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Abstract 

Cerebral amyloid angiopathy (CAA) is a pathological hallmark of Alzheimer’s disease 
(AD) and characterised by deposition of amyloid-β (Aβ) protein and smooth muscle cell 
(SMC) death in cerebral vessel walls. Apolipoprotein E (ApoE) is of importance in both 
Aβ accumulation and Aβ-mediated toxicity towards SMCs in the cerebral vessel wall, al-
though its exact role in CAA pathogenesis remains unclear. Tissue transglutaminase (tTG) 
is an enzyme capable of inducing both protein complexes and altered protein bioactiv-
ity via post-translational cross-linking. In CAA, tTG and its catalytic activity are associ-
ated with deposited Aβ. Furthermore, several apolipoproteins are known substrates of 
tTG. We therefore investigated whether ApoE is a substrate for tTG and if this affects 
ApoE’s bioactivity. We found strong binding of different ApoE isoforms with tTG and 
demonstrated tTG-catalysed ApoE multimers. In post-mortem human AD cases, ApoE 
colocalised with in situ active tTG in CAA. Moreover, human brain SMCs treated with 
Aβ demonstrated enhanced secretion of both ApoE and tTG, and of TG cross-links in 
the extracellular matrix. Interestingly, tTG-catalysed cross-linked ApoE failed to protect 
SMCs against Aβ-mediated cytotoxicity. Together, our data demonstrate a novel tTG-driv-
en post-translational modification of ApoE that might play an important role in CAA.  

Introduction

Alzheimer’s disease (AD) is characterised by the deposition of amyloid-beta (Aβ) in pa-
renchymal senile plaques (SPs) as well as in the cerebral vessel walls as cerebral amyloid 
angiopathy (CAA) [1]. CAA is present in over 90% of AD patients, contributes to the rate 
of cognitive decline in AD patients, and is characterised by Aβ-mediated degeneration of 
smooth muscle cells (SMCs), ultimately leading to brain haemorrhages [2, 3]. Apolipopro-
tein E (ApoE) has been identified as a major risk factor for the sporadic late-onset form of 
AD. The ApoE gene has three alleles, ε2, ε3 and ε4, the most frequent of which is the ε3 
allele. Inheritance of one or two copies of the ε4 allele is associated with a dose-dependent 
increased risk for AD, a higher load of CAA, and an earlier age of onset of AD [4–7]. More-
over, ApoE protein is present in CAA in AD cases [8, 9] and in vitro studies have shown 
that ApoE is able to bind, transport and clear Aβ from the brain [10, 11] depending on both 
isoform (ε2>ε3>ε4) and lipidation state [12]. Interestingly, ApoE plays an important role in 
the protection of cerebral SMCs against Aβ-induced cytotoxicity [13]. However, mecha-
nisms underlying the apparent failure of this protective role against Aβ-induced cytotoxicity 
of cerebral SMCs in CAA remain unclear.    
 The transglutaminase (TG) protein family (EC 2.3.2.13) consists of nine mem-
bers, including tissue transglutaminase (tTG). tTG plays an important role during devel-
opment, cell differentiation and apoptosis [14]. TGs are calcium-dependent enzymes that 
catalyse several reactions, in particular the formation of molecular cross-links [15]. TGs 
induce such cross-links by catalysing an acyl transfer reaction between the γ-carboxamide 
group of a polypeptide-bound glutamine and the ε-amino group of a polypeptide bound 
lysine residue to form a covalent ε-(γ-glutamyl)lysine isopeptide bond, either within or 
between proteins [16]. This cross-linking activity therefore is capable of stably altering the 
conformation of proteins and/or induces formation of protein multimers and complexes 
[17, 18]. As a result of this post-translational modification, bioactivity of proteins is strongly 
altered, e.g. conversion of monomer interleukin-2 into a highly toxic dimer [19]. 
 Evidence is mounting that tTG and its transamidation activity play an important 
role in AD pathogenesis [20–22]. In AD brains, tTG levels and its cross-links are elevated 
[23–25] and correlate with the cognitive decline observed in these patients [25, 26]. Fur-
thermore, Aβ is a substrate for tTG-mediated cross-linking [18, 27–30], and we recently 
demonstrated that tTG and its activity are associated with both early and end-stage CAA 
[20, 21].
 Apolipoproteins are known to be post-translationally modified via glycosylation 
[31], proteolytic processing [32, 33] and fatty acylation [34]. Interestingly, apolipoprotein 
family members A-I, A-II, B and C-I are substrates for TG-catalysed cross-linking [35, 36], 
resulting in their polymerisation. Although the functional significance of the TG-catalysed 
cross-linking of apolipoproteins is still unclear, these cross-links are suggested to play an 
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important role in both their structure and complex formation with other proteins and lipids 
[35, 36]. 
 To investigate whether tTG-mediated post-translational cross-linking of ApoE 
may play a role in Aβ-induced cerebral SMC degeneration in CAA, in the current study, 
we first analysed whether ApoE is a substrate for TG-catalysed cross-linking and if this 
cross-linking of ApoE results in ApoE multimerisation. Moreover, we studied colocalisation 
of in situ active tTG with ApoE in CAA in post-mortem brain tissue of AD cases. Treatment 
of cerebrovascular cells with Aβ induces upregulation and secretion of ApoE, and this 
extracellular ApoE protects cerebrovascular cells from Aβ-induced cell death [13]. As a fol-
low up of this study, we here investigated if Aβ treatment of human brain vascular smooth 
muscle cells (HBV-SMCs), in addition to ApoE, induces secretion of catalytically active 
tTG into the extracellular matrix and whether tTG-mediated cross-linking of ApoE affects 
its protective role towards Aβ-induced cell death of HBV-SMC. 

Materials and Methods

Preparation of peptides
Human recombinant ApoE2, 3, and 4 produced in S. frugiperda were obtained from Merck 
Millipore (Billerica, MA, USA) and human plasma purified ApoE3 (ApoE3L) from rPeptide 
(A-2001-1, Bogart, GA, USA). Human recombinant tTG (T002, Zedira GmbH, Darmstadt, 
Germany) was reconstituted in MilliQ water at a stock concentration of 1mg/ml. Human 
Aβ1-42 (rPeptide, Bogart, GA, USA) and human Aβ1-40 (Innovagen, Lund, Sweden) were 
dissolved in sterile MilliQ water at a concentration of 250μM. For Thioflavin T assay human 
Aβ1-42 (rPeptide) was dissolved directly in hexafluoro-2-propanol (Sigma-Aldrich, St. Louis, 
Missouri, USA) and subsequently air-dried overnight and then dissolved in dimethylsul-
foxide (DMSO) at a final concentration of 5mM. Aliquots of all peptide preparations were 
stored at -80°C.

Surface plasmon resonance (SPR) 
SPR experiments were performed using a BIAcore 2000 biosensor instrument (Biacore, 
Uppsala, Sweden), as described previously [37]. Sensor chips and protein coupling chem-
icals were purchased from Biacore. Human recombinant ApoE2, 3, 4 produced in S. fru-
giperda and human plasma purified ApoE3 (ApoE3L) (25 µM dissolved in 10 mM Na-ac-
etate, pH 3.5) were coupled to the surface of the sensor flow cell. Kinetic measurements 
were performed at 25°C with a flow rate of 10 µl/min in 10 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES), pH 7.4, 150 mM NaCl, 3 mM ethylenediaminetetraacet-
ic acid (EDTA), 0.005% (v/v) surfactant P20. Interaction of tTG with ApoE was monitored 
using 6 different concentrations of human recombinant tTG (0.32-2.6 µM). The sensor 
surface was regenerated with 20 µl of 10 mM NaOH inducing dissociation of tTG from 

ApoE. The BIAcore kinetic evaluation software was used to generate overlay plots of 6 
concentrations of tTG to determine the relative dissociation constant KD (expressed in 
M). 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 tTG on ApoE multimerisation
Human recombinant tTG (5 µM) was incubated with 5.3 µM human plasma isolated ApoE 
(ApoE3L) in a 50 mM Tris-HCl pH 8.0 buffer with 10mM CaCl2 and 5mM dithiothreitol 
(DTT) for an hour at room temperature (RT). To test for tTG-cross-link activity, ApoE (2.6 
µM) and tTG (2.5 µM) were co-incubated with 1 mM of the TG substrate biotinylated 5-(bi-
otinamido)-pentylamine (BAP; Thermo Fisher Scientific, Waltham, MA, USA) in the same 
buffers for an hour at RT. Samples were mixed with either 6x Tris/glycine sample buffer 
or 4x LDS (Lithium dodecyl sulfate) sample buffer (Invitrogen, Camarillo, CA, USA) and 
separated on a 10% SDS-PAGE gel or 4-12% Bis-Tris NuPAGE gel with 2-(N-morpholino)
ethanesulfonic acid (MES) running buffer (Invitrogen). Samples were transferred to a poly-
vinylidene fluoride (PVDF) membrane (Merck Millipore), blocked with 5% non-fat skimmed 
milk (ELK) (Campina, Woerden, Utrecht, The Netherlands) in Tris-buffered saline (TBS) 
with 0.1% Tween-20 (5%-ELK-TBST) and incubated overnight at 4°C with primary anti-
body mouse anti-ApoE (1:1000, D6E1, Abcam Inc, Cambridge, UK) and Streptavidin/Avi-
din-poly horse-radish peroxidase (1:5000, Abcam) in 2.5% ELK-TBST. Blots were subse-
quently incubated for 1 hour at RT with secondary antibody goat anti-mouse horse-radish 
peroxidase (1:1000, DAKO Cytomation, Glostrup, Denmark) and the chemiluminescence 
substrate (SuperSignal® West Dura Extended Duration Substrate Kit, Thermo Fisher Sci-
entific) was used to visualise bands. In between incubation steps, blots were washed 
with TBS-T and TBS. Membranes were scanned in a Chemidoc XRS scanner (Bio-Rad 
Laboratories, Hercules, CA, USA) and band densities were analysed with the Quantity 
One 4.6 software program (Bio-Rad Laboratories). Graphpad Prism 5 statistical software 
package and SPSS Statistics 20.0 were used to present and statistically analyse data. A 
t-test was performed to test for statistical differences between the monomers in the ApoE 
or ApoE/tTG condition and between the multimers in either condition. Data are presented 
as mean±SEM. 

Electron microscopy (EM) and Thioflavin T assay
Both human recombinant tTG (5 µM) and ApoE3L (5 µM) alone, or tTG co-incubated with 
ApoE, with or without 5 mM EDTA were incubated in 50 mM Tris-HCl buffer pH 8.0 with 2 
mM CaCl2 and 5 mM DTT for 6 hours. To study the morphology of ApoE multimers, the 
resulting samples were diluted in ultra pure water (1:5) and 5 μl aliquots were allowed to 
attach for 5 minutes on formvar-coated Ni-grids (Electron Microscopy Sciences, Hatfield, 
PA, USA) at 37°C. Grids were washed with ultra pure water and air-dried. For EM, samples 
were negatively stained for 20 minutes with 3% filtered uranyl acetate solution and visual-
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ised with a Philips CM 100 electron microscope (Philips, Eindhoven, The Netherlands). 
For the Thioflavin T assay, protein samples of Aβ1-42 (5 µM), ApoE (5 µM), tTG alone (5 
µM) and ApoE co-incubated with tTG were incubated for 1, 3 and 6 hours at RT. Samples 
were diluted in 5 μM Thioflavin T (ThioT, Sigma-Aldrich) solution in 10 mM Tris–HCl, pH 
7.4. Aggregation kinetics were monitored with a Fluostar microplate reader (serial number 
403-0139, BMG Labtech, Ortenberg, Germany) at excitation 450nm and emission 485nm, 
and analysed with Fluostar Galaxy software (version 4.30-0, BMG Labtech).

Human post-mortem brain tissue
Neocortex tissue samples from 5 AD patients with CAA (age 91.0 ± 4.6 years; post-mor-
tem delay 5.0 ± 2.0 hours) and 4 controls without neurological disease (age 81.3 ± 6.6 
years; post-mortem delay 7.5 ± 1.0 hours) were used (The Netherlands Brain Bank, Am-
sterdam, The Netherlands). Brain tissue was rapidly dissected following autopsy and im-
mediately frozen in liquid nitrogen. The diagnosis of AD was based on neuropathological 
and clinical criteria [38]. Table 1 provides an overview of the diagnosis, score for Aβ and 
NFTs, CAA grading, age, post-mortem interval and gender of the patients used in this 
study. CAA grading was established by quantification of the number of Aβ-positive vessels 
in one microscopic field (magnification 25x), as described in a previous report [39]. At least 
4 microscopic fields of neocortex were analysed and categorised as follows: 0 (-, no CAA), 
0-10 (+, sparse CAA), 10-20 (++, moderate CAA) and >20 (+++, severe CAA) vessels 
affected by Aβ deposition.  

Table 1 Patients 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 Control F 87 8 C1 nd ++

7 Control F 73 8 C1 A2 ++

8 Control M 86 6 C1 A2 ++

9 Control M 79 8 C1 A1 -

Abbreviations: AD = Alzheimer’s disease, CAA = cerebral amyloid angiopathy, F = Female, M = Male, 

PMI = post-mortem interval (h = hours). Grading of NFT, Aβ and CAA severity was performed as 

described in the materials and methods section. For NFT and Aβ score, classification according to 

Hyman and colleagues [38] is shown.

Double immunofluorescence 
Experiments were performed as described previously [20, 21]. Serial sections of neocor-
tex (6 µm) were fixed with acetone (100%) for 10 minutes and air-dried. 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 mouse anti-ApoE 
(ApoE ab1906, Abcam) and rabbit anti-Aβ (715800, Invitrogen) were diluted in 3% BSA/
TBS-T and incubated overnight at 4°C. Negative controls were incubated in this solution 
without the primary antibodies. The secondary antibodies donkey anti-mouse or donkey 
anti-rabbit, both coupled to either Alexa 488 or Alexa 594 (dilution 1:400; Jackson Immu-
noresearch Laboratories Inc., Suffolk, UK) were diluted in 3% BSA/TBS-T and incubated 
for 2 hours at RT. In between incubation steps, sections were extensively washed with 
TBS. Sections were mounted with Vectashield® (Vector laboratories Inc) or PVA-DABCO® 
mounting medium (Sigma-Aldrich) and visualised 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 1 or 2x, resolution 1024x1024).

In situ TG activity
In situ TG activity detection was performed as described previously [21]. In brief, unfixed 
6 μm thick tissue sections of neocortex of AD cases were preincubated for 20 minutes at 
RT in a 100 mM Tris-HCl, pH 7.4, 5mM CaCl2, 1 mM DTT (Promega, Madison, WI, USA) 
buffer with or without 100 μM of the selective tTG activity inhibitor Z-DON-Val-Pro-Leu-
OMe (Z-DON) [40, 41], purchased from Zedira GmbH. Then, incubation was continued for 
30 minutes at 37°C with the same incubation buffer with or without inhibitor to which 50μM 
T26 (Covalab, Villeurbanne, France), a specific tTG substrate [42, 43], was added. There-
after, sections were washed with MilliQ water, air-dried, fixed for 10 minutes with 100% 
acetone, blocked with 3%BSA/TBS-T and subsequently incubated with primary antibody 
mouse anti-ApoE or mouse anti-Aβ (AB10, Merck Millipore) in 3% BSA/TBS-T overnight 
at 4°C. Secondary antibodies used were donkey anti-mouse coupled to Alexa488 to detect 
ApoE or Aβ and streptavidin coupled to Alexa594 to detect T26 incorporation (all diluted 
1:400, Jackson Immunoresearch Laboratories Inc). Sections were mounted and visual-
ised as described for double immunofluorescence. 

Cell culture 
Primary human brain vascular smooth muscle cells (HBV-SMCs, Sciencell Research Lab-
oratories, Sanbio, 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 Laboratories) containing 10% foetal calf serum (FCS), 1% non-essential amino acids 
(Gibco® Life Technologies, Carlsbad, CA, USA), 2.5 mM L-glutamine and 50 μunits/mL of 
both penicillin and streptomycin. Cell passages two to seven were used for experiments. 
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Cells were plated as indicated per experiment and grown until near-confluence. Cells were 
washed with serum-free medium twice and incubated in serum-free medium for at least 
four hours. Subsequently, cells were treated with Aβ, ApoE, tTG or MilliQ water (diluent) 
as indicated per experiment.  

Effect of Aβ treatment on ApoE, tTG and TG cross-links in extracellular matrix (ECM)
HBV-SMCs were cultured in either 96-wells plates (8000 cells/well, Falcon, BD Bioscienc-
es, Billerica, MA) for quantitative immunofluorescence (QIF) analysis or in 6-well plates 
(100,000-200,000 cells/well, Nunc, Thermo Fisher Scientific) for Western blot analysis, all 
plates coated with 50 μg/ml fibronectin (Sigma-Aldrich). Cells were grown until near-con-
fluence and treated with 15 μM Aβ1-42 or MilliQ water for 20 hours in serum-free medium 
(total volume 100µl/well in 96-wells plates, 1 ml/well in 6-wells plate). To isolate ECM, 
cells were removed with 50 mM NH4OH-0.05% Triton X-100 (Sigma-Aldrich) and 50mM 
NH4OH, both incubated for 5 minutes at RT. Wells were subsequently washed with TBS 
pH 7.4. The remaining ECM was incubated for at least one hour with 10U/ml rq1 RNase 
free DNase-1 (Promega) in a Tris-sodium buffer (4.84 g/L TRIS, 0.58 g/L NaCl, 0.57 g/L 
MgCl2, 1.95 g/L CaCl2, pH 7.9) to remove DNA remnants and washed with TBS. Presence 
of tTG in the ECM was analysed using Western blot analysis. As ApoE and TG cross-links 
could not be detected in the ECM with Western blot analysis, the more sensitive QIF assay 
was used.

Quantitative immunofluorescence (QIF)
After removal of the cells in 96-wells plates, ECM was incubated overnight at 4°C with 
antibodies goat anti-ApoE (Q16, dilution 1:500, Santa Cruz, Dallas, TX, USA) or mouse 
anti-81D4 (TG cross-links, dilution 1:1000, Covalab) in Odyssey blocking buffer (Li-cor Bi-
osciences, Lincoln, Nebraska USA) diluted 1:1 in TBS with 0.1% Tween 20 (Licor-TBST). 
ApoE was then detected by incubation with secondary antibody donkey anti-goat cou-
pled to IRDye 800 (dilution 1:10,000, Li-cor Biosciences) for 1 hour at RT. TG cross-links 
were detected by secondary antibody donkey anti-mouse IgM coupled to biotin (Jack-
son Immunoresearch Laboratories Inc.), followed by incubation with Streptavidin coupled 
to IRDye 800 (dilution 1:8000, Li-cor Biosciences). Wells were washed extensively with 
TBS-T or TBS alone in between incubation steps. Presence of proteins was visualised 
with the Odyssey Sa Infrared imaging system (Li-cor Biosciences). Immunofluorescence 
was quantified using the Odyssey software by measuring the staining intensity per con-
dition corrected for wells in which the primary antibody was omitted. Control conditions 
(no Aβ treatment) were set at 100% and treatment conditions were related to the control 
condition. 

Western blot analysis
tTG protein levels in ECM were detected with Western blot analysis. For this, ECM was 
collected by scraping in RIPA buffer (137 mM NaCl, 20 mM Tris, 1 mM EDTA, 1% NP40, 
1% sodium deoxycholate, 0.1% SDS pH 7.4) with 5 μg/ml of protease inhibitors (all Sig-
ma-Aldrich) pepstatin A (P5318), aprotinin (A1153) and leupeptin (L2884) and 17μg/ml 
phenylmethylsulfonyl fluoride (PMSF, P7626). Samples were stored at -20°C until fur-
ther use. Samples were mixed with Laemmli SDS sample buffer with 50mM DTT (Sig-
ma-Aldrich) heated and subjected to 6% SDS-poly acrylamide gel electroforesis (PAGE) 
by loading equal volumes of samples. After gel electrophoresis, samples were transferred 
to a 0.2µm nitrocellulose membrane (Li-Cor Biosciences) and blocked with Licor-TBS for 
1 hour at RT. Blots were incubated overnight at 4°C with primary antibody mouse anti 
tTG-Ab3 (1:1000, Thermo Scientific) or mouse anti-actin (1:10,000, AC-15, Abcam) in Li-
cor-TBS with 0.1% Tween-20 (Sigma-Aldrich; Licor-TBST). Subsequently blots were incu-
bated with secondary antibody donkey anti-mouse (dilution 1:10,000, Li-cor Biosciences), 
coupled to IRDye 680 (dilution 1:10,000, Li-cor Biosciences). In between incubation steps, 
blots were extensively washed with TBS with 0.1% Tween-20 (TBS-T) or TBS alone. Blots 
were visualised with the Odyssey Sa infrared imaging system (Li-Cor Biosciences). Band 
densities were measured with the Odyssey SA infrared imaging system. Control condi-
tions (no Aβ treatment) were set at 100% and treatment conditions were related to the 
control condition. 

Visualisation of cells and ECM
To visualise HBV-SMCs and remaining ECM after cell removal, pictures were taken using 
an Olympus CK2 microscope with Olympus DP10 camera (Olympus, Tokyo, Japan). In 
addition, the ECM was also stained and visualised with an antibody against collagen IV, 
an important component of vessel wall ECM [44]. For this, cells grown until near-conflu-
ence in 6-wells plates (100,000-200,000 cells/well) were removed as described above. 
The remaining ECM was blocked with 5% BSA in TBS with 0.1% TritonX-100 (TBS-T) for 
1 hour at RT and incubated overnight at 4°C with a rabbit anti-collagen IV antibody (dilu-
tion 1:3000, ab6586, Abcam) in blocking buffer. Subsequently ECM was incubated with 
secondary antibody donkey anti-rabbit coupled to Alexa488 (dilution 1:400, Invitrogen) in 
blocking buffer for 1 hour at RT. ECM was washed in between incubation steps with TBS-T. 
Collagen IV staining was visualised with an Olympus CKX41 fluorescence microscope 
(Olympus) with U-CMAD3 camera (Olympus).

Viability assay
Cell viability assay was performed as described previously (Wilhelmus et al., 2007; Wilhel-
mus et al., 2006a). HBV-SMCs were plated in eight-well chamber slides (5600-6500 cells/
well, Nunc, Thermo Fisher Scientific) and grown until near-confluence. Cells were then 
washed twice with serum-free medium and incubated in serum-free medium for at least 
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four hours. ApoE (1 µM, ApoE3L) was pre-aggregated for 30 minutes at RT in serum-free 
medium with 0.65 μM tTG (Zedira) and the reaction was stopped with 40 μM of the tTG 
activity inhibitor Z-DON [40, 41]. To block tTG activity prior to incubation with ApoE, tTG 
was incubated with 40 μM Z006 for 30 minutes at RT. Subsequently, cells were pre-treat-
ed for 30 minutes with 1 μM ApoE alone, pre-aggregated ApoE, or 0.65 μM tTG with 40 
μM Z-DON. Incubation was continued with the addition of 20 μM Aβ1-42 for 5 days in total 
volume of 120 µl. The Aβ solvent MilliQ water was used as a control. Z-DON was added 
to the conditions where tTG was present to prevent tTG-catalysed cross-linking of Aβ [18, 
28]. Cell viability was quantified using a fluorescent Live/Dead®Viability/Cytotoxicity Kit 
according to the manufacturer’s description (Molecular Probes, Eugene, OR, USA). The 
experiment was repeated three times with duplicate conditions. In four microscopic fields 
per well with a representative cell population live and dead cells were counted using an 
Olympus CKX41 fluorescence microscope at a 10X zoom (Olympus). The percentage of 
dead cells was calculated per well, averaged per condition.  

Statistical analysis
Graphpad Prism 5 statistical software package and SPSS Statistics 20.0 were used to 
present and statistically analyse data. A t-test was performed to test for statistical differ-
ences between the monomers in the ApoE or ApoE/tTG condition and between the mul-
timers in either condition. For QIF and WB analysis, one sample t-test was performed to 
test statistically significant difference between treatment conditions and control conditions. 
For viability assay analysis, group differences were statistically analysed with a one-way 
ANOVA using Bonferroni post-hoc testing. P-values ≤0.05 are regarded as statistically 
significant. All data are presented as mean±SEM. 

Results

tTG binds different ApoE isoforms
In order to investigate protein-protein interaction between tTG and ApoE, we determined 
the relative binding affinity of tTG for different ApoE isoforms and lipidation state using 
Surface Plasmon Resonance (SPR) measurements. We demonstrated strong binding be-
tween tTG and all ApoE isoforms and lipidated ApoE, yielding a high association and a 
low dissociation of tTG for the ApoE variants in the nanomolar range (Figure 1). The SPR 
measurements demonstrated no apparent differences in relative binding affinity (KD) of 
tTG for the ApoE isoforms, i.e. ApoE2, ApoE3 and ApoE4, as well as the lipidated state 
(ApoE3L) (Figure 1, table). As we observed a similar relative binding affinity between the 
ApoE isoforms and lipidation state, we continued our experiments using the most common 
ApoE isoform ApoE3 [46], and the most biologically relevant and abundant form in the 
brain, which is lipidated ApoE3L [12].        

Figure 1 Protein-protein interaction between ApoE and tTG. Binding affinity of tTG for different ApoE 

isoforms and lipidated ApoE were analysed using SPR. Interaction of tTG with insect ApoE2, ApoE3, 

ApoE4 and human plasma purified ApoE3 (ApoE3L) was analysed by coating the different ApoE 

forms on the sensor chip and incubation with 6 different concentrations (0.32-2.6 µM) of tTG. All three 

different ApoE isoforms and ApoE3L demonstrated a high association with tTG on the sensor chip and 

a low dissociation, measured by RU over time (sec). Relative binding affinity (KD) of tTG for ApoE2, 

ApoE3, ApoE4 and ApoE3L was all in the nanomolar range (table). Abbreviations: ApoE = apolipo-

protein E; RU = resonance units; SPR = surface plasmon resonance; tTG = tissue transglutaminase. 

ApoE is a substrate for tTG-catalysed cross-linking and induces ApoE multimers
Catalytic activity of tTG induces molecular cross-links between proteins resulting in both 
heat- and SDS-stable protein complexes [47]. To examine whether ApoE not only binds to 
tTG, but is also a substrate for tTG-catalysed cross-linking, we first incubated ApoE with 
tTG and analysed multimerisation of ApoE (Figure 2A). Western blot analysis demonstrat-
ed that incubation of ApoE alone showed ApoE monomers and possibly ApoE dimers and 
trimers (Figure 2A). Co-incubation of ApoE with catalytically active tTG resulted in both a 
significant reduction of ApoE monomers and a significant induction of heat- and SDS-sta-
ble high molecular ApoE multimers (Figure 2A, B). In addition, co-incubation of ApoE with 
tTG resulted in a molecular weight reduction of the ApoE dimer and trimer (Figure 2A), in 
comparison to ApoE alone, suggesting a tTG-induced conformational change that increas-
es gel mobility of these ApoE species. To study whether ApoE is a substrate for tTG-cata-
lysed cross-linking, we co-incubated ApoE and tTG with the TG substrate 5-(biotinamido)
pentylamine (BAP) and analysed tTG-catalysed incorporation of BAP into ApoE. Incorpo-
ration of BAP into both ApoE monomer as well as ApoE multimers demonstrated that ApoE 
is a substrate for tTG-catalysed cross-linking (Figure 2C). 



90 91

 To gain more insight into the characteristic of the tTG-catalysed ApoE multimers, 
we first analysed the formation of a β-pleated sheet structure, as ApoE, especially ApoE4 
is known to obtain this conformation upon multimerisation [48]. However, we observed no 
incorporation of Thioflavin T in time in both incubation of ApoE alone or in combination 
with catalytically active tTG (Figure 2D), in contrast to the positive control Aβ1-42 [37]. In 
addition, we analysed the structure of tTG-catalysed ApoE multimers using electron mi-
croscopy. We found that co-incubation of ApoE with catalytically active tTG induced an 
increase in large protein complexes, which in higher power magnification appeared as pro-
tein aggregates (Figure 2E). The formation of these large protein structures of ApoE was 
not observed upon co-incubation of ApoE and catalytically inactive tTG, by co-incubation 
with the calcium chelator EDTA (Figure 2E).    

Active tTG colocalises with ApoE in cerebral amyloid angiopathy
In CAA, colocalisation of ApoE with the deposited Aβ has been described [8, 9]. Recently, 
our group found evidence that tTG is also associated with CAA [20, 21]. To investigate 
the relevance of tTG-catalysed cross-linking of ApoE in CAA, we stained for the presence 
of both ApoE and active tTG in CAA of AD post-mortem brain tissue. In control brain, 
anti-ApoE antibody immunoreactivity demonstrated only a weak staining of blood vessel 
walls of the white matter (not shown), whereas in CAA strong anti-ApoE antibody immuno-
reactivity colocalised with the deposited Aβ (Figure 3A-C). To determine in situ tTG activity, 
we incubated brain sections with the tTG specific substrate T26 and analysed possible 
colocalisation of Aβ and T26 in both control and CAA cases. In vessels of control cases 
(Figure 3D-F) and unaffected vessels in AD cases (not shown), we found light T26 staining 
throughout the vessel wall. In CAA in AD cases however, we observed strong T26 staining 
colocalising with Aβ deposition (Figure 3G-I). To determine whether the observed incor-
poration of T26 was explicit of tTG, we co-incubated T26 with the irreversible specific tTG 
inhibitor Z-DON and observed strong reduction of the T26 incorporation in CAA (Figure 
3J-L). Finally, we demonstrated colocalisation of in situ active tTG with ApoE in CAA as 
we observed colocalisation of anti-ApoE antibody immunoreactivity with the T26 staining 
in CAA (Figure 3M-O). 

Aβ upregulates ApoE, tTG and TG cross-links in the extracellular matrix (ECM) 
As ApoE’s protective effect towards Aβ-induced toxicity is suggested to act in the ex-
tracellular environment [13], we investigated Aβ-mediated effects on ApoE, tTG and TG 
cross-link levels in the ECM of cultured HBV-SMCs using quantitative immunofluores-
cence (QIF) or Western blot analysis. ECM produced by cultured HBV-SMCs was isolated 
and analysed as described in the materials and methods. We confirmed the complete 
removal of cells by visualisation of HBV-SMC-produced ECM under the microscope with 
transmitting light (Figure 4A, ii). In addition, we demonstrated the presence of endoge-
nously produced ECM by HBV-SMCs using an anti-collagen IV antibody (Figure 4A, iii) 

Figure 2 tTG-catalysed cross-linking induces ApoE multimers. Human plasma purified ApoE (5.3 μM) 

and catalytically active human tTG (5 μM) were incubated together and analysed with Western blot-

ting (WB) as described in the materials and methods. Co-incubation of ApoE with tTG significantly 

reduced the levels of ApoE monomers and induced the formation of ApoE multimers (A, B). ApoE 

(2.6 µM) co-incubated with or without active tTG (2.5 µM), and in the presence of BAP (1 mM) was 

analysed using WB (C). In the presence of tTG, BAP was incorporated into both the ApoE (34 kDa) 

monomer and ApoE multimers (C). The formation of β-pleated sheets was tested using Thioflavin T 

(Thio T). Aβ1-42 (5 µM) was used as a positive control, ApoE (5 µM), ApoE co-incubated with tTG (5 

µM), tTG alone and ApoE co-incubated with tTG and EDTA, to prevent catalytic activity of tTG, was 

analysed. Samples were incubated at room temperature (RT) for 1, 3 and 6 hours. No β-pleated 

sheets were formed in either condition, except for Aβ1-42 alone (D). The morphology of protein samples 

of tTG (5 µM), ApoE (5.3 µM), ApoE co-incubated with tTG, and ApoE co-incubated with tTG and 

EDTA (5 mM) for 6 hours at RT was analysed using electron miscroscopy (E). Co-incubation of ApoE 

with tTG resulted in the formation of spherical protein structures characteristic of multimers (E iii, iv 

(magnification of iii)) which was prevented by co-incubation with EDTA (E v and vi (magnification of 

v)). Zoom i-iii, v: 1850X, iv, vi: 7400X. Abbreviations: ApoE = apolipoprotein; BAP = 5-(biotinamido)

pentylamine; EDTA = ethylenediaminetetraacetic acid;  M = molecular weight marker; tTG =  tissue 

transglutaminase.
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to demonstrate the presence of this important constituent of the ECM [44]. The absence 
of intracellular proteins in the ECM samples was confirmed by the lack of the intracellular 
protein actin (Figure 4A, iv). HBV-SMCs treated with Aβ1-42 demonstrated an Aβ1-42-induced 
elevation of both tTG enzyme levels (217.0±23.7% of control (mean±SEM)) and ApoE 
levels in the ECM (136.9±12.4% of control) (Figure 4B). Interestingly, Aβ1-42 treatment also 
significantly enhanced the levels of TG-cross-linked proteins in the ECM (547.9±64.1% of 
control) (Figure 4B). Treatment of cells with Aβ1-40 showed no effect (not shown). Although 
CAA consist primarily of Aβ1-40 [49], Aβ1-42 is also present in the vessel wall and is regarded 
as the toxic form towards cerebral SMCs [45, 50].

Cross-linked ApoE does not prevent Aβ-mediated toxicity towards human primary cerebral 
vascular smooth muscle cells.
Aβ-mediated toxicity towards cerebrovascular, in particular SMC, cells is a key event in 
CAA [3]. ApoE is known to have a concentration- and isotype-dependent protective ef-
fect towards Aβ-mediated toxicity in cerebrovascular cells [13]. Our above-described data 
demonstrated tTG-catalysed cross-linking of ApoE. Molecular cross-linking of proteins by 
TGs is known to affect their biological functions [19]. In order to test whether tTG-cata-
lysed post-translational modification of ApoE affects the protective role of ApoE towards 
Aβ-mediated toxicity of HBV-SMCs, we incubated these cells with Aβ and co-treated them 
with either ApoE or tTG-catalysed cross-linked ApoE, and analysed cellular toxicity of Aβ 
(Figure 4C). Treatment with Aβ1-42 resulted in increased cell death (36.0±1.5% cell death 
(mean±SEM)) compared to untreated cells (8.2±0.6%), and Aβ1-42 co-incubated with active 
tTG had no significant effect compared to Aβ1-42 treatment alone (36.0±1.3%). Treatment 
of HBV-SMCs with ApoE demonstrated similar percentages of cell death (7.8±0.6%) com-
pared to untreated cells. Co-incubation of Aβ with ApoE significantly reduced Aβ-mediated 
cell death to control levels (10.0±1.0%). In contrast, tTG-catalysed cross-linked ApoE was 
unable to rescue the cells from Aβ-mediated toxicity (34.4±1.5%), whereas preincuba-
tion of tTG with Z006 prevented tTG-catalysed crosslinking of ApoE and demonstrated 
a viability comparable to the control situation (10.3±0.9%). To prevent catalytic activity of 
tTG when added to the cell culture system, samples were co-incubated with the specif-
ic irreversible tTG inhibitor Z-DON [41]. Z-DON did not affect Aβ-induced cell death, as 
co-incubation of Z-DON with Aβ did not alter the Aβ-induced percentage of dead cells (not 
shown).

 

Figure 3 Colocalisation of ApoE and in situ active tTG in CAA in human post-mortem control and 

AD cases. Double immunofluorescence was performed with the anti-Aβ antibody and a streptavidin 

coupled to Alexa4594 directed against the biotin-labelled T26. Double immunofluorescence of an 

anti-Aβ and anti-ApoE antibody demonstrated colocalisation of Aβ and ApoE in CAA (A-C). Double 

immunofluorescence of an anti-Aβ and biotin-labelled T26 demonstrated presence of T26 in vessel 

of control cases (D-F). The anti-Aβ antibody stained CAA vessels in AD cases and colocalised with 

T26 staining (G-I), which was largely inhibited upon co-incubation with the irreversible tTG specific 

catalytic activity inhibitor Z-DON (J-L). In addition, in CAA, ApoE staining colocalised with in situ active 

tTG, indicated by incorporation of the tTG specific substrate T26 by endogenous tTG (M-O). Scale bar 

= 30µm. Abbreviations: Aβ = amyloid-beta, ApoE = apolipoprotein E, AD = Alzheimer’s disease, tTG 

= tissue transglutaminase, CAA = cerebral amyloid angiopathy, Z-DON = Z-DON-Val-Pro-Leu-OMe.
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Figure 4 Effect of Aβ treatment on HBV-SMCs on ApoE, tTG and TG cross-links levels in the ECM 

and effect of tTG-catalysed cross-linked ApoE on Aβ-mediated toxicity towards HBV-SMCs. HBV-

SMCs (A, i) and isolated ECM (A, ii) produced by HBV-SMCs were visualised with an Olympus CK2 

microscope with Olympus DP10 camera with a 10X lens. ECM was stained with an anti-collagen IV 

antibody (A, iii) and absence of intracellular contamination was demonstrated by actin analysis of 

both WCL and ECM samples (A, iv). Protein levels of ApoE, tTG and TG cross-links in the ECM were 

determined upon treatment with Aβ1-42 (15µM) for 20 hours and compared to control conditions. West-

ern blot analysis showed increased tTG protein levels in ECM (217.0±23.7% of control (mean±SEM)) 

upon Aβ1-42 treatment (B). Aβ1-42 treatment also resulted in a statistically significant increase of both 

ApoE protein and TG cross-links in the ECM (136.9±12.4% of control, and 547.9±64.1% of control, 

respectively) as shown by QIF (B). Dotted lines indicate the 100% of the control condition. Graphs 

and blot represent the average of at least three independent experiments. Individual QIF experiments 

were performed in triplicate or quadruplet. Statistical analysis was performed with a one-sample t-test 

for WB and QIF data. 

HBV-SMCs were incubated with Aβ1-42 (20 µM), ApoE (1 µM), tTG (0.65 µM), Z006 (40 µM) or a 

combination of Aβ1-42/ApoE, Aβ1-42/tTG, Aβ1-42/ApoE/tTG or Aβ1-42/ApoE/tTG/Z006 for 5 days, and both 

dead and alive cells were analysed (C). In control cells, the percentage of dead cells was 8.2±0.6% 

(mean±SEM), whereas treatment with Aβ1-42 resulted in a percentage of 36.0±1.5% of dead cells. 

Treatment with ApoE alone showed similar percentages of dead cells as compared to controls 

(7.8±0.6%). Co-incubation of tTG with Aβ1-42 resulted in similar percentages of cell death as incubation 

of Aβ1-42 alone (36.0±1.3%). Co-treatment of Aβ1-42 with ApoE resulted in a reduction of percentage 

of dead cells (7.8±0.6%) comparable to untreated cells, whereas tTG-catalysed cross-linked ApoE 

showed no significant decrease in cell death compared to Aβ1-42 alone (36.4±1.5%). Pretreatment of 

tTG with Z006 and then co-treated with Aβ1-42 and ApoE demonstrated cell death compared to con-

trol (10.3±0.9%). Statistical analysis was performed using a one-way ANOVA (p=0.002 ANOVA) with 

Bonferroni post-hoc testing reaching statistically significance differences as indicated in the figure 

(C). The level of significance between groups or in comparison to the control is indicated as follows: 

***p<0.0001. Mean±SEM are shown. Scale bar: i, ii: 50µm, iii: 80µm. Abbreviations: Aβ = amyloid-be-

ta; ApoE = apolipoprotein, ECM = extracellular matrix, HBV-SMC = human brain vascular smooth 

muscle cells, QIF = quantitative immunofluorescence, tTG = tissue transglutaminase, WB = western 

blot, WCL = whole cell lysates. 

Discussion

Aβ-induced SMC death is an important hallmark of CAA pathogenesis. Although ApoE 
is known to play an important role in this SMC loss in CAA, mechanisms underlying this 
process are unclear. In this study, we describe for the first time an interaction between tTG 
and ApoE and we demonstrate that ApoE is a substrate for tTG-catalysed cross-linking 
resulting in ApoE multimerisation. Analysis of CAA in post-mortem material of human AD 
cases revealed colocalisation of ApoE with in situ active tTG, hinting towards a role for 
tTG-ApoE interaction in CAA pathology. To gain more insight into the potential conse-
quences of a tTG-ApoE interaction, we treated primary HBV-SMCs with Aβ and demon-
strated elevated levels of tTG, ApoE and TG-catalysed cross-linking products in the ECM 
produced by these cells. Perhaps more important, the tTG-catalysed cross-linking of ApoE 
had direct consequences for ApoE’s bioactivity as it was no longer able to exert its protec-
tive effect towards Aβ-mediated cerebrovascular cytotoxicity. Together, our data provide 
new insight into the mechanism(s) that underlie cerebrovascular degeneration in CAA. 
 Structural differences in ApoE affect its binding to ligands and consequently its 
bioactivity [10, 51, 52]. In this study, we demonstrated a strong binding affinity, i.e. in the 
nanomolar range, of tTG for all ApoE’s tested, although we did not observe differences 
between ε2, ε3 and ε4 isoforms, nor for unlipidated ApoE versus lipidated ApoE. The bind-
ing site of tTG for ApoE is therefore unlikely to overlap the amino acid region responsible 
for the variations between ApoE isoforms, i.e. amino acid position 112 and/or 158 [12]. 
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Previously, tTG has been demonstrated to bind and cross-link other apolipoprotein family 
members, i.e. ApoA-I, A-II, B and C-I [35, 36]. This suggests that binding of tTG with apoli-
poproteins is located within a conserved region in the apolipoprotein family. Homology be-
tween apolipoproteins is described in domains with amphipatic helices, that are suggested 
to play a role in phospholipid binding [53, 54], which suggest that tTG might bind in these 
domains of apolipoproteins. Upon binding of apolipoproteins to lipids, a conformational 
change occurs exposing these domains to interact with lipids [55]. Thus, tTG binding of 
lipidated ApoE will be hampered compared to lipid-free apolipoproteins, however lipidation 
did not affect the binding affinity of tTG for ApoE. Therefore, additional analyses will be 
necessary to determine the exact binding location of tTG to apolipoproteins. In addition to 
the binding site, for tTG-catalysed cross-linking to occur, glutamine and lysine residues are 
crucial [15]. As described-above, differences between ApoE isoforms are limited, ApoE2 
(cys112, cys158), ApoE3 (cys112, arg158), and ApoE4 (arg112, arg158) [12], and do not 
entail glutamine and/or lysine residues [56]. Thus, ApoE isoform differences are not likely 
to influence glutamine and/or lysine accessibility for tTG-catalysed cross-linking, although 
it remains to be established which of the 30 glutamine and 12 lysine residues within the 
whole ApoE protein are the actual substrates for tTG’s transamidation reaction [56].
 Previously, apolipoprotein family members were identified as tTG substrates re-
sulting in apolipoprotein multimers [35, 36]. Here, we demonstrated that the apolipoprotein 
family member ApoE is a substrate of tTG-catalysed cross-linking as well, resulting in 
tTG-catalysed formation of multimers of ApoE. Monomeric ApoE was strongly reduced 
upon incubation with catalytically active tTG, demonstrating tTG-catalysed intermolecular 
cross-linking between ApoE monomers into multimers. Interestingly, tTG also induced the 
formation of ApoE dimers and trimers with a lower kDa compared to ApoE dimers and 
trimers formed without the presence of tTG. This observation is in line with previous find-
ings of our group demonstrating that tTG-catalysed cross-linking of protein and/or protein 
complexes induces highly stable conformational changes [17]. Similar to our findings here, 
tTG-catalysed cross-linking of α-synuclein monomers resulted in monomeric species that 
demonstrated a lower kDa compared to wild-type α-synuclein [17], probably caused by a 
intramolecular cross-link. Interestingly, both intra- and intermolecular tTG-catalysed cross-
links are known to affect the bioactivity of these novel formed protein/protein complexes 
[17, 19]. Future studies are required to elucidate the biological consequences of these 
tTG-induced altered ApoE dimers, trimers and perhaps larger conformation altered ApoE 
complexes.
 Spontaneous multimerisation of apolipoproteins into amyloid structure has been 
described [57], also for ApoE [48]. These multimers of ApoE adapted a Thioflavin T pos-
itive conformation [48] and the multimerisation of ApoE4 into Thioflavin T positive struc-
tures resulted in highly toxic aggregates leading to neuronal cell death in vitro [48]. In 
contrast, here we demonstrate that tTG-catalysed ApoE multimerisation did not result in 
Thioflavin T positive structures. This is in line with a previous report of our group on struc-

tural analysis of tTG cross-linked α-synuclein [17]. α-Synuclein and apolipoproteins both 
possess amphipatic helices important for lipid-binding [58], which may explain the compa-
rable tTG-catalysed formation of Thioflavin T negative ApoE protein complexes. Together, 
these data suggest that tTG-catalysed protein complex formation may be of a non-amyloi-
dogenic nature. 
CAA development starts with Aβ deposition between cerebrovascular SMCs in the medial 
layer of the vessel wall. We previously reported the presence of increased tTG levels in the 
Aβ deposition in early stage CAA [21], suggesting increased production and/or secretion 
by SMCs. In addition, ApoE is known to be present in CAA lesions [8, 9] and Aβ-mediated 
cell stress of cerebrovascular cells leads to upregulation of ApoE [13]. We here demon-
strated colocalisation of ApoE with in situ tTG activity in CAA suggesting tTG cross-link-
ing activity in the affected vessel wall. In addition, we showed that extracellular levels 
of ApoE, tTG and TG cross-links in the ECM produced by these cells were increased. 
An explanation for the increased extracellular levels may be that Aβ-induced cell death 
results in the release of intracellular proteins into the extracellular space. However, under 
our experimental conditions following 20 hours of Aβ treatment, we did not observe Aβ-in-
duced cell death (data not shown). A more likely reason therefore is translocation of tTG 
from inside the cell to the extracellular environment. The mechanism of tTG translocation 
to the extracellular environment still remains unclear, although regulation by nitric oxide 
[59], transport via recycling endosomes [60] and binding to fibronectin at the cell surface 
[61] have been suggested. However, irrespective of the mechanisms, a previous study 
indeed found that Aβ1-42 treatment of neuronal cells resulted in translocation of tTG to the 
cell membrane [62]. Although the exact mechanism of Aβ-induced translocation needs to 
be elucidated, in early stages of CAA when the SMCs are still present, increased levels 
of Aβ in the vessel wall may lead to enhanced secretion of tTG and ApoE by SMCs into 
the ECM. Subsequently, tTG-catalysed cross-linking of ApoE and/or other proteins may 
occur. Although we indeed observed increased levels of cross-linked proteins in the ECM 
produced by Aβ-treated HBV-SMCs, we were unable to specifically demonstrate the pres-
ence of tTG-catalysed cross-linked ApoE in the ECM (data not shown). A likely explanation 
for this is the combination of low levels of ECM produced by the HBV-SMCs and the high 
detection limit of our assay for individual cross-linked proteins [63].    
Aβ deposition in the vessel wall eventually leads to vessel wall degeneration and SMC 
death in both parenchymal and leptomeningeal vessels [49]. Although ApoE’s exact role 
in the vessel wall remains elusive, in vitro studies suggest that ApoE protects cells from 
Aβ-induced cytotoxicity [13, 64–67]. Therefore, loss of ApoE’s protective function might 
be involved in the cellular degeneration observed in CAA. So far, evidence pointing in this 
direction has been restricted to ApoE isoform and/or ApoE levels [13, 64–66]. We now 
provide evidence that post-translational modification of ApoE by tTG-catalysed cross-link-
ing may offer an alternative explanation for the apparent failure of ApoE to protect against 
Aβ toxicity in CAA. As the protective effect of ApoE is suggested to depend on ApoE-Aβ 
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complex formation [64, 65, 67], cross-linked ApoE may fail to bind Aβ, resulting in im-
paired protection against Aβ toxicity. Future studies are required to investigate whether 
this tTG-driven post-translational modification of ApoE is indeed the key step in SMC loss 
in vivo. If so, the tTG-ApoE interaction would be an attractive therapeutic target to prevent 
cell death, vessel wall degeneration and consequent brain haemorrhages in CAA.
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