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Complement activation in human prion disease
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The central event in the neuropathological process of prion diseases

(PrD) is the accumulation of abnormal prion protein accompanied by

severe neuronal loss. Despite the infectious nature of these diseases,

no prominent immune response has been detected yet. However,

recent studies have shown that complement, a component of the

innate immune system, is involved in the early pathogenesis of

experimental prion infection. Here we demonstrate, in the diseased

human brains, the presence of active compounds of the complement

system, like C1q and C3b, in extracellular disease-associated prion

protein deposits and the membrane attack complex in neurons. The

neuronal localization of the membrane attack complex correlates well

with the severity of disease-specific pathology and TUNEL labeling of

neurons, irrespective of genotype or molecular phenotype of human

prion diseases.
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Introduction

The central event in the neuropathological process of human

prion diseases (PrD) such as sporadic, variant and familial

Creutzfeldt–Jakob disease (CJD) is the accumulation of abnormal

prion protein (PrPSc) accompanied by rapid neuronal loss and

spongiform change of the neuropil, which suggests an aggressive

pathway of cell destruction (Budka, 2000; Ironside, 2000).

Nuclear fragmentation has been shown in PrD, suggesting that

observed neuronal death is due to apoptosis (Gray et al., 1999).

As in other neurodegenerative disorders, oxidative stress has been
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implicated as an important pathomechanism (Guentchev et al.,

2002).

The complement system is a component of the innate immune

system, primarily playing a role in host defence against patho-

gens. Its activation can be detected also in human neurodegen-

erative diseases including Alzheimer’s disease (AD), Pick’s

disease (PiD), Huntington’s disease (HD), chromosome 13

dementias, Down’s syndrome, as well as in other neurological

diseases likely to show blood–brain barrier disturbance including

cerebrovascular disease, multiple sclerosis (MS), Rasmussen’s

encephalitis and meningitis (Eikelenboom et al., 2002; Gasque

et al., 2000; Morgan et al., 1997; Rostagno et al., 2002; Singhrao

et al., 1999a; Storch et al., 1998; Whitney et al., 1999). Early

and late complement components are associated with neuritic

plaques and neurofibrillary tangles in AD, deposited in areas of

active myelin destruction in MS, in neurons, for example, in

caudate of HD brains or focally in the cortex in Rasmussen’s

encephalitis (Gasque et al., 2000; Storch et al., 1998; Whitney et

al., 1999).

Complement activation is associated with immune response

mechanisms but is also involved in cell death (Gasque et al., 2000).

The final stage of complement activation is the formation of the

membrane attack complex (MAC or C5b-9). It is primarily

involved in cytolytic or cytotoxic activities as well as in stimulating

the generation of reactive oxygen metabolites and enhancing

inflammatory response (Adler et al., 1986; Gasque et al., 2000).

It is now well established that brain cells can express complement

and regulatory proteins (e.g., CD46 and CD59) of the complement

cascade, particularly in response to an infectious challenge (Gasque

et al., 2000; Singhrao et al., 2000). This endogenous source raises

the possibility of complement activation and complement-mediated

neurotoxicity in the brain without blood–brain barrier breakdown.

In fact, early complement cascade proteins co-localize with the

amyloid plaques of human prion disease (Ishii et al., 1984).

Moreover, recent studies suggest an important role of complement

in peripheral prion pathogenesis (Klein et al., 2001; Mabbott et al.,

2001).

In this study, we show that MAC is present selectively in

neurons in PrD brains and correlates well with the severity of the



Fig. 1. Comparison of membrane attack complex (MAC) immunoreactivity in frozen and formalin-fixed, paraffin-embedded sections. (a) MAC

immunoreactivity using the Quidel antibody in the capillary wall in the frozen section of muscle tissue of a case with dermatomyositis. (b) MAC

immunoreactivity using the Quidel antibody in the capillary wall in a section of paraffin-embedded muscle tissue of the same case as shown in a. (c) MAC

immunoreactivity using the Quidel antibody in a neuron in the frozen section of brain tissue of a case with sporadic Creutzfeldt–Jakob disease (PrD-7). (d)

MAC immunoreactivity using the Quidel antibody in a neuron in a section of paraffin-embedded brain tissue of the same case as shown in c. (e) Lack of MAC

immunoreactivity using the Quidel antibody in a neuron in frozen section of brain tissue of a control case (Co-3). (f) Lack of MAC immunoreactivity using the

Quidel antibody in a neuron in a section of paraffin-embedded brain tissue of the same case as shown in e. Scale bar indicates 10 Am.
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Fig. 2. Distribution of complement compounds in PrD brains (a) Patchy or perivacuolar type of prion protein (PrP) immunostaining (left side of picture)

closely matches with C1q immunoreactivity (right side of picture) (PrD-13; temporal cortex). (b) Perineuronal and intense diffuse or synaptic PrP

immunoreactivity (left side of picture) closely matches with C1q immunopositivity (right side of picture) (PrD-17; subiculum). (c) PrP immunopositive

amyloid plaque (left side of picture) is immunostained for C1q (right side of picture) (PrD-22; temporal cortex). (d) C3b intraneuronal immunoreactivity

(NIR) is not seen in the temporal cortex (TCx) of a control brain. (e) Moderate C3b NIR in the hippocampus CA1 region of a PrD case (PrD-4). (f)

Prominent C3b NIR is observed in severely affected TCx in PrD (PrD-15). (Lower right corner) High magnification of C3b NIR. (g) Membrane attack

complex (MAC) NIR is not present in TCx of a control case. (h) Lack of MAC NIR in the non-affected CA1 region (PrD-4, adjacent section to Fig.

1e). (i) Prominent MAC NIR in severely affected TCx in prion disease (PrD-15, adjacent section to Fig. 1f). (Lower right corner) MAC

immunoreactive neurons including one with intraneuronal vacuoles (left side of picture). Scale bars: a–c, 25 Am; e– i, 100 Am; lower right corner insets

of f, i 10 Am.
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disease-specific pathology associated with sustained neuronal

loss.
Materials and methods

Clinical data of cases involved in this study are summarized in

Table 1. Western blot classification of protease-resistant PrP

(PrPRes) was performed according to recent studies (Parchi et al.,

1999).
Immunohistochemistry and evaluation

In addition to conventional histological stainings, immunohis-

tochemistry for glial fibrillary acidic protein (GFAP, DAKO,

polyclonal, 1:4000) was performed. After extensive sampling,

disease-associated PrP deposits were evaluated in PrD cases using

an established protocol and the 3F4 antibody (1:500, Senetek

PLC, Maryland Heights, MO) (Kovacs et al., 2002). Spongiform

change or astrogliosis was graded as none (�), moderate (+) or

prominent (++). For complement immunostaining, we used non-



Table 1

Clinical data of cases involved in our study

Case Disease Sex Age Duration PMI Cause of death Remark

PrD-1 sCJD M 45 12 n.a. Pneumonia 129 MM, PrP type 1

PrD-2 sCJD F 72 10 45 Pneumonia 129 MV

PrD-3 sCJD M 62 8 32 Lung embolism 129 MM

PrD-4 sCJD F 73 3 18 Acute CRF 129 MM, PrP type 1

PrD-5 sCJD F 65 3 22 Acute CRF 129 MM

PrD-6 sCJD M 65 2 46 Pneumonia 129 MM, PrP type 1

PrD-7 sCJD M 73 3 50 Acute CRF 129 MM

PrD-8 sCJD F 65 2 31 Acute CRF 129 MM

PrD-9 sCJD F 70 1 50 Acute CRF –

PrD-10 sCJD F 71 2 16 Acute CRF –

PrD-11 sCJD F 75 2 n.a. Acute CRF –

PrD-12 sCJD F 75 10 n.a. Pneumonia 129 MM, PrP type 2A

PrD-13 sCJD F 72 8 45 Pneumonia 129 MM, PrP type 2A

PrD-14 sCJD F 70 10 n.a. Pneumonia 129 MV, PrP type 2A

PrD-15 sCJD M 75 6 n.a. Pneumonia –

PrD-16 sCJD F 67 12 13 Pneumonia multiple microabscesses

PrD-17 sCJD F 78 12 28 Pneumonia –

PrD-18 fCJD M 60 12 21 Pneumonia D178N, 129 VV

PrD-19 fCJD M 66 8 9 Sepsis E200K, 129 MV

PrD-20 fCJD F 66 3 5 Sepsis E200K, 129 VV, PrP type 2A

PrD-21 fCJD F 75 3 n.a. Pneumonia E200K, 129 MM

PrD-22 GSS M 41 34 45 Pneumonia P102L, 129 MM, PrP type 1

PrD-23 vCJD F 18 13 24 Acute CRF 129 MM, PrP type 2B

PrD-24 vCJD F 25 7 11 Pneumonia 129 MM

PrD-25 vCJD F 33 30 72 Acute CRF 129 MM, PrP type 2B

AD-1 AD F 65 >24 5 Acute CRF Braak and Braak stage V

AD-2 AD F 80 >24 15 Acute CRF Braak and Braak stage V

AD-3 AD F 77 >24 28 Pneumonia Braak and Braak stage V

AD-4 AD M 62 >24 11 Pneumonia Braak and Braak stage VI

AD-5 AD M 82 >24 5 Pneumonia Braak and Braak stage VI

AD-6 AD F 81 >24 25 Acute CRF Braak and Braak stage V

Co-1 Control F 78 – 45 Pneumonia Myocardiac infarction

Co-2 Control M 72 – 5 Acute CRF Guillain–Barre syndrome

Co-3 Control F 69 – 35 Pneumonia Small cell lung cancer

Co-4 Control M 62 – 50 Pneumonia B-cell acute lymphoid leukemia

Co-5 Control M 67 – 5 Pneumonia COPD

Co-6 Control M 63 – 69 Acute CRF Myocardiac infarction

Co-7 Control F 76 – 45 Acute CRF Myocardiac infarction

Co-8 Control M 35 – 21 Acute CRF Acute gastric bleeding

Co-9 Control M 65 – 17 Acute CRF Myocardiac infarction

Co-10 Control F 55 – 68 Pneumonia Lung fibrosis

Age is given in years, and duration of disease is given in months; PrD: prion disease; sCJD: sporadic, fCJD: familial, vCJD: variant Creutzfeldt–Jakob disease;

GSS: Gerstmann–Sträussler–Scheinker disease; AD: Alzheimer’s disease; Co: control; CRF: cardiorespiratory failure, COPD: chronic obstructive pulmonary

disease; PMI: interval between death and post mortem in hours; n.a.: not available. Under ‘‘Remarks’’, the PRNP genotype and PrPres type according to Parchi

et al. (1999) are given for PrD when available; for the CERAD definite AD cases, the Braak and Braak staging is given.
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formic acid-treated formalin-fixed tissue blocks of cerebellum,

temporal cortex with hippocampus and occipital or frontal cortex.

In vCJD cases, we examined the medial thalamus, putamen,

pallidum and frontal cortex. For the detection of complement

proteins, the following antibodies were applied: C1q (polyclonal,

1:200; pretreatment with 0,03% proteinase K for 5 min, Dako),

C3b (monoclonal, 1:100, pretreatment with pH 6.0 citrate buffer,

produced in the laboratory of P. Gasque), C5b-9 (monoclonal,

1:100, pretreatment with pH 9.9, Quidel). C5b-9 is directed

against an epitope on C9 that is present only when MAC has

been assembled. Additionally, we applied previously described

polyclonal antibodies against complement regulatory proteins

CD46 (membrane cofactor protein) and CD59 (protectin or

membrane inhibitor of reactive lysis) using pretreatment with

pH 6.0 citrate buffer (both 1:200, produced in the laboratory of
P. Gasque) (Singhrao et al., 1999b). The pretreatment for each

antibody was defined after pilot testing of different pre-treatments

(e.g., pH 9.9, pH 6.0, 0.03% proteinase K, and 1 min 88% formic

acid) on paraffin-embedded blocks of temporal cortex of one

sporadic CJD, one AD case and muscle tissue from a case

pathologically classified as dermatomyositis.

To demonstrate the reliability of C5b-9 immunohistochemistry

on paraffin sections, we immunostained non-pretreated frozen

sections, after mild fixation in chilled acetone for 10 min, and

pretreated sections (pH 9.9) of paraffin-embedded muscle tissue

from a case with pathologically confirmed dermatomyositis addi-

tionally to the temporal cortex in one sCJD (PrD-7) and one control

case (Co-3). We also compared three antibodies raised against C5b-

9, including one from Dako (1:50), Quidel and Calbiochem

(1:500).
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Distribution of neuronal immunoreactivity (NIR) of examined

complement components and regulatory proteins was scored as

none (� ), few (+) or many (++) in the temporal cortex and

hippocampus CA1 region in sCJD and fCJD cases. These have

been shown to display both areas with prominent as well as little or

no pathology (Guentchev et al., 1997). As secondary immunolab-

eling system, we used the ChemMatek DAB detection kit (Dako).

Negative controls included omission or substitution of primary

antibodies by nonspecific, isotype-matched antibodies.

TUNEL method for the detection of fragmented DNA

Adjacent sections to C5b-9 immunolabeled sections of the

temporal cortex including the hippocampus from three cases

(PrD-8, 17, 20) were pretreated with 25 Ag/ml Proteinase K for

20 min at 37jC. Then we followed the instructions of the ‘‘In situ

cell death detection kit, AP’’ from Roche.

Laser confocal microscopy (LCM)

Immunofluorescent labeling for MAC was evaluated on sec-

tions (3 Am) of basal ganglia or thalamus in vCJD, and temporal

cortex and hippocampus in sCJD and fCJD, by a ZEISS LSM 510

confocal laser microscope. The fluorescent-labeled secondary

antibody for anti-MAC (C5b-9; Quidel) was Alexa Fluor 488 goat

a-mouse IgG (1:200 Molecular Probes, USA). We used the Argon

488 nm laser to elicit the immunofluorescent signal. In an adjacent

section, we visualized the TUNEL reactive cells as well. To

demonstrate nonspecific autofluorescence (e.g., lipofuscin), we

applied a He/Ne 633 nm laser.
Table 2

Comparison of the distribution of complement compounds in prion-diseased (Pr

(CA1)

Case C1q NIR C3b NIR C5b-9 NIR

CA1 TCx CA1 TCx CA1

PrD-1 � + + + �
PrD-2 + + + + �
PrD-3 + + + + �
PrD-4 � + + + �
PrD-5 � + + ++ �
PrD-6 � � + + �
PrD-7 � � + + �
PrD-8 � � + + �
PrD-9 � � + ++ �
PrD-10 � � � + �
PrD-11 � � + + �
PrD-12 � � + + �
PrD-13 � � � + �
PrD-14 � � + ++ +

PrD-15 � � + ++ �
PrD-16 � � � + �
PrD-17 � � + ++ �
PrD-18 � + + � +

PrD-19 � � ++ � ++

PrD-20 + + + + +

PrD-21 + + ++ ++ �
PrD-22 � � � � �
NIR: neuronal immunoreactvity. Semiquantitative evaluation: none, � ; few NIR

change, ++. G: severe gliosis, no typical spongiform change; PrP immunostaining

perineuronal. Disease types: sCJD, sporadic; fCJD, familial Creutzfeldt–Jakob d
Results

Evaluation of antibodies used

All antibodies used against C5b-9 show immunoreactivity on

sections of frozen tissue. In sections from paraffin-embedded

muscle and brain tissue, the Quidel C5b-9 antibody seems to give

superior results that were comparable with frozen sections (Fig. 1).

The Dako antibody does not show immunoreactivity, while sec-

tions with the Calbiochem antibody exhibit strong background

staining of the neuropil.

Distribution of complement components C1q, C3b and C5b-9

C1q immunoreactivity is seen predominantly in regions with

aggregated PrP deposits like patchy or perivacuolar, intense diffuse

or synaptic, or PrP immunopositive plaques (Figs. 2a–c). C1q NIR

is observed in five sCJD and three fCJD cases without any distinct

feature. Astro- and microglia are immunolabeled in severely

destructed areas.

C3b immunoreactivity is observed in PrP plaques. Moderate to

prominent amount of C3b NIR is noted in all cases in cortical areas

exhibiting moderate or severe neuropathologic changes (Figs. 2e

and f). Distribution of C3b NIR does not correlate with neuropa-

thology (Table 2). In the cerebellum, moderate C3b NIR is seen in

the granular and molecular layer in 17 PrD cases.

C5b-9 immunoreactivity is not seen in PrP immunodeposits.

However, irrespective of molecular, genetic or PrP immunostain-

ing phenotype, all PrD brains show C5b-9 NIR in at least one of

the examined areas. Correlation with severity of neuropatholog-
D) brains in affected areas (TCx: temporal cortex) and non-affected areas

Pathology PrP ICH

TCx CA1 TCx CA1 TCx

+ � + � Syn/Pl +

+ � G++ Syn + Syn + +

+ � G++ � Syn +

+ � + � Syn +

+ + � + + � Syn + +

+ + � + + � Syn + +

+ + � + + � Syn + +

+ + � + + � Syn + +

+ + � + + � Syn + +

+ � + Syn + Syn +

+ � + � Syn/Pl +

+ � G++ Syn + Syn +

+ + � + + � P/Pv + +

+ + + + + Syn/Pl + Syn/Pl/Pn + +

+ + � + + � Syn/Pl/Pv + +

+ + � + + � Syn + +

+ + � + + � Syn/Pn + +

+ + + + + Syn/Pn + Syn + +

+ + + + + + Syn/Pn + + Syn/Pv + +

+ + + + + Syn + Syn/Pl + +

+ � + � Syn +

+ � G++ Syn/Pl + + Syn/Pl + +

or moderate spongiform change, +; many NIR or prominent spongiform

(IHC) patterns: Syn, diffuse or synaptic; Pl, plaque; Pv, perivacuolar; Pn,

isease; GSS, Gerstmann–Sträussler–Scheinker disease; n.d., not done.



Fig. 3. Laser confocal microscopy imaging of neuronal membrane attack complex (MAC) deposition and its correlation with TUNEL reactivity. (a–c) MAC

deposits in neurons of severely destructed thalamus in variant Creutzfeldt– Jakob disease (vCJD). Green color represents MAC (a), red color indicates

autofluorescence (b). All colors are combined in c. (d– f) MAC deposits in neurons of severely destructed temporal cortex in familial CJD (PrD-20). Green

color represents MAC (d), red color indicates autofluorescence (e). All colors are combined in f. (g– i) TUNEL-reactive cells in a consecutive section of d– f.

Green color represents TUNEL labeling (g), red color indicates autofluorescence (h). All colors are combined in i. White arrowheads indicate the same neurons

in f and i. Scale bars: a–c, 10 Am; d– i, 20 Am.
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ical lesion is observed in 18 out of 22 examined sporadic and

genetic PrD cases (Table 2; Figs. 2h and i). Those brains without

correlation (PrD cases 2, 3, 12, and 22) exhibit very advanced

pathology with pronounced astrogliosis and neuronal loss with

rarefraction of the neuropil. Here, only few neurons with shrunk-

en nuclei remain and show C5b-9 NIR. In the cerebellum, 19

cases show variable C5b-9 NIR predominantly in the granular and

occasionally in the molecular layer. Variant CJD cases also

exhibit abundant C5b-9 NIR in the affected thalamus. LCM

examination reveals membrane-related and cytoplasmic deposits

(Figs. 3a–c). In the three cases examined, areas showing neuronal

TUNEL reactivity overlap with those exhibiting MAC deposits

(Figs. 3d– i).
Conversely, no detectable immunostaining for complement

proteins is observed in control human brains (Figs. 2d and g),

apart from occasional C1q NIR in one case (69-year-old female

patient with lung neoplasm, Co-3) and another one with a few C3b

NIR in the CA region (76-year-old female with myocardial

infarction, Co-7).

The AD tissue reveals C1q and C3b immunostaining of beta-

amyloid deposits, dystrophic neurites and tangled neurons. Weak

C5b-9 immunoreactivity is seen in tangled neurons and dystrophic

neurites. Occasional NIR is seen in CA regions with all three

antibodies including immunopositivity with anti-C1q of apical

dendrite fragments in CA1. NIR does not show correlation with

pathological changes.



Fig. 4. Graphical representation of the percentage (%) of cases showing

many or few neurons immunolabeled for complement regulatory proteins

CD46 (left half of graph) and CD59 (right half of graph) in prion disease

(PrD) and controls (Co) in the CA1 region and the temporal cortex (TCx).
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Distribution of complement regulatory proteins CD46 and CD59

We observe immunopositivity in all investigated cases for both

proteins, which is present in neurons, astro- and microglia, endo-

thelial cells of vessel walls and occasional Hirano bodies. More-

over, we note more CD46 NIR in PrD brains as compared to

controls; there is no correlation with severity of pathology (Fig. 4).

CD59 NIR is weaker, but still distinguishable from the back-

ground, than that of other antibodies used in our study. We note it

in many neurons in CA regions in both controls and PrD brains;

however, in the affected temporal cortex, fewer neurons were

immunolabeled in PrD (Fig. 4).
Discussion

We present herein for the first time evidence for terminal

complement activation in human PrD brains. The MAC is essen-

tially localized onto the membranes of neurons, as well being

cytoplasmic, suggesting that complement-mediated cell toxicity

and occasional lysis may be a part of the pathomechanisms causing

cell death in PrD. Furthermore, sublytic levels of C5b-9 can also

participate in the stimulation of cells as well as apoptotic activities
against neurons (Gasque et al., 2000). It is still enigmatic how the

complement system can be activated in PrD. It might be initiated

by the disease-specific conformational change of PrP, which is a

basic phenomenon in PrD (Prusiner, 1998), analogous to A-beta of

AD (Gasque et al., 2000), by free radicals (Collard et al., 1999;

Guentchev et al., 2002), or alternatively by components associated

with infectivity, yet to be characterized. The fact that the extracel-

lular amyloid deposition might prevent the efficient degradation of

complement proteins (e.g., C1q) can lead to a chronic activation of

the downstream cascade.

Our and previous data suggest that the classical pathway is

involved, as C1q is found in aggregated PrP deposits (Figs. 2a–c)

(Ishii et al., 1984). The presence of active complement compounds

along with increased complement mRNA levels (Dandoy-Dron et

al., 1998) suggests that complement activation is likely to be a

general response in PrD brains. Interestingly, deposition of early

and late compounds of the complement cascade correlates well

with tissue pathology. Neuronal MAC is observed in a more

advanced stage of degeneration (e.g., temporal cortex, Fig. 2i),

whereas C3b, an earlier member of the complement cascade, is

seen also in better preserved regions (Fig. 2e). Thus, the presence

of extensive neuronal MAC associated with tissue injury and

increased vulnerability for cell death (Figs. 3d– i) (Stadelmann et

al., 1998) seems to be a distinguishing feature of PrD, although

complement activation in neurons of the caudate in HD and focally

in Down’s syndrome with Alzheimer’s disease has also been

described (Singhrao et al., 1999a; Stoltzner et al., 2000). Both

latter studies used formalin-fixed tissue as well as snap frozen

tissue in HD. Cytoplasmic immunoreactivity for complement

proteins could be due to prolonged fixation and internalization of

the antigen as well as reflecting the physiological membrane

internalization process (Singhrao et al., 1999a). However, we

demonstrate the presence of MAC in neurons also in frozen

sections of PrD (Fig. 1).

CD46 blocks formation of C3 convertases that are responsible

for the cleavage of C3 into C3a and C3b, and is an important

cofactor for inactivation of C3b (Makrides, 1998). Its increased

expression by neurons suggests a general response to early

complement activation. In other diseases, like AD or atheroscle-

rosis, malfunction of CD59, a blocker for MAC assembly on host

cells (Makrides, 1998; Morgan, 1999), was already suggested as a

pathogenomic mechanism (Yang et al., 2000; Yasojima et al.,

1999, 2001). In this study, we do not find increased neuronal

expression of CD59 in severely affected areas in PrD. Thus,

presence of MAC in the absence of inhibition by CD59 might be

the route for cell death seen in PrD.

Our study further highlights the possible contribution of the

locally produced complement system, presumably in response to

the infectious agent, which may lead to severe neuronal loss. The

role of complement activation in PrD pathology might be multi-

factorial; either by generation of oxidative stress and inducing

apoptotic cell death, or occasionally by leading to cell lysis with

consecutive damage of the neuropil and microglial activation. This

may serve as a rationale for a new therapeutic approach to PrD

development in the brain.
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