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Part II: chapter 7 

Abstract 

Increasing evidence suggests a role for the immune system in amyotrophic lateral 
sclerosis (ALS). To determine the extent of the immune activation in ALS we analyzed the 
expression and cellular distribution of components of innate and adaptive immunity in spinal 
cord (SC) and motor cortex (MCx) from patients with rapid and slow progressive sporadic ALS 
and controls. High levels of classical complement pathway, C1q and C4 mRNA and protein were 
found in all ALS samples. Furthermore, we found higher numbers of activated microglia, reactive 
astrocytes, dendritic cells (DCs) and CD8+ T-cells in ALS than in control tissue. In addition, rapid 
ALS cases had more dendritic cells than slow ALS cases, whereas slow ALS cases had more 
activated microglia than rapid ALS cases.  

Our findings demonstrate a persistent and prominent activation of both innate and 
adaptive immunity in ALS. We propose a complement-driven immune response which may 
contribute to the progression of the inflammation and ultimately lead to motor neuron injury. 
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Introduction  

Amyotrophic lateral sclerosis (ALS) is a progressive and fatal neurodegenerative disease 
affecting both upper and lower neurons. The disease has an incidence rate of approximately 
1:100,000. Of all cases about 90% are sporadic and 10% familial.  

In the last decades, increasing numbers of experimental and clinical observations have 
reported inflammatory reactions in ALS tissue, which indicate the involvement of both the 
innate and adaptive immune responses (for reviews see (McGeer and McGeer, 2002; Moisse 
and Strong, 2006; Weydt et al., 2002). Impairment of the blood-brain barrier (BBB) facilitates 
the influx of adaptive immune cells and diffusion of plasma derived complement components 
(Humayun et al., 2009; Zipp and Aktas, 2006). Activation of the complement system, a major 
component of the innate immune response, is found in many neurodegenerative diseases 
(Goldknopf et al., 2006; Zipp and Aktas, 2006). The complement system is a self-amplifying 
cascade of proteases (Tomlinson, 1993). Activation results in 1) attraction and activation of 
phagocytes (Frank and Fries, 1991; Schraufstatter et al., 2002); 2) opsonisation; and 3) 
formation of the membrane attack complex (MAC or C5b-9) (Bhakdi and Tranum-Jensen, 1991). 
In the central nervous system (CNS) some complement factors, including C1q, C4 and C6 are 
locally produced (de Jonge et al., 2004; Lobsiger et al., 2007; Padilla-Docal et al., 2009; Tsuboi 
and Yamada, 1994), whereas others are derived from the blood.  

Activation of an inflammatory response is also observed in rodent models of ALS 
(McGeer and McGeer, 2002), involving the activation of microglia and astrocytes, which are a 
major source of pro-inflammatory molecules (Ferraiuolo et al., 2007; McGeer and McGeer, 
2002). In addition, upregulation of Complement 1q (C1q) is reported in spinal cord of superoxide 
dismutase-1 (SOD1) G93A mutant mice (Ferraiuolo et al., 2007). Inhibition of complement 
receptor 5a signaling prolonged survival of the SOD1 G93A mutant mice and rats (Humayun et al., 
2009; Woodruff et al., 2008a; Woodruff et al., 2008b).  

In view of these results we measured both the innate and adaptive immune response in 
human sporadic ALS and controls. Attention has been focused, in particular, on the activation of 
the complement cascade.We studied the inflammatory response in sixteen ALS cases. The ALS 
group was subdivided into rapid progressing (survival ≤ 18 months) and slow progressing ALS 
(survival ≥ 48 months). Immunohistochemistry and in-situ hybridization was performed to study 
the distribution of inflammatory cells and complement system components in ALS spinal cord 
(SC) and motor cortex (MCx), at both the protein and mRNA level. 
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Materials and Methods 

Subjects 

Tissue from the 16 ALS and 10 control cases used in this study was obtained from the 
department of Pathology of the Academic Medical Center (University of Amsterdam) and the 
Netherlands ALS tissue bank. The clinical and neuropathological features are summarized in 
Table 1. All cases were reviewed independently by two neuropathologists and diagnosed 
according to the standard histopathological criteria (Chou, 1995). The cases were separated into 
two groups, depending on the duration of the disease. One group included 6 cases with a rapid 
disease progression (survival ≤ 18 months) and one group included 10 cases with a slow disease 
progression (survival ≥ 48 months).  Control tissue was obtained from 10 patients who had died 
from a non-neurological disease. Informed consent was obtained for the use of brain tissue and 
for access to medical records for research purposes. All autopsies took place within 12 hours 
after death.  

Tissue preparation and immunohistochemistry  

Upon removal of the spinal cord, 0.5 cm thick slices were prepared from the cervical 
(C7), thoracic (T4 and T8) and lumbar (L1) levels, then stored at -80oC; the remainder of the cord 
was fixed in 10% buffered formalin. Primary motor cortex regions responsible for bulbar, arm 
and leg motor control were treated in the same fashion. In this study, motor cortex regions 
responsible for the primary site of onset were used (shown in table 1). The ALS group consisted 
of 6 rapid ALS and 10 slow ALS cases.  

Paraffin-embedded tissue was sectioned at 6 µm and mounted on organosilane (3-
aminopropylethoxysilane; Sigma, Zwijndrecht, The Netherlands) -coated slides. Cryosections (6 
µm thick) were air-dried overnight and fixed for 10 minutes in acetone. Representative sections 
of all specimens were stained with hematoxylin and eosin, Klüver-Barrera and Nissl stains.  

Paraffin or cryosections were immunostained using the primary antibodies summarized 
in Table 2. For the majority of the antibodies heat-induced antigen retrieval (in 10 mM sodium-
citrate buffer pH 6.0), was required. Immunoreactivity to the primary antibodies was detected 
with either power vision (Immunologic, Duiven, the Netherlands) or two step directly labeled 
secondary antibodies (hydrogen peroxidase conjugated, avidin-alkaline phosphatase conjugated 
(Dako, Glostrup, Denmark); or conjugated to an AlexaFluor-488 or AlexaFluor-568 (Invitrogen, 
Carlsbad, USA). Diaminobenzidine (DAB) (Dako, Glostrup, Denmark) was used for peroxidase 
staining in conjuction with hematoxilin as counterstain for nuclei. Fast blue BB (Sigma Aldrich, St 
Louis, USA) was used for alkaline-phosphatase staining. 

For the immunofluorescent staining fluorophores AlexaFluor-488 (activation 488 nm 
emission green and AlexaFluor-568 (activation 568 nm, emission red) were used. Slides were 
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counterstained with 4,6-diaminodine-2-phenylindole (DAPI) (Sigma Aldrich, St Louis, USA) and 
enclosed in vectashield mounting media (Vector Laboratories Inc, Burlingame, USA).   

Cases Gender Site of onset Age (years) Disease 
duration 
(months) 

Rapid ALS 

(survival ≤ 18 months) 

1 F Arm 56 7 

2 F Leg 70 7 

3 M Arm 50 13 

4 M Bulb 61 16 

5 M Leg 55 18 

6 M Leg 58 8 

Slow ALS 

(survival ≥ 48 months)  

7 F Arm 39 130 

8 M Bulb 40 72 

9 M Arm 41 96 

10 M Leg 35 48 

11 M Arm 50 54 

12 M Arm 55 48 

13 F Bulb 63 72 

14 F Bulb 65 51 

15 M Arm 67 90 

16 F Bulb 68 52 

Controls 17 M n/a 30 n/a 

18 M n/a 48 n/a 

19 M n/a 60 n/a 

20 F n/a 70 n/a 

21 M n/a 72 n/a 

22 M n/a 79 n/a 

23 M n/a 60 n/a 

24 M n/a 62 n/a 

25 V n/a 71 n/a 

26 M n/a 40 n/a 

Table 1: Clinical data of cases. ALS: Amyotrophic lateral sclerosis; M: male; F: female, n/a: not applicable. Site of onset: 
region in which first symptoms occurred, Bulb: bulbar onset. Age: years. Disease duration: time from diagnosis until 
death in months.  
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Light microscopy  

An Olympus Microscope BX41 (Olympus, Zoeterwoude, The Netherlands) was used to 
determine DAB positivity. Spinal anterior horn, white matter of the spinal cord and motor cortex 
regions were examined. Imaging was performed using an Olympus B12 camera (Olympus, 
Zoeterwoude, The Netherlands) and imaging software Cell D (Olympus, Zoeterwoude, The 
Netherlands). 

Antigen Type Dilution Art. #/ company 

GFAP Mouse monoclonal, clone 6F2 1:50* DAKO M0761  

GFAP Rabbit polyclonal  1:4000*  

1:400** 

DAKO Z0334 

Vimentin Mouse monoclonal, clone V9  1:1000 * 

1:100** 

DAKO M0725 

Human serum albumin Rabbit polyclonal 1:20000* DAKO A0001 

HLA-DR Mouse monoclonal, clone CR3/43   1:100* DAKO M0775  

CD68 Mouse monoclonal, clone PG-M1 1:200* DAKO M0876 

DCsign/CD209  Mouse monoclonal, clone DCN46 1:50* BD Pharmingen 551249 

CD3 Rabbit monoclonal, clone  SP7 1:400* NeoMarkers RM-9107-S 

CD4 Mouse monoclonal, clone 4B12l 1:100* NeoMarkers MS-1528-S 

CD8 Mouse monoclonal, clone 
C8/144B 

1:100* DAKO M7310   

CD20 Rabbit polyclonal 1:1000* DAKO M0755 

C1q Rabbit polyclonal 1:200* DAKO A0136 

C1q Goat polyclonal 1:100* SIGMA C3900*** 

C3c Rabbit polyclonal 1:100* DAKO A0062 

C3d Rabbit polyclonal 1:200* DAKO A0063 

C5b-9 Mouse monoclonal 1:200** DAKO M777 

C5b-9 Rabbit polyclonal  1:200* Calbiochem 204903 

MBL Mouse monoclonal, MBL6 1:100* Gift from BCR – Sanquin 

CD59 Mouse monoclonal, clone MEM43 1:100* Sanquin M2121  

Table 2: List of primary antibodies used for immunohistochemistry. * Dilution for paraffin sections; ** dilution for 
frozen sections, ***Antibody discontinued from this source. 

Immunofluorescence 

 Immune fluorescent double staining was analyzed using a LEICA-2 DM IRBE confocal 
microscope (LEICA Microsystems B.V., Rijswijk, The Netherlands), images of the anterior horn 
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and white matter of the spinal cord were taken using separate fluorescent filters using Leica 
Confocal Software with smart gain and smart offset.  Fluorophores Alexafluor-488 (activation 
488 nm, emission green) and Alexafluor-568 (activation 568 nm, emission red) were used for 
antigen detection; nuclei were stained with DAPI (activation UV emission blue) (not shown).  

Quantification 

Labeled tissue sections were examined by two investigators with respect to the 
presence or absence of various histopathological parameters and specific immunoreactivity (IR) 
to the markers used. For the analysis of the SC 4 anterior horns and 4 areas of white matter 
adjacent to the anterior horn (anterior-lateral corticospinal tracts from lumbar sections (L1/L2)) 
were scored per patient. For the analysis of the MCx, 4 areas from the surface to the deeper 
layers were scored per patient.  

 For the complement components, the intensity of C1q, C3c, C3d and C5b-9 (MAC) 
immunoreactivity was evaluated using a scale of 0-3 (0: no; 1: weak; 2: moderate; 3: strong 
staining). The score represents the predominant cell staining intensity found in each case within 
the region examined. The frequency of positive cells [(0) negative; (1) rare; (2) sparse; (3), high 
was also evaluated to give information about the relative number of positive cells within the SC 
and MCx. The product of these two values (intensity and frequency scores) was taken to give the 
overall score (immunoreactivity total score). Cellular markers HLA-DR, vimentin, glial fibrillary 
acidic protein (GFAP), CD3, CD8 and DC-SIGN (CD209) were also quantitatively analyzed, as 
previously described (Harter et al., 2010).  

In situ hybridization on C1q and C4 using Locked Nucleic Acid probes (LNA) 

In situ hybridization were performed using 5' Fluorescein-labelled 19mer antisense 
oligonucleotides containing LNA and 2'OME RNA moieties (C1q: FAM-TggTccTugAugTuuCcuG; C4: 
FAM-TauTucTucAccTcaAacT capitals indicate LNA and lower case are 2'OME RNA)(RiboTask ApS, 
Odense, Denmark). In situ hybridization was performed according to the method earlier 
described by Budde et al. (Budde et al., 2008), using 6 µm thick paraffin sections of spinal cord 
and cortex. In short: sections were deparaffinated and treated with proteinase K (20 mg/ml) 
(Roche Diagnostics, Indianapolis, US) for 5 minutes and post fixed in 4% formalin. Hybridizations 
were performed at 65°C for C1q and 60°C for C4 for 90 minutes in hybridization mix ((50% 
vol/vol) deionized formamide, 600 mM NaCl, 10 mM HEPES buffer, pH 7.5, 1 mM EDTA, 5 
Denhardt’s reagent, and 200 mg/ml denatured herring sperm DNA (D6898, Sigma)).  Final probe 
concentration was 1 mM. Following hybridization, sections were washed consecutively in 2x, 
0.5x and 0.2x SSC buffer for 5 minutes at hybridization temperature. Probe was detected using a 
polyclonal rabbit anti Fluorescein/Oregon Green (AbP Serotec, Oxford, UK) and polyclonal goat 
anti-rabbit-HRP conjugated (1:100, 60 minutes) (P0448, DAKO, Glostrup Denmark). HRP was 
visualized using standard 3-Amino-9-ethyl-carbazole (AEC) (Sigma Inc., St Louis, USA). Sections 
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were counterstained with hematoxylin (Sigma Chemie GmbH, Steinheim, Germany) and 
mounted in gelatin.  

RNA Isolation and cDNA Synthesis 

Fresh frozen sections of 20µm thickness were transferred to TrizolReagent (Invitrogen, 
Carlsbad, USA), and allowed to dissolve on ice. The RNA was extracted with chloroform (Merck 
KGaA, Darmstadt, Germany) from the Trizol suspension using phase lock gel heavy 15 ml tubes 
(Eppendorf 5 prime GmbH, Hamburg, Germany). RNA purification was performed using the 
NucleoSpin RNAII kit (Magery-Nagel GmbH, Düren, Germany); RNA was transferred onto a 
NucleoSpin column and treated with DNAse and eluted in 60 µl RNAse free H2O.  RNA quality 
indicated by the presence of 28s and 18s bands was confirmed by agarose gel electrophoresis. 
RNA was stored at -80°C until further use.  

1 µl OligodT12-VN (125 pmol/µl)(Sigma Chemie, Zwijndrecht, The Netherlands) primers 
were added to 0.25-1 µg RNA, volume was made up to 10 µl by adding RNAse free H2O. Sample 
was denatured at 72°C for 10 minutes. For reverse transcriptase reaction, dNTPs (10 mM)(Solis 
BioDyne, Tartu, Estland), MgCl2 (25 mM) (Merck KGaA, Darmstadt, Germany), 5 µl first strand 
buffer (Invitrogen, Carslbad, USA) and SuperScriptII enzyme (Invitrogen, Carlsbad, USA) were 
added. Mixture was kept at 42°C for one hour. The reaction was stopped at 70°C for 15 minutes. 
Quality of cDNA was confirmed by gel electrophoresis on a 2% agarose gel. The cDNA was stored 
at -20°C until further use. 

Probe sequence Size (nt) Universal probe no. SIGMA 

C1q Fw - gcatccagttggagttgaca 

Rv - acagagcaccagccatcc 

20 

18 

13 

C4  Fw - ccacgtcctgctgtattttg 

Rv - ttcctgcacagcctcaaag 

20 

19 

10 

Table 3: Primer sequences. Sequences of primers used for qPCR analysis. Size in nucleotides (nt), Fw: forward, Rv: 
reverse. Primer sequence is given from 5’to 3’end. 

Real-time quantitative PCR analysis (qPCR) 

Expression of C1q and C4 mRNA was analyzed by qPCR on a LightCycler 480 Real-Time 
PCR system (Roche Applied Science) using Universal probes (Roche Diagnostics GmbH, 
Mannheim, Germany).PCR data were normalized to the expression of the housekeeping gene 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 1 µl cDNA of patient samples was 
transferred to a 384 well plate, 5µl of PCR mix containing: forward and reverse primers, 
universal probe (table 3), probe mastermix and RNAse free H2O was added. Control spinal cord 
sample was used as a positive calibrator, RNAse free water was used as a negative control. After 
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55 cycli qPCR data were analyzed using the light cycler software (Roche). For quantification, the 
“advanced relative quantification” option in the program was used (Karlen et al., 2007; 
Ramakers et al., 2003).   

Statistical analysis 

SPSS for Windows (SPSS 11.5, SPSS Inc., Chicago, IL, USA) was used for the statistical 
analysis of the date. To test for differences between the ALS types and controls, we determined 
whether variables followed a normal distribution. Accordingly T-test or Wilcoxon-Mann-Whitney 
test was used. ANOVA or Kruskal Wallis test was used with Bonferroni correction. Correlations 
were calculated between individual disease parameters (age, duration of the disease, gender 
and site of onset) of all patients and their immunoreactivity for the immune markers using 
Pearson’s product moment correlation (ρ).  

Results 

The classical pathway of the complement system is activated in human ALS tissue 

Immunohistochemistry was used to examine the pattern of C1q, C3c, C3d and C5b-C9 
(MAC) positivity in control and ALS spinal cord (SC) and motor cortex (MCx). We found that both 
neurons and resting glial cells in control autopsy specimens did not express detectable levels of 
any of the downstream complement components C3c, C3d and C5b-9 (Fig. 1).  

Low levels of C1q expression were evident in some control tissues (Fig. 2). In contrast, both early 
and late complement component immunoreactivity was detected within all the ALS specimens. 
Complement C1q was present in ventral horn and white matter (anterior-lateral and 
corticospinal tracts) of ALS SC and MCx, whereas the controls were virtually negative for C1q (Fig. 
1 A-D, SC; MCx, not shown). 

Immunoreactivity for the activated complement fragments C3c (not shown), C3d (Fig. 1 
E-F) and C5b-9 (Fig. 1 G-H) were also found in SC and MCx (not shown) of ALS patients. 
Expression of all four complement components was observed in glial cells, rather than in 
neurons. Quantification of immunoreactivity (IR) for the different complement factors on 
microglia showed that complement activation was significantly higher in ALS patients than in 
control tissues (P < 0.05; Fig. 2 A-D).  

Most complement components are not locally produced in the nervous system, but 
plasma-derived. We found evidence for a leaky BBB by using albumin immunohistochemistry in 
the ALS tissues. Albumin extravasation was not observed in control specimens (data not shown).  
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Figure 1: Distribution of complement factors immunoreactivity (IR) in ALS spinal cord (SC). A and B: representative 
photomicrographs of immunohistochemical staining for C1q in control cervical spinal cord (SC) showing no detectable 
immunoreactivity (IR) in neurons (arrows) and in the majority of glial cells in both ventral horn (VH) (A) and white matter 
(WM)(B, lateral corticospinal tract); C and D: representative photomicrographs of immunohistochemical staining for C1q 
in ALS SC. A substantial increase in IR was observed in ALS SC, with numerous glial cells in both VH (C; arrow heads; 
arrows indicate positive neurons) and WM (D, lateral corticospinal tract; arrows); inserts (a):  C1q immunoreactive cells, 
with the morphology of reactive astrocytes; inserts (b): C1q immunoreactive cells, with the morphology of macrophages. 
E and F: representative photomicrographs of immunohistochemical staining for C3d in ALS showing immunoreactive glial 
cells (arrows) in both VH (E) and WM (F), lateral corticospinal tract); insert in E and insert (a) in F show immunoreactive 
cells surrounding blood vessels; insert (b) in F show a strong C3d positive cell with the morphology of a reactive astrocyte. 
G and H: representative photomicrographs of immunohistochemical staining for C5b-9 (MAC) in ALS showing numerous 
immunoreactive glial cells (arrows) in both VH (G) and WM (H, lateral corticospinal tract). Inserts (a) control SC without 
detectable expression of MAC (C5b-9) in both neurons and glial cells. Inserts (b) show MAC (C5b-9) positive glial cells in 
ALS SC (surrounding a motor neuron in G). Scale bar in A: A, B, G, H: 150 µm; E: 80 µm; D, F: 40 µm. 
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Figure 2: Quantification of complement immunoreactivity on microglia in control and ALS spinal cord (SC) and motor 
cortex (MCx). A: Quantification of microglia immunoreactivity (IR-score) for C1q protein in spinal cord white matter (SC 
WM), spinal cord ventral horn (SC VH) and motor cortex (MCx) MG in control and rapid ALS (survival ≤ 18 months), slow 
ALS (survival ≥ 48 months). B:  IR-score for C3c. C: IR-score for C3d and D: IR-score for membrane attack complex (MAC; 
C5b-9). In controls only C1q positive microglia were observed, no immunoreactivity for C3c, C3d and C5b-9 was found in 
controls. In ALS microglia much higher IR-scores are observed for all complement proteins. Positivity for C3c, C3d and 
C5b-9 also implicate activation of the complement system in ALS. Values are expressed as mean ± SD. Complement IR-
scores are significantly higher in ALS compared to control (p < 0.05) (Wilcoxon-Mann-Whitney test). 

Complement proteins co-localize with reactive astrocytes, activated microglia and neurons 

To determine the cellular distribution of complement components (C1q, C3c, C5b-9) we 
performed a double labeling experiment using an astroglial marker (Glial fibrillary acidic protein; 
GFAP) or a microglial/macrophage lineage marker (HLA-DR) (SC; Fig. 3). Double labeling 
confirmed co-localization of C1q and C3c with both astroglial (Fig. 3 A-B) and microglial markers 
(Fig. 3 D-E).  C5b-9 (MAC) co-localized mainly with the microglial marker (Fig. 3 C and F).  

Quantitative analysis of C1q and C4 mRNA in ALS 

Quantitative PCR (qPCR) revealed that expression of C4 mRNA is upregulated in ALS SC 
of both ALS types compared to controls (not shown). No significant differences were found in 
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the expression of C1q between control and ALS SC and MCx. In general, expression of C1q and 
C4 mRNA was lower in MCx than in SC (not shown).  

Figure 3: Confocal double-immunofluorescence analysis of complement factors in ALS. A: (merged image) shows co-
localization (yellow) of C1q (red) with GFAP (green) in reactive astrocytes in spinal cord white matter (SC WM). B: 
(merged image) shows co-localization (yellow) of C3d (red) with GFAP (green) in reactive astrocytes (arrows) surrounding  
a residual motor neuron (asterisk) in the ventral horn. C: (C5b-9, MAC/GFAP; merged image) MAC does not co-localize 
with the large majority of GFAP positive cells. D-F: (merged images) show co-localization (yellow; arrows) of C1q (D), C3d 
(E) and MAC (red). (F) With the microglia marker HLA-DR (green). Scale bar in A: A-C: 40 µm; D-F: 20 µm. 

C1q and C4 expression by in situ hybridization in ALS 

In situ hybridization for C1q and C4 showed that C1q and C4 mRNA in ALS SC is 
expressed by both neurons and glial cells (Fig. 4). In ALS tissue the numbers of C1q and C4 mRNA 
expressing glial cells was much higher than the control tissue, in both the ventral horn and white 
matter of the SC (Fig. 4) and in the MCx (not shown). Double labeling confirmed the neuronal 
and glial expression of C1q mRNA and the presence of C1q protein in the ALS SC (supplementary 
Fig. 1) and MCx (not shown).  

140 



Innate and adaptive immunity in amyotrophic lateral sclerosis: evidence of complement activation 

Clinical Cohort Characteristics 

Individual disease parameters and complement IR scores 

We analyzed the possible correlation between immunostaining (IR scores for C1q, C3c, 
C3d and MAC) and different clinical variables (age, gender, duration and site of onset). Pearson’s 
correlation coefficient (ρ) was used for the analysis. We found no correlation between the 
individual disease parameters and complement IR-scores; all variables had a ρ value of -0.3 < ρ < 
0.3 upon correlation to any of the individual disease parameters (data not shown).  

Astroglial and microglial reactivity in ALS 

As previously reported, complement activation can result in the attraction and activation of glial 
cells (Aronica et al., 2001). In ALS SC we found high numbers of reactive astrocytes 
(supplementary Fig. 2  A-B) and activated microglia (supplementary Fig. 2 C-D)  Reactive glial 

Figure 4:  In situ hybridization for C1q 
and C4 mRNA in control and ALS 
spinal cord. A and B: representative 
photomicrographs of C1q mRNA in 
the control spinal cord; showing low 
expression in motor neurons (A; 
ventral horn (VH)) and non-detectable 
or low expression in the large 
majority of glial cells in both VH (A) 
and white matter (WM) (B). C and D: 
representative photomicrographs of 
C1q mRNA in ALS spinal cord; 
substantial increase in C1q expression 
is observed in motor neurons (C; VH, 
arrows) and in glial cells (D; WM, 
arrows). E and F: representative 
photomicrographs of C4 mRNA in the 
control spinal cord; showing 
moderate expression in motor 
neurons (E; VH) and non-detectable 
or low expression in the large 
majority of glial cells in WM (F). G and 
H: representative photomicrographs 
of C4 mRNA in ALS spinal cord. A 
substantial increase in C4 expression 
is observed in motor neurons (G; 
ventral horn, arrows) and in glial cells 
(H; white matter, arrows). Scale bar in 
A (insert bar van 1 cm): A-H: 40 µm. 
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cells were found in the ventral horn, however, the most prominent vimentin immunoreactivity 
was observed in the white matter (anterior-lateral and corticospinal tracts; Supplementary Fig. 2) 
as well as in the MCx (not shown).  

Figure 5: Quantification of Vimentin, HLA-DR, CD209 and CD8 immunoreactivity (IR) in control and ALS spinal cord (SC) 
and motor cortex (MCx). Graphs show cell counts per mm2 averaged per group, error bars represent the standard 
deviation. A: vimentin (reactive astrocytes); B: HLA-DR (activated microglia); C: CD209 (dendritic cells (DCs)) and D: CD8+ 
T-lymphocyte count in controls and ALS SC and MCx. Both SC white matter (WM) and ventral horn (VH) and MCx of both 
ALS groups contain significantly more Vim, HLA-DR, CD209 and CD8 positive cells than controls (P < 0.05). Slow ALS 
(survival ≥ 48 months) show significantly more activated microglia than rapid ALS (survival ≤ 18 months) (P < 0.05) (B). 
Rapid ALS patients have significantly more DCs in their SC VH compared to the slow ALS (P < 0.05) (C). No significant 
differences between the ALS groups were observed in the numbers of reactive astrocytes (A) and CD8+ T-lymphocytes 
(D)(student’s T-test). Values are expressed as mean ± SD.  

Quantification and comparison of the numbers of either HLA-DR or vimentin positive 
cells in the MCx and ventral horn of the spinal cord showed that the numbers of reactive glial 
cells were higher in all ALS samples compared to controls (Fig. 5 A-B). The number of reactive 
astrocytes did not differ significantly between the different ALS conditions (Fig. 5 A). In contrast, 
slow progressing ALS patients had significantly more activated microglia (Fig. 5 B) in the ventral 
horn than rapid progressing ALS patients (p < 0.05).  
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Dendritic cells in ALS and T-lymphocyte Infiltration in ALS 

Complement activation can also induce the expression of chemokines and cytokines that trigger 
an adaptive immune response. Therefore we studied the distribution of cellular components of 
adaptive immunity in ALS.  

Figure 6:  Dendritic cells (DCs) and T-lymphocytes in control and ALS spinal cord (SC).  A and B:  DCsign (CD209) 
immunoreactivity (IR) in control SC. C and D: DCsign IR in ALS SC, showing positive cells in both the ventral horn (VH) (C; 
arrows and insert; asterisk, motor neuron) and in white matter (WM) (D; arrows and insert, perivascular cells). E and F: 
CD8+ T-lymphocytes in ALS SC ;positive cells are detected in both the VH (C, E; arrows; asterisk, motor neuron) and in 
WM (F, arrows); insert (a) in E shows positive cells in the vicinity of a motor neuron (asterisk); insert (b) in E shows 
positive perivascular cells (arrows). Scale bar in A: A, B, D, E 80 µm; C and F: 40 µm

CD209 (DC-SIGN), a specific dendritic cell (DC) marker, showed immunoreactive cells in 
all ALS samples, but not in controls (Fig. 6 A-D). The majority of the DCs were localized in the 
white matter, expressed in a perivascular manner; additionally, DCs were observed in the ventral 
horn gray matter in ALS SC (Fig. 6 C-D). The difference in number of DCs between ALS and 
control samples was significant (p < 0.05) (Fig. 5 C). Furthermore, we found that rapid 
progressing ALS patients had significantly more DCs in the ventral horn (p<0.05) than slow 
progressing ALS patients (Fig. 5 C). 
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Since antigen presentation is crucial for a proper adaptive immune response by T- and 
B- lymphocytes we also studied the presence of T- and B-cells. There was no evidence for a 
humoral response in terms of B-cells (CD20) or immunoglobulin presence in the cortex and 
spinal cord sections (not shown);  CD4+ (helper) T-cells  were not detected (not shown), 
suggesting a more cytotoxic adaptive immune response. Indeed CD3+ (not shown) and CD8+ 
(cytotoxic) T-cells were present in the ALS samples (Fig. 6 E-F). The CD8+ T-cells were found 
within the gray matter and white matter of the ALS SC ventral horn and MCx both perivascularly 
but also more infiltrated in the tissue. The difference in CD8+ T-cell count between control and 
ALS samples was significant (P < 0.05) (Fig. 5 D). However, no significant differences were found 
between the two ALS groups. 

Discussion 

Our findings demonstrate a persistent and prominent activation of both innate and 
adaptive immunity in ALS. We have demonstrated activation of the complement system via the 
classical pathway in human ALS. This observation is in agreement with previous observations in 
the SOD1 mutant mouse (Ferraiuolo et al., 2007). 

In addition, we found high numbers of reactive astrocytes and activated microglia in 
both SC and MCx of ALS patients. A cross-talk between subtypes of activated microglia and T-
cells has been described. Two opposing types of activated microglia exist, pro-inflammatory and 
anti-inflammatory (Appel et al., 2010). Pro-inflammatory microglia may induce neuronal death 
by production of pro-inflammatory cytokines and chemokines, such as IL1, IL6, TNFalpha and 
Ccl2. Ccl2 enhances T-cell trafficking into the CNS. In addition pro-inflammatory microglia 
promote the generation of reactive oxygen species (ROS) and enhance susceptibility for 
glutamate toxicity.  

In contrast, anti-inflammatory microglia contribute to the suppression of the 
inflammatory response via the production of anti-inflammatory cytokines and release of 
neurotrophic factors. In addition, the production of ROS is inhibited. 

Furthermore, inflammation can be suppressed by a CD4+ T-regulatory response. CD4+ T-
regulatory cells can inhibit cytotoxic T-cell function and production of pro-inflammatory 
cytokines in microglia as shown in SOD1 mutant mice (Appel et al., 2010). In our study we did 
not find evidence for a CD4+ T-cell response. However, we detected a cytotoxic (CD8+) T-cell 
response. These observations suggest that the immune response in ALS is mainly pro-
inflammatory.   

Additionally, we found C1q production by neurons and activated microglia in ALS SC and 
MCx. It is known that C1q can activate microglia and cause sustained pro-inflammatory activity 
(Farber et al., 2009). However, complement C1q was not only observed in ALS. A modest level of 
C1q positivity was also observed in control SC and MCx, although expression was much lower 
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than those found in ALS patients. C1q positivity in control patients can be explained by the 
mounting evidence that certain proteins that were originally identified in the immune system 
also have non-immune functions in the central nervous system. For example, complement is 
known to be involved in synapse remodeling (Boulanger, 2009). 

There is a delicate balance between clearance, repair and remodeling in the CNS and 
complement is involved in all three of these processes. The complement system can act as a 
switch between innate and adaptive immunity by facilitating antigen presentation (Liu et al., 
2008; Luster, 2002; Matsukawa et al., 2000; Yoshie, 2000) and providing an environment in 
which CD8+ T-cells can be locally activated in the absence of CD4+ T-cells (Lertmemongkolchai 
et al., 2001; Rahemtulla et al., 1991; Sun and Bevan, 2003). In our study, we find evidence for 
both antigen presentation by DCs and the presence of CD8+ T-cells. We found more DCs in 
rapid than in slow ALS. These findings support the data of Henkel et al., (2004) who showed 
that numbers of DCs present in the CNS of ALS patients negatively correlate with the disease 
progression (Henkel et al., 2004).  

Based on our findings we propose a complement driven positive feedback loop which 
may critically contribute to the progression of inflammation, resulting in motor neuron injury 
(Fig. 7).  

Figure 7: Model of immune activation in ALS. Schematic representation of our proposed model on immune activation in 
ALS. Gray, round cornered boxes are the initiators of the cascade; white round cornered boxes, indicate processes; gray 
angulated squares are the outcomes of the responses. Arrows show connections and feedback loops.  

This positive feedback loop is initiated by a stressed neuron and its surrounding glial 
cells (astrocytes and/or microglia). Stressed neurons and the surrounding glial cells will produce 
complement C1q and other complement factors (C4, C6). C1q can activate the complement 
cascade. Activated complement can attract and activate phagocytes, opsonize membranes and 
form the membrane attack complex. The activation of the downstream complement pathway, 
C3, C5 and C5b-9, will result in even more cellular damage and stress. In addition, C1q on its own 
can activate microglia to a pro-inflammatory type. Activation of the complement system and 
pro-inflammatory microglia may result in impairment of the BBB. Moreover, complement 
activation, pro-inflammatory cytokines and impairment of the BBB may attract adaptive immune 
cells. The pro-inflammatory environment may facilitate antigen presentation and local activation 
of CD8+ T-cells. The presence of high numbers of DCs and CD8+ T-cells and pro-inflammatory 
cytokines, as well as the reduction of neurotrophic factors may critically contribute to neuronal 
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cell death. Our observations suggest that there is disruption between the delicate balance of 
clearance and repair in the CNS, which involves the complement system. 

This model provides a novel therapeutic target for the treatment of ALS. Inhibiting 
production and signaling via C1q and downstream complement activation might inhibit the 
positive-feedback loop and maintain the balance between clearance and repair. This can prevent 
the rapid loss of motor neurons during the course of ALS.  

Inhibition of C5aR signaling in the SOD1 mutant rats proved to delay the disease 
progression in these animals and increased motor neuron survival (Woodruff et al., 2008a). 
Furthermore, C4 plays a role in macrophage attraction and activation in the SOD1 mutant mice 
(Chiu et al., 2009). These findings in the animal model and our findings on complement 
activation and inflammation in ALS tissue suggest that complement signaling inhibition may 
represent a valid new strategy for ALS. However, the protective role of complement by 
promoting the efficient clearance of cell debris and apoptotic cells resulting from initial injury 
also has to be taken into account.  Similarly, the potentially toxic effects of complement 
inhibition must also be considered. Thus, further research is needed to explore if complement 
inhibition will improve quality of life and delay disease progression in ALS patients. 
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Supplementary 1.  In situ hybridization and immunohistochemistry analysis of C1q in ALS spinal cord. A: (control spinal 
cord; ventral horn) shows variable expression of C1q mRNA (red) in motor neurons (asterisk), and low expression in few 
glial cells (arrows). B: (ALS spinal cord; ventral horn) shows increased expression and colocalization (purple) of C1q mRNA 
(red)  with C1q protein  (blue) in neurons (asteriks and insert) and in glial cells (arrows). Scale bar in A: A, B: 40 µm. 

Supplementary 2. Vimentin and HLA-DR immunoreactivity in control and ALS spinal cord. Coronal sections of cervical 
spinal cord (SC). A and C: control SC. B and D: ALS SC. B: vimentin (Vim) immunoreactivity (IR) is increased in the ALS 
spinal cord; insert (a) shows strong IR in reactive astrocytes surrounding motor neurons in the ALS ventral horn (VH); 
insert (b) shows strong IR in reactive astrocytes within the ALS white matter (WM). D:  HLA-DR IR is increased in the ALS 
spinal cord; insert (a) shows strong IR in cells of the migroglia/macrophage lineage surrounding motor neurons in the ALS 
VH; insert (b) shows strong IR in cells of the migroglia/macrophage lineage within the ALS WM. Scale bar in A: A-D: 1 mm. 
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