized blocks design ANOVA by using

raw data before their transformation.
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indicating that positive feedback mechanisms may exist.

It will be important in the future to test many classes of

compounds to determine which ones can bind CRP and

thus facilitate C activation. This may help in identifying

molecules which perform such a function in vivo.

It is also important to identify agents which can block C

once it is activated. PPS is a particularly interesting

candidate since it is orally active and already approved

as a glycosaminoglycan substitute for treating interstitial

cystitis.18 PPS effectively inhibited activation induced by

CRP as well as by aggregated IgG. Therefore it is likely

that PPS, similarly to other charged compounds, inhibits C

activation at a very early stage. Allan et al.40 showed that

PPS inhibits C1q binding to insoluble immune complexes,

which is consistent with the data reported here. When

compared to other known inhibitors of C activation (see

Table 3), PPS inhibited formation of C5b-9 at concentra-

tions lower than for heparin, similar to polyinosinic acid,

and somewhat higher than dextran sulphate, compstatin

and fucoidan. PPS has already been shown to be beneficial

in experimental models involving C activation.15,16

Examples of human disease where C activation may play

a negative role in the absence of antibody activity include

myocardial infarction,4 –6 ischaemic stroke,41 septic shock,

glomerular injury, multiple organ failure, hyperacute graft

rejection,1,42 atherosclerotic lesions2,3 and Alzheimer’s

disease.8–10,43 Clearly, further investigation of the mecha-

nisms of CRP-induced C activation and methods of C

blockade are warranted.
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