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Abstract

Cerebral amyloid angiopathy (CAA) is a key pathological hallmark of Alzheimer’s disease 
(AD) characterised by accumulation of amyloid-beta (Aβ) protein in blood vessel walls. 
CAA impairs vessel functioning, affects blood brain barrier integrity and accelerates cog-
nitive decline of AD patients. Unfortunately, mechanisms underlying Aβ deposition in the 
vessel wall remain largely unknown. Factor XIIIa (FXIIIa) is a blood-derived transglutam-
inase crucial in blood coagulation by cross-linking fibrin molecules. Evidence is mounting 
that blood-derived factors are present in CAA and may play a role in protein deposition in 
the vessel wall. We therefore investigated whether FXIIIa is present in CAA and if FXIIIa 
cross-link activity affects Aβ aggregation.
Using immunohistochemistry we investigated the distribution of FXIIIa, its activator 
thrombin and in situ FXIIIa activity in CAA in post-mortem AD tissue. We used surface 
plasmon resonance and western blot analysis to study binding of FXIIIa to Aβ and the 
formation of FXIIIa-Aβ complexes, respectively. In addition, we studied cytotoxicity of 
FXIIIa-Aβ complexes to cerebrovascular cells. 
FXIIIa, thrombin and in situ FXIIIa activity colocalise with the Aβ deposition in CAA. 
Furthermore, FXIIIa binds to Aβ with a higher binding affinity for Aβ1-42 compared to 
Aβ1-40. Moreover, highly stable FXIIIa-Aβ complexes are formed independently of FXIIIa 
cross-linking activity that protected cerebrovascular cells from Aβ-induced toxicity in vitro. 
Our data showed that FXIIIa colocalises with Aβ in CAA, and that FXIIIa forms unique 
protein complexes with Aβ that might play an important role in Aβ deposition and persis-
tence in the vessel wall.

Key words: Alzheimer’s disease, cerebral amyloid angiopathy, Factor XIIIa, tissue trans-
glutaminase, Aβ oligomerisation

Introduction

Alzheimer’s disease (AD) is characterised by accumulation of amyloid-beta (Aβ) protein in 
the brain parenchyma as senile plaques (SPs) and in the cerebral blood vessel walls as 
cerebral amyloid angiopathy (CAA) [1]. The Aβ protein is cleaved from the amyloid pre-
cursor protein (APP) which results in two main forms of Aβ (Aβ1-40 and Aβ1-42) that interact 
with themselves forming toxic aggregates in AD [2]. CAA is present in over 90% of AD 
patients [3] and is characterised by Aβ-mediated degeneration of smooth muscle cells, 
ultimately leading to brain haemorrhages [4–7]. In addition, CAA impairs cerebral blood 
flow [8] as well as the integrity of the blood brain barrier (BBB) [9–11]. The importance 
of CAA is reflected by its contribution to cognitive decline in AD patients [12]. However, 
the mechanisms underlying Aβ deposition in the cerebral vessel wall and CAA formation 
remain largely unknown.
 Transglutaminases (TGs, EC2.3.2.13) are calcium-dependent enzymes involved 
in posttranslational modification of proteins, in particular the molecular cross-linking of ly-
sine and glutamine residues within or between proteins by the formation of γ-glutamyl-ε-ly-
sine bonds [13]. TGs adopt two major conformations, a ‘closed’ and catalytically inactive 
conformation, and a calcium-dependent ‘open’ conformation creating an open access to 
the active site necessary for cross-linking activity [13]. The TG family consists of nine 
members, including tissue transglutaminase (tTG) and the blood-derived clotting Factor 
XIIIa (FXIIIa)[13]. In the normal human brain, expression of tTG has been observed in glial 
cells and in the brain vessel wall [14, 15]. Interestingly, in AD, both expression and activity 
of tTG are increased [14, 16–18] and correlate with cognitive decline of patients [18, 19]. 
Furthermore, both Aβ1-40 and Aβ1-42 are substrates for tTG-mediated cross-linking resulting 
in highly stable Aβ multimers [20–24]. In previous work of our group we found no spatial 
overlap of either tTG or TG-induced cross-linking products with the Aβ deposition in CAA. 
However, we did observe clear tTG and cross-link product staining in halos surrounding 
the actual Aβ deposition [15, 25]. Moreover, using in situ activation of endogenous TG in 
human post-mortem AD tissue we did observe colocalisation of TG enzyme activity with 
the deposited Aβ in CAA [25]. These data point to the presence of other TGs in CAA. 
Although both  TG1 en TG3 have been reported to be present in the brain, both TG1 and 
TG3 are absent from the human brain vasculature [14, 15, 26]. 
 The blood-derived clotting factor FXIII is a tetramer that circulates in the blood 
and consists of two A subunits (FXIIIA) and two carrier B subunits (FXIIIB). FXIII is pro-
cessed by thrombin-mediated cleavage of an activation peptide from the NH2 terminus of 
the FXIIIA-subunit and requires a cofactor, calcium, that induces release of the B subunits 
and a conformational change of the A subunits resulting in the catalytically active transglu-
taminase FXIIIa [27]. FXIIIa has a crucial role in catalysing the final step in the blood coag-
ulation cascade by cross-linking fibrin molecules into a tight and stable blood clot [27]. In 
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the brain, FXIIIA has been reported to be present in microglia and in the vasculature in AD 
patients, however no distinction between CAA and non-CAA was made [28]. Interestingly, 
a recent study demonstrated association of the FXIIIa substrate fibrin(ogen) with CAA in 
AD [29], and that the presence of fibrin(ogen) in CAA may be due to BBB permeability 
associated with CAA [11, 30, 31]. 
 To investigate whether FXIIIa is the in situ active TG observed in CAA [25] and 
to obtain more insight into the role of TGs in Aβ deposition in CAA, we investigated the 
distribution pattern of both FXIIIa and thrombin in well-characterised AD and control cases 
using immunohistochemistry. In addition, we investigated the presence of FXIIIa in CAA 
by analysing the distribution of endogenous activated FXIIIa cross-linking activity in hu-
man post-mortem brain tissue. Based on the outcome of these experiments on human 
brain tissue sections, we further studied in vitro binding affinity of FXIIIa for both Aβ1-40 
and Aβ1-42 and analysed whether these Aβ isoforms form complexes with FXIIIa and/or 
are substrates of FXIIIa cross-linking. In addition, we investigated the effect of FXIIIa on 
Aβ-mediated toxicity towards cerebrovascular cells [7].

Materials and Methods

Brain tissue
Human neocortex tissue samples from 7 AD patients with CAA, (age 82.3 ± 10.5 years; 
post-mortem interval 5.3 ± 1.8 hr) and 8 non-demented control subjects without a clinical 
diagnosis of neurological disease (age 83.5 ± 5.8 years; post-mortem interval 6.4 ± 1.3 
hr) were obtained from The Netherlands Brain Bank (Amsterdam, The Netherlands). The 
Netherlands Brain Bank obtained all material on the basis of written informed consent and 
procedures were approved by the Medical Ethics Committee of the VU Medical Center. 
After autopsy, samples were immediately frozen in liquid nitrogen. Table 1 shows an 
overview of patient details including gender, age, post-mortem interval, diagnosis, Braak 
grading (both for neurofibrillary tangles and SPs) and CAA score. The diagnosis of AD 
was based on neuropathological and clinical criteria [32]. CAA scoring was performed as 
described previously [33]: the number of CAA-affected vessels of at least 4 microscopic 
fields (magnification 25x) were counted and classified as follows: 0 (-, no CAA), 1-10 (+, 
sparse CAA), 11-20 (++, moderate CAA) and >21 (+++, severe CAA). 

Immunohistochemistry
Experiments were performed as described previously [15, 25]. Serial sections of temporal 
neocortex (6 µm) were fixed with acetone (100%) for 10 minutes and air-dried. Endog-
enous peroxidase activity was blocked with 0.3% hydrogen peroxide and 0.1% sodium 
azide in Tris buffered saline (TBS) for 15 minutes. Subsequently, sections were blocked 
with 3% bovine serum albumin (BSA; PAA Laboratories, Pasching, Austria) in TBS with 
0.5% TritonX-100 (TBS-T). Primary antibodies (Table 2) were diluted in 3% BSA/TBS-T 

and incubated overnight at 4°C. Negative controls were incubated in this solution with-
out the primary antibodies. For analysis of the distribution pattern of FXIIIa in human 
post-mortem cases, an anti-FXIIIA antibody (Table 2) that recognises both the FXIIIA and 
the calcium-activated FXIIIa was used (own observations). The anti-Aβ40 antibody was 
generated as described previously [34] (generous gift of Dr. R. Veerhuis, Department of 
Clinical Chemistry, VU University medical center, Amsterdam, The Netherlands). The sec-
ondary antibodies biotinylated donkey anti-rabbit or donkey anti-mouse (dilution 1:400; 
Jackson Immunoresearch Laboratories Inc., Suffolk, UK) were diluted in 3% BSA/TBS-T 
and incubated for 2 hours at room temperature followed by incubation for 1 hour with the 
avidin-biotin complex (ABC, 1:400 in TBS/T; Vector Laboratories Inc., Burlingame, CA, 
USA). In between incubation steps, sections were extensively washed with TBS. Stainings 
were visualised with 0.05% 3,3’-diaminobenzidine (DAB) with 0.01% hydrogen peroxide 
in Tris-hydrochloride (Tris-HCl buffer, pH 7.6). Sections were rinsed with Tris-HCl and tap 
water and counterstained with haematoxylin nuclear dye and washed with tap water. Sec-
tions were dehydrated using a series of increasing alcohol dilutions followed by xylene. 
Sections were coverslipped with Entellan® mounting medium (Merck Millipore, Temecula, 
CA, USA) and examined with an Olympus Vanox light microscope (Olympus Microscopy, 
Hamburg, Germany).

Table 1 Patient characteristics
Number Diagnosis Gender Age PMI (hr) Grade 

(Braak, NFTs)
Grade 
(Braak, Aβ)

Grade CAA

1 AD/CAA F 90 4 C3 A3 +++

2 AD/CAA F 81 3 C3 A3 +++

3 AD/CAA F 96 4 C3 A3 +++

4 AD/CAA F 87 8 C3 A3 +++

5 AD/CAA F 65 6 C3 A3 +++

6 AD/CAA F 84 7 C3 A3 ++

7 AD/CAA M 73 5 C3 A3 ++

8 Control M 88 5 C1 A1 +++

9 Control F 92 7 C1 A2 ++

10 Control F 73 8 C1 A2 ++

11 Control M 86 6 C1 A2 ++

12 Control M 79 8 C1 A1 -

13 Control F 84 7 C1 A0 -

14 Control F 82 5 C1 A0 -

15 Control F 84 5 C1 A0 -

Abbreviations: Aβ = Amyloid-β; AD = Alzheimer’s disease; CAA = Cerebral Amyloid Angiopathy; F = 

Female; M = Male; NFT = Neurofibrillary tangles; PMI = Post Mortem Interval (hr = hours). Grading of 

AD (Braak) and of CAA was performed as described in the materials and methods section.
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Double immunofluorescence 
Sections were fixed and stained as described above until primary antibody incubation, 
excluding the endogenous peroxidase blocking step. Primary antibodies are listed in Ta-
ble 2. Secondary antibodies used were donkey anti-mouse or donkey anti-rabbit, both 
coupled to either Alexa 488 or Alexa 594, (dilution 1:400, Invitrogen, Camarillo, CA, USA). 
Sections were mounted with Vectashield® (Vector laboratories Inc). Between incubation 
steps, sections were washed extensively with TBS. Sections were visualized using a Leica 
TCS SP2 AOBS confocal laser scanning microscope (Leica Microsystems, Rijswijk, the 
Netherlands). To exclude bleed-through of fluorescence emission, a series of images was 
obtained by sequential scanning of channels through a 40x lens (zoom factor x1 or 2, 
resolution 1024x1024).

In situ FXIIIa activity 
In situ FXIIIa activity was determined using a biotinylated F11 peptide (Covalab, Villeur-
banne, France) which is a specific FXIIIa substrate [35, 36]. Detection of FXIIIa activity 
was performed according to our protocol for TG activity staining as described previously 
[25]. In short, unfixed 6 µm thick tissue sections of neocortex of AD and control patients 
were pre-incubated for 30 minutes at room temperature in a 100 mM Tris-HCl, pH 7.4, 
5mM CaCl2, 1 mM dithiothreitol (DTT) buffer with or without 30 μM FXIIIa inhibitor K9-
DON (Ac-LGPG-DON-SLVIG-NH2) [37],  or 100 μM of the tTG activity inhibitor Z-DON-
Val-Pro-Leu-OMe (Z-006) [38, 39] both purchased from Zedira GmbH (Darmstadt, Ger-
many). Then, incubation was continued for 40 minutes at 37°C in the presence of 1 μM 
biotinylated F11 peptide. Thereafter, sections were washed with MilliQ water, air dried and 
fixed for 10 minutes with 100% acetone. For double immunofluorescence, the same pro-
cedure as described above was applied. A primary antibody against Aβ (Merck Millipore, 
Table 2) was used overnight at 4°C followed by incubation with secondary antibodies don-
key anti-mouse or donkey anti-rabbit coupled to Alexa 488 (dilution 1:400) to detect Aβ. 
F11 incorporation was detected using streptavidin coupled to Alexa 594 (dilution 1:400). 
Sections were mounted with Vectashield® and visualized with the Leica TCS SP2 AOBS 
confocal laser scanning microscope. To visualize F11 incorporation with the DAB chro-
mogen, after fixation, endogenous peroxidase activity was blocked as described above 
and sections were incubated with ABC for 1 hour at room temperature. Subsequently, F11 
staining was visualised with DAB, counterstained with haematoxylin and dehydrated as 
just described. 

Table 2 Primary antibodies for immunofluorescence 
Antigen Primary antibody Species 

raised in
Dilution Company

Aβ Human Aβ (715800) Rabbit 1:100 Invitrogen, Camarillo, 
CA, USA

Human Aβ1-16  AB10 Mouse 1:200 Merck Millipore, 
Temecula, CA, USA

Human Aβ42 Mouse 1:1000 The Genetics Company, 
Zurich, Switzerland

Human Aβ40 Mouse 1:20 [34]

FXIIIA(a)-subunit FXIII Ab-2 Rabbit 1:50 Thermo Scientific, 
Fremont, CA, USA

Hyperphos-phorylated tau AT8 Mouse 1:1000 Fujirebio, Ghent, 
Belgium 

Thrombin Human thrombin Rabbit 1:100 Abcam Inc, Cambridge, 
UK

Astrocytes Anti-Glial Fibrillary 
Acidic Protein

Mouse 1:800 Sigma, St. Louis, 
Missouri USA

Microglia Human CD68 clone 
KP1

Mouse 1:2000 Dako Cytomation, 
Glostrup, Denmark

Endothelial cells CD31 Mouse 1:100 Dako Cytomation, 
Glostrup, Denmark

Abbreviations: Aβ = Amyloid-beta; FITC = Fluorescein isothianate; FXIII = Factor XIII

Preparations of peptides
Human Aβ1-42 (rPeptide, Bogart, GA, USA) and human Aβ1-40 (Innovagen, Lund, Sweden) 
were dissolved directly in hexafluoro-2-propanol (Sigma-Aldrich, St. Louis, Missouri, USA) 
and subsequently air-dried overnight and then dissolved in dimethylsulfoxide (DMSO) at 
a final concentration of 5mM. Human Aβ1-40 Q15N mutant (substitution of glutamine by as-
paragine at position 15; kindly provided by Dr. Hilal Lashuel, Laboratory of Molecular and 
Chemical Biology of Neurodegeneration, Ecole Polytechnique Federale, Lausanne, Swit-
zerland) and human  Aβ1-42 (rPeptide) used for cell-based assays were dissolved in MilliQ 
water at a concentration of 250μM. Human recombinant FXIIIa (T070, Zedira GmbH) 
was dissolved in MilliQ water at a stock concentration of 1mg/ml. FXIIIa inhibitor K9-DON 
(K003, Zedira GmbH) and FXIIIa substrate Abz-NE(CAD-DNP)EQVSPLTLLK-OH (A101, 
Zedira GmbH) were dissolved in DMSO at a stock concentration of 10mM and 50mM re-
spectively. Aliquots of all peptide preparations were stored at -80°C.

Surface Plasmon Resonance (SPR)
The binding of FXIIIa to both Aβ1-40 and Aβ1-42 species was studied using SPR. SPR ex-
periments were performed using a BIAcore 2000 biosensor instrument (Biacore, Uppsala, 
Sweden), as described previously [40]. The sensor chips and protein coupling chemicals 
were all purchased from Biacore. Aβ species (3 μl of 5 mM Aβ1-40 or 3 μl of 5 mM Aβ1-42 
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dissolved in 300 μl of 10 mM sodium-acetate buffer, pH 5.0) were coupled to the surface 
of the sensor flow cell. Proteins were coupled to the sensor chips according to the man-
ufacturer’s recommendations, using N-ethyl-N’-(dimethylaminopropyl) carbodiimide and 
N-hydroxysuccinimide. Excess of activated groups were blocked with 1 M ethanolamine, 
pH 8.5. The kinetic measurement was performed at 25 °C with a flow rate of 10 μl/min in 
HBS-EP buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% surfactant 
P20). Interaction of FXIIIa with Aβ was tested at 6 different concentrations of FXIIIa (0.3 
– 2.5μM). Dissociation of FXIIIa from Aβ was induced by 10mM NaOH. The BIAcore ki-
netic evaluation software was used to generate the plots of the 6 concentrations of FXIIIa 
binding to Aβ and to calculate the dissociation constant (KD, in molars). All experiments 
were performed in duplicate per chip, and at least two different sensor chips were used to 
exclude chip-to-chip variations.

Effects of FXIIIa on Aβ aggregation
To study the FXIIIa-induced effects on aggregation of Aβ, FXIIIa (50 nM) was incubated 
with 300 nM of either Aβ1-42, Aβ1-40, or the Aβ1-40 Q15N mutant for 1 hour at room tempera-
ture in a 25mM Tris buffer, pH 8.0, containing 5mM DTT and 10mM CaCl or 1mM EDTA. 
Then samples were mixed with 4x LDS sample buffer (Invitrogen) and 50mM DTT, heated 
at 75°C for 10 minutes and separated on 4-12% Bis-Tris NuPAGE gels with MES-SDS 
running buffer (Invitrogen). 
To assess the effect of FXIIIa on Aβ aggregation using physiological Aβ concentrations, 
50nM of either Aβ1-40 or Aβ1-42 was incubated with 8nM FXIIIa for 24 hours at room tem-
perature in low protein binding tubes (Eppendorf, Hamburg, Germany) in a 25mM Tris 
buffer, pH 8.0, with either 10mM CaCl2, 50mM EDTA or 50µM K9-DON. The reaction was 
stopped with 50mM EDTA. Samples were concentrated using a 3 kDa cut-off spinfilter 
(Amicon, Merck Millipore) in the presence of 50mM EDTA and 0.11mM SDS to prevent 
loss of Aβ by binding to surfaces, according to Hartley et al [24]. Samples were then mixed 
with 6x Tris-glycine sample buffer and 50mM DTT, heated at 85°C for 5 minutes and sep-
arated on a 4-20% Tris-glycine gel under denatured conditions.

Western blotting  
After gel electrophoresis, samples were transferred to a 0.2 µm nitrocellulose membrane 
(Li-Cor Biosciences, Lincoln, Nebraska USA) and blocked with Odyssey blocking buffer 
(Li-cor Biosciences) diluted 1:1 in TBS (Licor-TBS) for 1 hour at room temperature. Blots 
were incubated overnight at 4°C with primary antibody, i.e. mouse anti-Aβ (clone 82E1, 
IBL international, Deventer, The Netherlands, dilution 1:1000) or rabbit anti-FXIIIA (Ab-
2, Thermo Fisher Scientific, Fremont, CA, USA, dilution 1:500) in Licor-TBS with 0.1% 
Tween-20 (Sigma-Aldrich). Subsequently blots were incubated with secondary antibodies 
donkey anti-mouse coupled to IRDye 680 and donkey anti-rabbit coupled to IRDye 680 
(dilution 1:10,000, Li-cor Biosciences). In between incubation steps, blots were extensive-

ly washed with TBS with 0.1% Tween-20 and TBS alone. Blots were visualized with the 
Odyssey Sa infrared imaging system (Li-Cor Biosciences).  

In vitro FXIIIa activity assay 
The potency and efficacy of the FXIIIa inhibitor K9-DON (K003, Zedira GmbH) was meas-
ured with an in vitro assay as follows. In a black flat-bottom fluorescence 96-wells plate 
(Greiner Bio-One, Monroe, NC, USA) five μl of different concentrations of K9-DON were 
incubated with 90 μl of a substrate buffer (56 mM Tris, 113 mM NaCl, 8.6mM CaCl2, 
0.14mM PEG8000, pH 7.5 to which 5.6mM glycine methyl ester hydrochloride, 9.7mM 
DTT, 5.6g/l Hexadimethrine bromide and 50 μM substrate Abz-NE(CAD-DNP)EQVSPLT-
LLK-OH (A101, Zedira GmbH) was added prior to use) and mixed well. Then 10 μl of 
active FXIIIa (T070, Zedira GmbH) was added to each well with a final concentration of 
1 μg/ml. The fluorescence was measured kinetically in a fluorimeter (BMG, Germany) for 
2 hours at 320 nm (excitation) and 405 nm (emission). FXIIIa activity in the presence of 
DTT and Ca2+ was defined as maximum activity and set to 100%. Data were then plotted 
on a log-scale with Graphpad Prism 5 statistical software package and expressed as per-
centage of maximum activity. Results where corrected for background fluorescence, which 
was measured in samples where FXIIIa was omitted from the reaction. All chemicals are 
from Sigma-Aldrich unless otherwise stated.

Cell viability assay
Human primary brain smooth muscle cells (SMCs, Sciencell Research Laboratories, San-
bio, Uden, The Netherlands) were cultured at 37°C under 5% CO2 in air in a 1:1 mixture 
of Dulbecco’s modified Eagle’s medium and HAM’s F10 nutrient mixture (PAA Laborato-
ries) containing 10% foetal calf serum (FCS), 1% non-essential amino acids (Gibco Life 
Technologies), 2.5 mM L-glutamine and 1% penicillin/streptomycin. Cells were plated in 
eight-well chamber slides (Nunc, Thermo Fisher Scientific,) coated with 50 μg/ml fibronec-
tin (Sigma-Aldrich) and grown until near-confluence. Cells were then washed twice with 
serum-free medium and incubated in serum-free medium for at least four hours. Subse-
quently, cells were treated with either 15 μM Aβ1-42, 2.5 μM FXIIIa, a combination of Aβ1-42 
and FXIIIa, or H2O as a control for 7 days in serum-free medium. Cell viability was quan-
tified using a fluorescent Live/Dead®Viability/Cytotoxicity Kit according to the manufac-
turer’s description (Molecular Probes, Eugene, OR, USA). The experiment was repeated 
twice in duplo. Per well, four pictures were taken from a representative cell population with 
an Olympus CKX41 fluorescence microscopy at a 10X zoom. The percentage of dead 
cells was calculated per well and averaged per condition and analysed with Graphpad 
Prism 5 statistical software package and SPSS Statistics 20.0. Data are presented as 
mean+SEM and group differences were statistically analysed with a one-way ANOVA with 
Bonferroni post-hoc testing with p-values ≤0.05 regarded as statistically significant. 
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Results

FXIIIa staining colocalises with deposited Aβ in CAA 
In neocortex of control cases, in general no anti-FXIIIa antibody immunoreactivity was ob-
served, although weak immunoreactivity was found in the wall of a subset of parenchymal 
(Figure 1A) and leptomeningeal vessels. FXIIIa staining was also observed in capillaries, 
although it was unclear if FXIIIa was actually present in the vessel wall, or in residual blood 
cells and/or blood cell debris in the lumen. In addition, an occasional astrocyte-like cell 
was found positive for FXIIIa staining (not shown). In AD cases, overall a similar distribu-
tion pattern of anti-FXIIIa antibody immunoreactivity was observed compared to control 
cases. Interestingly, however, we detected strong anti-FXIIIa antibody immunoreactivity 
in parenchymal and leptomeningeal vessels likely affected by CAA (Figure 1B) Double 
immunofluorescence confirmed that FXIIIa staining colocalised with the deposited Aβ in 
all observed CAA (Figure 1C-E). In CAA occasionally observed in control cases, a similar 
colocalisation of FXIIIa staining with CAA was detected (not shown). To determine specific 
colocalisation of FXIIIa with Aβ40 or Aβ42, we performed double immunofluorescence using 
end-specific antibodies directed against Aβ40 or Aβ42. We demonstrated colocalisation of 
FXIIIa staining with both Aβ40 (F-H) and Aβ42 (I-K) in CAA.
 To gain more information on the distribution of FXIIIa in CAA, the cellular locali-
sation of FXIIIa in CAA was determined. For this purpose, double immunofluorescence of 
the FXIIIa antibody with cerebrovascular cell markers was performed. Anti-FXIIIa antibody 
immunoreactivity was present in a small subset of CAA-associated astrocytes, positive 
for the astrocyte marker glial fibrillary acidic protein (GFAP) [41] (Figure 2A-C, arrows) 
whereas no colocalisation of FXIIIa staining with CAA-associated reactive microglial cells 
(marker CD68, ED-1, [42]), was detected (not shown). The FXIIIa immunoreactivity did 
colocalise with the smooth muscle cell marker (SMC), smooth muscle actin (SMA) [43] 
(Figure 2D-F), in CAA. In addition, no or only very weak overlay of FXIIIa staining with the 
endothelial marker CD31 [44] (Figure 2G-I) was found. No anti-FXIIIa antibody immunore-
activity was found associated with SPs (Figure 2J-L) or with NFTs (not shown). 

Thrombin staining colocalises with Aβ deposition in CAA 
The conversion of FXIII in the blood into FXIIIa is dependent on cleavage by thrombin [45]. 
Our above-described data demonstrated the presence of FXIIIa in CAA. In order to investi-
gate if FXIII might be locally cleaved by thrombin in the vessel wall in CAA, we investigated 
the distribution pattern of thrombin in the neocortex of both control and AD cases. In unaf-
fected vessels of both control and AD cases, thrombin staining was absent (Figure 3A). In 
contrast, in all observed CAA of both control and AD cases, strong anti-thrombin antibody 
immunoreactivity was present and colocalised with the deposited Aβ (Figure 3B-D). In line 
with FXIIIa staining, anti-thrombin antibody immunoreactivity was absent from both SPs 
and NFTs (not shown). 

In situ FXIIIa activity in CAA vessels
In order to confirm our immunohistochemical analysis of FXIIIa in CAA and investigate if 
FXIIIa present in CAA could be catalytically active, we activated the cross-linking reaction 
of endogenous FXIIIa and analysed the distribution of the FXIIIa substrate F11 [35, 36] 
in the human brain tissue. In parenchymal and leptomeningeal vessels and capillaries of 
control cases and non-CAA affected vessels in AD cases, no or only weak F11 staining 
was observed (Figure 4A) whereas CAA-like vessels showed a strong F11 staining (Figure 
4B). Double immunofluorescence confirmed the colocalisation of F11 with the Aβ depo-
sition in parenchymal and leptomeningeal CAA lesions (Figure 4C-E) whereas capillary 
CAA did not show F11 staining. In order to demonstrate the specificity of the F11 staining, 
the incorporation of F11 was blocked using the FXIIIa-specific inhibitor K9-DON [37]. In 
order to determine the concentration of the compound to be used in this experiment, we 
first investigated the potency and efficacy of K9-DON using an in vitro FXIIIa assay based 
on previous work of our group [39]. Under the conditions used, K9-DON displayed an IC-
50 of ± 0.4µM, reaching maximal inhibition at ± 7 µM (Figure 4F). Inhibition of the in situ 
FXIIIa activity by supra-maximal concentrations of K9-DON (30 µM) completely inhibited 
the F11 signal in CAA (Figure 4G-I), whereas co-incubation with supra-maximal concen-
trations (100μM) of the tTG-specific inhibitor Z-006 [39] had no effect on the F11 signal 
(not shown). Similar to the FXIII staining described above, no incorporation of F11 was 
observed in either SPs or NFTs (not shown). However, as expected, thrombin staining did 
overlay with the F11 staining (not shown). 

FXIIIa binds Aβ and forms stable FXIIIa/Aβ -complexes
The data described above indicated the presence of FXIIIa in deposited Aβ in CAA, and 
that FXIIIa is capable of being activated in situ. Surprisingly, in a previous study, we found 
no evidence of cross-linked products in the deposited Aβ in CAA [15]. This suggests, that 
although FXIIIa and Aβ colocalise in CAA, in contrast to the tTG surrounding the Aβ depo-
sition [15], FXIIIa may not be catalytically active in these lesions. This raises the question 
whether FXIIIa and Aβ interact and to what extent such an interaction is dependent on 
the cross-linking activity of FXIIIa. To investigate these issues, we determined the relative 
binding affinity of FXIIIa for both Aβ1-42 and Aβ1-40 using SPR, and found that FXIIIa binds 
both Aβ1-40 and Aβ1-42, albeit that FXIIIa has a 10 000-fold higher relative binding affinity for 
Aβ1-42 compared to Aβ1-40 (Figure 5A).  
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Figure 1 Distribution of anti-FXIIIa antibody immunoreactivity in CAA and non-CAA of AD cases 

Control vessels of AD cases demonstrated absence or only weak anti-FXIIIa antibody immunoreac-

tivity (A), whereas in CAA-like vessels strong FXIIIa staining was observed in all layers of the vessel 

wall (B). The anti-Aβ antibody stained Aβ deposition in CAA (C, F, I). Double immunofluorescence of 

the anti-FXIIIa antibody with the anti-Aβ antibody confirmed colocalisation of FXIIIa staining with Aβ 

deposition in CAA (C-E). In addition, double immunofluorescence of the anti-FXIIIa antibody with both 

the anti-Aβ40 and the anti-Aβ42 antibody demonstrated colocalisation of FXIIIa with both Aβ species 

(F-H and I-K respectively).

Scale bars: A, B 20μm, C-K 30μm. Abbreviations: AD = Alzheimer’s disease; Aβ = amyloid-beta; CAA 

= cerebral amyloid angiopathy

Figure 2 Distribution and cellular location of anti-FXIIIa antibody immunoreactivity in AD cases

To determine the cellular localisation of FXIIIa, double immunofluorescence of FXIIIa with brain cell 

markers was performed. Double immunofluorescence of the anti-FXIIIa antibody with the anti-GFAP 

antibody showed colocalisation of FXIIIa in the endfeet of a subset of GFAP-positive astrocytes as-

sociated with CAA (A-C). Furthermore, the anti-FXIIIa antibody immunoreactivity also colocalised 

with the anti-SMA antibody in SMCs in CAA (D-F) whereas it did not colocalise with the endothelial 

cell marker CD31 (G-I). No FXIIIa staining was observed in senile plaques (J-L). Scale bars: A-F, 

J-L 30μm, G-I 20μm. Abbreviations: AD = Alzheimer’s disease; Aβ = amyloid-beta; CAA = cerebral 

amyloid angiopathy; GFAP = glial fibrillary acidic protein; SMA = smooth muscle actin; SMC = smooth 

muscle cell
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 In order to study the nature of the FXIIIa-Aβ interaction, we investigated FXIIIa-Aβ 
complex formation using Western blotting under denaturing conditions. Co-incubations of 
FXIIIa and Aβ demonstrated a band at approximately 83kDa and some higher molecular 
bands positive for both the anti-Aβ and the anti-FXIIIa antibody, indicative of heat- and 
SDS-stable Aβ-FXIIIa complexes (Figure 5B). Additionally, we co-incubated FXIIIa and Aβ 
with the calcium chelator EDTA, which prevents FXIIIa to flip into its ‘open’ conformation 
thereby blocking the enzyme’s cross-linking activity [27]. We found that addition of EDTA 
to the samples prevented the formation of these highly stable FXIIIa-Aβ-complexes (Fig-
ure 5B), demonstrating that FXIIIa-Aβ-complex formation is calcium-dependent. 
 

Figure 3 Distribution of anti-thrombin immunoreactivity in control and cerebral amyloid angiopathy 

(CAA) vessels in both control and AD cases. In vessels of control cases, the anti-thrombin antibody 

immunoreactivity was absent (A). In contrast, double immunofluorescence of the anti- thrombin anti-

body with the anti-amyloid-β (Aβ) antibody showed that in CAA vessels of AD cases, thrombin stain-

ing was present and colocalised with the Aβ deposition (B-D). Scale bars: A = 20μm, B-D = 30μm. 

The calcium-dependency of the FXIIIa-Aβ-complex suggests that the complex formation 
requires the ‘open’ conformation and thus an accessible active site of FXIIIa. Important-
ly, for TGs to recognise their substrate and perform cross-linking, glutamine residues in 
the primary substrate are essential. The Aβ peptide is characterized by one glutamine at 
position 15 (Glu15). This glutamine in Aβ is of importance for Aβ to interact with tTG and 
be a substrate for tTG-catalysed cross-linking [23, 24]. To investigate the involvement of 
Glu15 in FXIIIa-Aβ-complex formation, we incubated FXIIIa with the Aβ Q15N and an-
alysed complex formation and Aβ multimerisation. We found that the Glu15 in Aβ is of 
key importance for FXIIIa-Aβ-complex formation, as co-incubation of Aβ Q15N with FXIIIa 

Figure 4 Distribution of in situ active FXIIIa in both control and CAA vessels of AD cases 

Snap-frozen cryo tissue sections were incubated with the biotinylated FXIIIa-specific substrate F11 

and visualised using the DAB chromogen. In control vessels, no or only weak F11 staining was ob-

served (A). In contrast, in CAA-like vessels, strong F11 staining was present in all layers of the vessel 

wall (B). Double immunofluorescence using the anti-Aβ antibody and streptavidin coupled to Alexa 

594 directed against the biotin label of the F11 peptide demonstrated colocalisation of F11 staining 

with the deposited Aβ in CAA (C-E). In vitro concentration–response curves of FXIIIa inhibitor K9-

DON were determined by measuring FXIIIa activity in the presence of increasing concentrations of 

K9-DON. FXIIIa activity in the presence of DTT and Ca2+ was defined as maximum activity and set 

to 100%. Data were then plotted on a log-scale with Graphpad Prism 5 statistical software package 

and expressed as percentage of maximum activity (F). Upon co-incubation of the F11 peptide with the 

specific FXIIIa inhibitor K9-DON, F11 staining was absent from CAA (G-I). Scale bars: A, B 20μm, C-H 

30μm. Abbreviations: Aβ = amyloid beta; CAA = cerebral amyloid angiopathy; FXIIIa = Factor XIIIa.
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did not result in complex formation between both proteins (Fig. 5C). To study FXIIIa-Aβ 
complex formation under more physiological relevant conditions, we used physiological 
concentrations of Aβ1-42 and Aβ1-40, which are described to be in the picomolar to nanomo-
lar range [46, 47]. In addition, we investigated whether apart from the lack of calcium, the 
occupation of the active site by an irreversible FXIIIa-specific inhibitor (K9-DON) is also 
sufficient to prevent FXIIIa-Aβ complex formation. Similar to the above-described data, 
FXIIIa and Aβ formed complexes at approximately 83 kDa (Figure 5D). In addition, using 
a gradient gel to analyse high molecular complexes, we also detected a smear of higher 
molecular complexes of Aβ under these experimental conditions. Co-incubation of Aβ and 
FXIIIa with EDTA again strongly reduced FXIIIa-Aβ complex formation at approximately 
83kDa, but also prevented the formation of higher molecular weight Aβ complexes (Figure 
5D). Interestingly, co-incubation with K9-DON did not affect the formation of the FXIIIa-Aβ 
complex (Figure 5D) although Aβ complexes at other kDa’s were inhibited demonstrating 
the cross-link independency for FXIIIa-Aβ complex formation.

Factor XIIIa prevents Aβ-mediated cell death
Aβ is known to induce degeneration of human cerebrovascular smooth muscle cells 
(SMCs). Given our above-described results showing FXIIIa complex formation with Aβ, 
this complex formation might affect the cytotoxicity of Aβ towards these cells. To inves-
tigate this, we incubated SMCs with either Aβ1-42, FXIIIa or FXIIIa co-incubated with Aβ. 
Incubation of SMCs with 15μM Aβ1-42 reduced cell viability by 69.7 ± 12.1% (Mean ± SEM) 
whereas in control conditions and incubation with FXIIIa alone, only 11.6 ± 3.4% and 26.8 
± 10.4% of cells died, respectively. Interestingly, incubation with FXIIIa and Aβ reduced 
Aβ-induced cell death, showing only 18.2 ± 5.6% dead cells comparable with control con-
ditions (Figure 6). Groups differed statistically significant (p=0.002 one-way ANOVA) and 
post-hoc testing revealed that Aβ-induced cell death was significantly increased (p <0.05) 
compared to the three other treatment groups (p=0.03 Aβ1-42 versus H2O, p=0.007 Aβ1-42 

versus Aβ1-42 + FXIIIa and p=0.03 Aβ1-42 versus FXIIIa). 

Figure 5 Binding and interaction of FXIIIa with Aβ1-40 and Aβ1-42 

Interaction of FXIIIa with Aβ1-40 and Aβ1-42 was performed with six different concentrations of FXIIIa 

(0.3 – 2.5 µM) and analysed using SPR. The binding affinity was studied via the dissociation con-

stants (KD) of FXIIIa (A, table) for either Aβ1-40 or Aβ1-42 (A). Lower KD’s were observed for FXIIIa to 

Aβ1-42 compared to Aβ1-40 (A). For FXIIIa-catalysed cross-linking of Aβ1-40 and Aβ1-42, Aβ was incubated 

with FXIIIa (see Materials & Methods). Analysis was performed using Western blotting with antibodies 
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directed against FXIIIa (Ab-2) and Aβ (clone 82E1). Incubation of Aβ1-40 and Aβ1-42 alone demonstrated 

Aβ monomers and small levels of dimer (B). Co-incubation of Aβ with FXIIIa resulted in a band at the 

molecular height of FXIIIa (83 kDa) and some Aβ1-40 and Aβ1-42 oligomers, both positive for FXIIIa and 

Aβ staining (B), suggestive of strong protein-complexes between Aβ and FXIIIa. To determine if the 

glutamine in Aβ is of importance for complex formation with FXIIIa, the Aβ1-40 Q15N mutant (substi-

tution of glutamine by asparagine at position 15) was incubated with FXIIIa (C). Incubation of Aβ1-40 

Q15N alone did not result in the formation of Aβ complexes (C).Co-incubation of the Aβ mutant with 

FXIIIa demonstrated no or limited amounts of Aβ dimers, neither did co-incubation with EDTA (C). FX-

IIIa-catalysed Aβ oligomerisation at physiological Aβ concentrations was investigated by Aβ (50nM) 

incubation with 8nM FXIIIa for 24 hours at room temperature, concentrated using a 3kDa cut-off spin 

filter and analysed with Western blotting. FXIIIa induced the formation of FXIIIa-Aβ complexes and 

higher molecular weight complexes of both Aβ1-40 and Aβ1-42 and (D, lanes 2), whereas co-incubation 

with EDTA prevented the formation of both Aβ higher molecular weight species and complexes (D, 

lanes 3). Interestingly, co-incubation with active site inhibitor K9-DON (50μM) only inhibited higher 

molecular weight Aβ species whereas FXIIIa-Aβ complex formation was not prevented (D, lanes 4). 

Abbreviations: Aβ = amyloid-beta; FXIIIa = Factor XIIIa; KD = dissociation constant; RU = resonance 

unit; SPR = surface plasmon resonance.

Figure 6 Analysis of FXIIIa on the Aβ-induced cytotoxicity towards human brain smooth muscle cells 

(SMCs). Cells were incubated with 15μM Aβ1-42, 2.5μM FXIIIa, a combination of Aβ1-42 and FXIIIa to-

gether, or H2O as control for 7 days. Aβ1-42 induced cell death, whereas FXIIIa prevented this effect of 

Aβ1-42. Statistical analysis was performed using a one-way ANOVA, reaching statistically significance 

(p=0.002 ANOVA) between groups and Bonferroni post-hoc testing revealed statistically significant 

differences between Aβ1-42 treatment and the other three treatment groups (p=0.03 Aβ1-42 versus H2O, 

p=0.007 Aβ1-42 versus Aβ1-42 + FXIIIa and p=0.03 Aβ1-42 versus FXIIIa). Significance is indicated as 

follows: *p<0.05. Mean+SEM is displayed.

Discussion

In this study, we show for the first time that both FXIIIa and its activator thrombin colocalise 
with deposited Aβ in CAA, suggesting local activation of FXIIIa in the cerebral vessel wall 
in CAA. Using our in situ assay to activate endogenous TG, we found that FXIIIa present 
in the deposited Aβ in CAA could still be catalytically activated. Biochemical analyses 
demonstrated that FXIIIa binds both Aβ1-40 and Aβ1-42 and forms SDS- and heat-stable FX-
IIIa-Aβ complexes. The FXIIIa-Aβ complex formation appeared to be calcium-dependent 
and could not be inhibited by co-incubation with an active site FXIIIa inhibitor. Although 
complex formation of FXIIIa and Aβ appears independent of FXIIIa cross-linking activity, 
the Glu15 residue in Aβ, known to be of importance in tTG-catalysed oligomerisation of Aβ, 
was crucial for this FXIIIa-Aβ complex formation. In addition, FXIIIa-Aβ complex formation 
protected cerebrovascular cells from Aβ-induced cytotoxicity. Taken together, we provide 
evidence that the blood-clotting factor FXIIIa not only colocalises with the deposited Aβ in 
CAA, but might also play a role in Aβ deposition, persistence and possibly also toxicity in 
the cerebral vessel wall through FXIIIa-Aβ complex formation. 
 Until now, only limited information was available regarding the distribution of FX-
IIIa and its activator thrombin in the human brain. Although both FXIII and thrombin were 
observed in the brain vasculature [28, 48–50], no association with CAA was studied. Here, 
we observed colocalisation of FXIIIa and thrombin with deposited Aβ in CAA, whereas 
they were both absent from SPs and NFTs. Interestingly, our observations are in line with 
the findings of Cortes-Canteli et al, who demonstrated that the major FXIIIa substrate 
fibrinogen is also associated with CAA [29]. Furthermore, evidence is mounting that in 
CAA, the BBB integrity is hampered resulting in leakage of blood-derived proteins into the 
vessel wall and the brain parenchyma [9–11]. Together, these and our data implicate local 
penetration of blood-derived factors in the cerebral vessel wall in CAA pathology. Howev-
er, our immunohistochemical stainings also provide evidence for local production of FXIIIa, 
as FXIIIa staining was also observed in a subset of control vessels and present in various 
cerebrovascular cells, i.e. smooth muscle cells and endothelial cells, and astrocytes. This 
might suggest that under certain conditions, for instance Aβ-induced cell stress, FXIIIa 
is upregulated by cells associated with the cerebral vessels. Furthermore, thrombin is 
present and upregulated by oxidative stress in vitro in endothelial cells [49], a process 
that might be induced by Aβ [51]. Thus, although it is tempting to hypothesise that these 
blood-derived factors leak into the cerebral vessel wall in CAA, future studies are required 
to elucidate their true origin.  
 In previous reports from our group, we demonstrated that tTG and TG-catalysed 
cross-links are present in CAA [15], although they did not spatially colocalise with the de-
posited Aβ [15]. In contrast, activation of endogenous TG in CAA of post-mortem AD tissue 
showed the presence of TG cross-linking activity colocalising with deposited Aβ [25]. Here, 
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we found that FXIIIa might be the TG capable of in situ cross-linking activity in post-mor-
tem AD tissue. As described previously, TGs are able to induce molecular cross-linking 
of lysine and glutamine residues within or between proteins by the formation of γ-glutam-
yl-ε-lysine bonds [13]. Many groups already demonstrated that tTG not only colocalises 
with deposited Aβ in AD brain, but that Aβ also is a substrate for tTG-catalysed cross-link-
ing resulting in the formation of stable and neurotoxic Aβ oligomers [20–24]. Here, we 
demonstrated that in addition to tTG, FXIIIa also binds both Aβ1-40 and Aβ1-42. Surprisingly, 
however, we found that the binding affinity of FXIIIa for Aβ1-42 was 10,000-fold higher com-
pared to Aβ1-40. Although the general idea is that CAA mainly consists of Aβ1-40, Aβ1-42 is 
also present in these lesions and appears to be essential for vascular Aβ deposition in 
transgenic mice [52, 53] and in AD patients [54, 55]. Here, we found a similar colocalisa-
tion of FXIIIa with either Aβ40 or Aβ42 in CAA. This strengthens the notion that FXIIIa-Aβ1-42 

interaction could act as a nucleation seed of Aβ deposits in the vessel wall and accelerate 
deposition of Aβ1-40 [52, 53, 56]. Therefore, even though the ratio of Aβ1-40 to Aβ1-42 is higher 
in CAA, the FXIIIa-Aβ1-42 interaction could be critically involved in CAA formation. Of note, 
it should be taken into account that in contrast to the micromolar concentrations of Aβ and 
FXIIIa required in the experimental setting, brain physiological levels are in the nanomolar 
range [57], although it is unlikely that physiological levels affect the observed binding affin-
ity measured between Aβ and FXIIIa using SPR [58]. It remains to be studied whether tTG 
also shows such a striking difference in binding towards the different Aβ types.
 An important discrepancy between reports on tTG interaction and cross-linking 
of Aβ and our observations with FXIIIa is that tTG induces the formation of Aβ multimers, 
ranging from stable dimers up to high molecular aggregates [20–24], without the formation 
of stable tTG-Aβ complexes. Here, we observed that heat and SDS-stable FXIIIa-Aβ com-
plexes were primarily formed. In addition to these FXIIIa-Aβ complexes, we did observe 
high molecular Aβ-positive protein complexes, although they were predominantly above 
the kDa of FXIIIa suggesting that these were FXIIIa-Aβ complexes rather then specific 
Aβ multimers. In addition, co-incubation of FXIIIa and Aβ did not result in stable Aβ dimer, 
trimers and small multimers, as observed for tTG [23, 24]. Together, our findings suggest 
that, in contrast to tTG, FXIIIa does not induce the multimerisation of Aβ or the formation of 
neurotoxic Aβ dimers and/or oligomers. Instead, SDS- and heat-stable FXIIIa-Aβ complex-
es are formed. In order to demonstrate these FXIIIa-Aβ complexes in vivo, we performed 
immunoprecipitation on lysates of human post-mortem AD tissue, with severe CAA, using 
the anti-FXIIIa antibody. Unfortunately, we were unable to extract FXIIIa-Aβ complexes 
from these lysates using immunoprecipitation. Therefore, it remains to be investigated if 
the colocalisation of FXIIIa with Aβ in CAA indeed represents stable FXIIIa-Aβ complexes 
as suggested by our in vitro data. 
 Of special interest are our observations on the calcium-dependency of FXIIIa-Aβ 
complex formation. Until now, the formation of SDS- and heat stable complexes by TGs 

is described to be characteristic of the transamidation reaction involving the active site 
of TGs. Normally, when TGs are activated by the binding of calcium, the enzyme adopts 
its ‘open’ conformation that enables binding to its substrate. In addition, acylation of the 
active site cysteine residue by a protein-bound glutamine residue takes place, resulting 
in the release of ammonia and the formation of a thioester intermediate between the TG 
and the glutamine bearing protein substrate. The thioester intermediate is attacked by 
a nucleophilic primary amine, often the ε-amino group of a protein-bound lysine residue 
[13]. In line with this notion are our observations that the FXIIIa-Aβ complex formation was 
dependent on the presence of a glutamine residue at position 15 of Aβ, that also plays 
an important role in the tTG-catalysed cross-linking reactions of Aβ by serving as the glu-
tamine donor [23]. Our data suggest that the glutamine residue at position 15 of Aβ act 
as a substrate recognition site for FXIIIa. This is in accordance with Smith and colleagues 
who demonstrated a glutamine-substrate recognition site in FXIIIa, which is exposed after 
thrombin-cleaved activation of FXIIIa [59]. However, this substrate recognition appears 
to be independent of the transamidation reaction as the FXIIIa inhibitor K9-DON did not 
prevent FXIIIa-Aβ complex formation. This suggests that the glutamine at position 15 in Aβ 
is key for complex formation of FXIIIa with Aβ, resulting in a heat- and SDS-stable binding 
without involving the cross-linking reaction of FXIIIa, which is in line with our previous 
study that cross-links were not present in the Aβ deposition in CAA [15, 25]. 
 In previous reports of our group we suggested that tTG is important in Aβ ag-
gregation in early stages of CAA development whereas in later stages tTG may have 
another role in CAA [15, 25]. The current study suggests a novel role for the tTG family 
member FXIIIa in CAA pathogenesis by the formation of stable FXIIIa-Aβ complexes in 
the cerebral vessel wall. These highly stable complexes appear to have characteristics 
similar to covalent tTG-cross-linked products [24] and might therefore display a similar 
high(er) resistance towards proteolytic breakdown. This suggest a longer persistence in 
the vessel wall, inducing the accumulation of proteins and protein complexes as observed 
in CAA that can impair vascular functioning [60]. This phenomenon has also been report-
ed by Ahn and coworkers (2010) who showed that fibrin clots formed in the presence of 
Aβ have an abnormal structure, making them resistant to degradation [61]. In addition, 
anticoagulant treatment improves cognition in mouse models and of AD and dementia pa-
tients [29, 62–64]. However, anticoagulant therapy might cause severe problems in elderly 
patients having a fragile vasculature increasing the risk of systemic bleeding. Therefore, 
blocking FXIIIa-Aβ interaction, without affecting clotting in general, may be a beneficial 
strategy to counteract protein accumulation in the vessel wall in AD. Recently, Ahn et al 
(2014) demonstrated the effectiveness of such an approach using a selective inhibitor for 
Aβ1-42-fibrinogen interaction by binding to Aβ. They found that this inhibitor could restore 
Aβ-induced altered thrombosis and delayed fibrinolysis by inhibiting the Aβ1-42-fibrinogen 
interaction, and that long treatment reduced vascular Aβ deposits and improved cognitive 
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decline in an AD mouse model [65]. In addition, a similar strategy has been described 
for the complex formation of tTG with fibronectin, an interaction of importance in cancer 
metastasis as it regulates cell adhesion to the matrix [66]. Using high-throughput screen-
ing to select small molecule inhibitors, the protein-protein interaction between tTG and 
fibronectin was blocked, which might be beneficial to prevent cancer cell metastasis [66]. 
This might also be feasible for the FXIIIa-Aβ interaction, especially since only recently 
the crystal structure of FXIIIa has now been elucidated [67], paving the way to develop 
selective inhibitors to prevent FXIIIa complex formation with specific substrates. Although 
it is tempting to hypothesise an active contribution of FXIIIa in the Aβ accumulation or 
persistence in CAA, we cannot exclude the possibility that the presence of FXIIIa in the 
Aβ deposition in CAA is merely a result of passive adsorption of FXIIIa to Aβ as FXIIIa 
colocalised with both Aβ40 and Aβ42 deposition in CAA.
 Conversely, leakage of blood-clotting factors into the affected vessel wall might 
act as a protective mechanism, similar to the blood clot, to prevent Aβ-mediated toxicity 
towards cerebrovascular cells [68] and, by doing so, avoid further damage or even disrup-
tion of the vessel wall by the formation of a stable protein clot. Indeed, FXIIIa-Aβ complex-
es protected SMCs from Aβ-induced cell death in this study, indicating a protective effect 
of FXIIIa-Aβ complex formation. Interestingly, FXIIIa has been linked to other vascular 
pathologies that are risk factors for AD, in particular age, hypertension and atherosclerosis 
[69–72]. For instance, increased levels of the FXIIIA-subunit are associated with age [73], 
and the expression of the FXIIIA-subunit is increased in both monocytes of hypertensive 
patients [74] and in plasma cells of patients with atherosclerosis in the coronary arteries 
[75]. Thus, FXIIIa upregulation might reflect a protective strategy in a reaction to stress 
condition. However, whether the increased presence of FXIIIa is beneficial or detrimental 
in these AD-related vascular pathologies remains unclear, as does its exact role in CAA 
formation and/or development.
 In conclusion, here we demonstrated both the presence of the blood-derived 
FXIIIa and its activator thrombin in CAA, and found formation of a novel FXIIIa-Aβ com-
plex that prevented Aβ-induced cell death. These highly stable FXIIIa-Aβ complexes might 
play an important role in the deposition and/or persistence of Aβ in the vessel wall, and 
provides new insights in CAA pathogenesis. In addition, the observed interaction between 
FXIIIa and Aβ is unique compared to the thus far described interactions of TGs with their 
substrates in which the active site is essential to stable protein complex formation via a 
transamidation reaction. Together, our observations hint towards a unique role for FXIIIa in 
CAA, which might enable new ways to investigate innovative therapeutic strategies based 
on the presence and actions of FXIIIa in the cerebral vessel wall in AD.  
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