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INTRODUCTION

Amyloid-beta (AB) protein deposition in the b
feature in Alzheimer's disease (AD). Two diffe

Abstract

Aims: Alzheimer’s disease (AD) is characterised by amyloid-beta (Ap) aggregates in the
brain. Targeting A aggregates is a major approach for AD therapies, although attempts
have had little to no success so far. A novel treatment option is to focus on blocking the
actual formation of AB multimers. The enzyme tissue transglutaminase (TG2) is abun-
dantly expressed in the human brain and plays a key role in post-translational modifica-
tions in Ap resulting in covalently cross-linked, stable and neurotoxic Ap oligomers.

In vivo absence of TG2 in the APP23 mouse model may provide evidence that TG2 plays
a key role in development and/or progression of Ap-related pathology.

Methods: Here, we compared the effects on Ap pathology in the presence or absence of
TG2 using 12-month-old wild type, APP23 and a crossbreed of the TG2—/— mouse
model and APP23 mice (APP23/TG2—/-).

Results: Using immunohistochemistry, we found that the number of Af deposits was sig-
nificantly reduced in the absence of TG2 compared with age-matched APP23 mice. To
pinpoint possible TG2-associated mechanisms involved in this observation, we analysed
soluble brain AB1_40, AP1-42 and/or APso/42 ratio, and mRNA levels of human APP and
TG2 family members present in brain of the various mouse models. In addition, using
immunohistochemistry, both beta-pleated sheet formation in Ap deposits and the pres-
ence of reactive astrocytes associated with Ap deposits were analysed.

Conclusions: We found that absence of TG2 reduces the formation of A pathology in
the APP23 mouse model, suggesting that TG2 may be a suitable therapeutic target for
reducing Ap deposition in AD.
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AP protein brain deposits found in AD are senile plaques (SPs), that is,
Ap deposits in the brain parenchyma, and cerebral amyloid angiopathy
rain is a key pathological (CAA), that is, Ap deposits in the cerebral vessel walls [1]. Ap protein is
rent types of aggregated cleaved from its precursor Ap precursor protein (APP) by secretases
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into predominantly either ABi_40 or ABi_4> [2]. AB deposition as
observed in AD brain is characterised by a shift from soluble mono-
mers to toxic oligomers and eventually insoluble mature fibrils [3].
Although both AB;_40 and AB;_4, are known to self-aggregate, AB;_42
is more prone to self-interact, resulting in proteolytically stable
dimers, trimers and oligomers, so-called ‘seeds’, that drive the ‘aggre-
gated A pathway’ [4]. Since the discovery of the A protein as the
most abundant protein in SP and CAA, much progress has been made
in unravelling the Ap aggregation pathway both in vitro and in vivo.
Unfortunately, the molecular mechanisms that result in the formation
of stable Ap ‘seeds’ that drive the aggregation pathway in vivo in AD
are still largely unclear. Nonetheless, one of the mechanisms that is
suggested to play a cardinal role in the formation of these ‘seeds’ is
post-translational modifications of soluble AB species [5].

Tissue transglutaminase (TG), or transglutaminase 2 (TG2), is part
of a protein family consisting of nine members. TGs are calcium-
dependent enzymes that catalyse various reactions, including
(gamma-glutamyl)polyamine bond formation, deamidation of protein
substrates and the formation of stable intramolecular and inter-
molecular protein crosslinks [6]. This latter type of post-translational
modification is the result of the fact that TGs are capable of forming
covalent epsilon (gamma-glutamyl)lysine isopeptide bonds by
catalysing an acyl transfer reaction between the gamma-carboxamide
group of a polypeptide-bound glutamine and the epsilon-amino group
of a polypeptide-bound lysine residue [6, 7]. TG2, the best
characterised isotype of the TG family, is expressed throughout the
human body and is abundantly present in the human brain [8].
Although believed to be catalytically dormant under physiological con-
ditions [9], under pathological conditions, the enzyme changes its spa-
tial conformation and switches into its catalytically active form [10].
As a result, TG2-catalysed isopeptide bonds may be formed that lead
to the formation of stable and rigid protein-protein multimers and,
ultimately, protein complexes [11, 12].

Evidence is mounting that TG2 is involved in the aggregation and
accumulation of Ag in AD [8, 9, 13, 14]. In AD brains, elevated levels
of both TG2 and TG2-induced crosslinks have been found [15, 16],
and in SP and CAA, TG2 protein and activity are observed [17-20].
Apart from the presence and activity of TG2 in SP and CAA of post-
mortem AD cases, biochemical analysis demonstrated direct involve-
ment of TG2 in the formation of Ap-protein complexes and aggre-
gates [12, 21, 22]. Both ABi_40 and APi_4o are substrates of
TG2-catalysed crosslinking, lower the oligomerisation threshold of Af
self-aggregation, enhance AB-driven neurotoxicity in vitro and induce
toxic protofibrils that inhibit long term potentiation in the CA1 regions
of the hippocampus [12, 21-23]. However, despite the overwhelming
histopathological and biochemical evidence, in vivo data on the role of
TG2 in the development and/or progression of AB pathology is
lacking.

To fill this gap in current knowledge and investigate the feasibility
of considering TG2 as a potential future therapeutic target to counter-
act Ap aggregation and deposition in the brain, we crossbred the Ap-
pathology-mimicking mouse model APP23, overexpressing human
APP751 carrying the Swedish double mutation (K670M/N671L), with

Key Points

e Ablation of TG2 reduced the formation of amyloid-beta
deposits in APP23 mouse brain.
Absence of TG2 had no effect on soluble brain amyloid-
beta level and beta-pleated sheet formation.

Absence of TG2 did not result in the increase of trans-

glutaminase family members.

Absence of TG2 did not affect glial formation associated
with amyloid-beta pathology in APP23.
TG2 plays a key role in the development and/or progres-

sion of amyloid-beta pathology.

a TG2-knockout model [24, 25]. The APP23 mouse model is well
characterised and demonstrates an age-dependent formation of both
parenchymal AB deposition and Ap deposition in the cerebral vessel
wall [24]. The TG2 knockout model is generated by a genetic deletion
of the TG2 gene and demonstrates no phenotypical differences when
compared with wild-type (WT) mice [25]. In a previous study of our
group, we performed an extensive distribution analysis of TG2 in the
APP23 model and found association of both anti-TG2 antibody immu-
noreactivity and in situ TG2 activity with both parenchymal and cere-
bral vessel AB deposits in post-mortem brain tissue of APP23 mice, as
well as in reactive astrocytes associated with these lesions [17]. Here,
we investigated whether the absence of TG2 affects Ap brain deposi-
tion in APP23 mice, that is, parenchymal Ap and cerebral vessel Ap. In
addition, to better understand our observations, we analysed whether
the lack of TG2 affects soluble AB;_40 and ABi_4o brain levels and
ratio, mMRNA levels of other TG family members, beta-pleated sheet
formation in deposited AB and the presence of AB-lesion associated

reactive astrocytes.

MATERIALS AND METHODS

Animals

APP23 mice, overexpressing human APP751 carrying the Swedish
double mutation (K670M/N671L) [24], were obtained from Novartis
(a generous gift from Dr Derya R. Shimshek, Novartis Institutes of
BioMedical Research, Neuroscience, Basel, Switzerland). TG2—/—
mice were a generous gift from Prof. Gerry Melino, and generated by
deletion of 1200 base pairs, from exon 5 to intron 6, which includes
exon 6 containing the active site of TG2 [25], received on a mixed
C57BL6/SVJ background. WT C57BL/6J mice were purchased from
Charles River (L'Arbresie, France). In our facilities, APP23 and TG2
lines were maintained on a C57BL/6J background (Charles River) and
group housed in standard mouse cages under conventional laboratory
conditions with a 12:12-h light-dark cycle (light on at 8:00 am, light
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off at 8:00 pm), constant room temperature (22°C + 2°C), humidity
level (55% + 5%) and food and water available ad libitum. Based on
established milestones in the progression of AD pathology within the
model (e.g., first appearance of plaques, cognitive deficits and progres-
sion of wide-spread AB pathology), 12-month-old animals were
selected [26]. The 12-month-old mouse group consisted of APP23
(n=7), WT (n = 4), APP23/TG2—/— (n=7)and TG2—/— (n = 2).

Tissue collection

Animals were sacrificed at 12 months of age by cervical dislocation.
The brains were harvested and dissected on ice into three parts: two
hemi-forebrains and the cerebellum (the olfactory bulbs were dis-
carded). After dissection, the brains were snap frozen in liquid nitro-

gen and immediately stored at —80°C until use.

Immunohistochemistry and double (immuno)
fluorescence staining

Serial coronal sections of 6 pm were obtained, starting at the base of
the hippocampus. The acquired sections were fixated for 10 min using
100% acetone, unless stated otherwise. Non-specific sites were
blocked
Ebsdorfergrund, Germany), except for the Ap staining for which the

using bovine serum albumin (Capricorn Scientific,
sections were treated with milk powder. Endogenous peroxidases
were quenched using a 0.3% H»0,, 0.1% sodium azide solution in
Tris-buffered saline (TBS, pH 7.6), for 15 min. All sections were incu-
bated with their primary antibodies overnight at 4°C. All primary anti-
bodies (Table S1) were diluted in a TBS-triton (0.5% Triton X) solution.
Between the different incubation steps, sections were washed with
TBS. The sections were stained for A using a rabbit antihuman anti-
amyloid antibody (715,800, dilution 1/400) purchased from Invitrogen
(Carlsbad, CA, USA). For identification of astrocytes, the antiglial
fibrillary acidic protein (GFAP) antibody (rabbit antibovine, dilution
1/400) obtained from DAKO (Santa Clara, CA, USA) was used. Guinea
pig TG2 antigoat antibody (06471, dilution 1/4000) was obtained
from Millipore (Temecula, CA, USA). To stain hyperphosphorylated
tau, a mouse antihuman antibody recognising tau protein phosphory-
lated at both serine 202 and threonine 205 sites (AT8, dilution
1/2000) obtained from Innogenetics (Zwijnaarde, Belgium) was used.
Sections stained for AT8 were fixated differently in different experi-
ments, in 100% acetone and 4% PFA, respectively. All secondary anti-
bodies were obtained from Jackson Immunoresearch (West Grove,
PA, USA) all of which biotinylated and used in a 1/400 dilution: goat
antirabbit, donkey antirat, donkey antigoat and goat antimouse anti-
bodies. The complex of antibodies was recognised by the avidin-bio-
tin-peroxidase complex, using the Vectastain Elite Avidin Biotin kit
(Vector Laboratories, Burlingame, CA), for a period of 1 h. This was
done in combination with 3,3'-diaminobenzidine (DAB) as chromogen
(Sigma, St. Louis, MO). After the precipitation of DAB, sections were
rinsed with Tris-HCL and subsequently washed with tap water before

being dehydrated in a series of alcohol dilutions, after which the sec-
tions are covered in xylene and mounted with Entellan (Merck Mil-
lipore, Darmstadt, Germany). Counterstaining was performed using
haematoxylin. After counterstaining, the sections were washed with
tap water once more, before being dehydrated in a series of alcohol
dilutions, after which the sections were covered in xylene and
mounted with Entellan (Merck Millipore). Besides brightfield imaging
techniques, multiple fluorescent stains were executed using fluores-
cent dyes and antibodies. To check for the presence of B-pleated
sheets in dense core amyloid plaques, double staining was performed
utilising thioflavin S and the aforementioned anti-Af primary antibody
in combination with a biotinylated, goat antirabbit, secondary anti-
body coupled to Alexa594 (1:400, Molecular Probes, Amsterdam, The
Netherlands).

Quantification of immunohistochemical staining

Using a Leica brightfield microscope (DM5000B, Leica Microsystems,
Wetzlar, Germany) equipped with a nuance spectral imager (Nuance
3.02, Perkin Elmer Inc., Hopkinton, MA), two serial AB stains were
photographed per cohort, with an average of 30 pm (a minimum of
18 um) spacing between sections of the same animal. The quantifica-
tion of the Ap burden was accomplished by performing a surface mea-
surement of AB carried out by capturing a section in four photos at a
magnification of 2.5x, following the protocol by Hepp et al. [27]. The
load of AP pathology was represented by the percentage of the
section that is covered by Af. In order to determine what fraction of
the surface area in a section is overlaid with Ap pathology, the multi-
spectral imaging system used the individual spectra of DAB and
haematoxylin. After discriminating between the spectra of DAB and
haematoxylin, the nuance software, using the colocalisation tool, was
able to compute the fraction of AB represented by DAB that col-
ocalises with the haematoxylin background. To distinguish which
threshold should be implemented, a test was performed with multiple
sections containing a wide variety of Ap pathology. The threshold was
set at 0.200 for haematoxylin and 0.938 for AB, respectively. After
calculating the percentage of AP pathology, the values of two slides
per mouse were averaged, representing the AB burden per mouse.
Except for the quantification of AB pathology, a morphological quanti-
fication was performed to evaluate the differences between APP23
and APP23/TG2—/— mice in the amount of individual amyloid mani-
festations. To do so, the protein deposits were divided into three
morphology-based categories: SPs, small dense plaques and vascular
amyloid deposits, respectively (see Figure 1A). SPs are defined as
parenchymal AB deposits of ~20-60 pm in diameter, whereas small
dense plaques are ~2-10 um in diameter. Vascular amyloid deposits
are defined as Ap deposits in the brain vasculature. The morphological
quantification was performed by manually appointing the individual
forms of AP deposits to one of the categories and counting these at a
magnification of 4x using an Olympus Brightfield microscope (Vanox-
T., Olympus Life Science Solutions, Shinjuku, Tokyo, Japan). The Ap

depositions in the hippocampus were counted separately from the
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FIGURE 1Legend on next page.
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FIGURE 1 Distribution of Ap and hyperphosphorylated tau in APP23/TG2—/— and APP23 mice brain and quantification of Ap pathology in
APP23/TG—/— and APP23 mice. (A) Analysis of A deposits in post-mortem cryo-fixed brain tissue of 12-month-old mice APP23 mice
demonstrated different types of A deposits in the cortex, that is, senile plaques (arrow), vascular amyloid deposits (arrow, asterisk) and small
dense plaques (arrow, double asterisk). (B) In APP23 mice, antihyperphosphorylated tau antibody immunoreactivity (AT8) was absent. (C) Analysis
of APP23 mice using the anti-Ap antibody immunoreactivity demonstrated antibody immunoreactivity of Ap deposits. (D) In age-matched APP23/
TG2—/— mice, a reduction in the number of Af} deposits was observed when compared with APP23 mice. The number of Ap lesions was
quantified in both hippocampus and cortex of 12-month-old mice. (E-H) No anti-Ap antibody immunoreactive deposits were found in both the
hippocampal and cortex region of WT and WT/TG2—/— mice. (E) In the cortex region of APP23/TG2—/— mice, a significant reduction in the
number of senile plaques (p = 0.03), small dense core plagues (p = 0.049) and vascular deposits (p = 0.018) was found, when compared with
APP23 mice. (F) The percentage of various types Ap deposits, that is, senile plaques, small dense core plaques and vascular amyloid, were
determined with respect to the total deposits analysed. (G) In the hippocampus of APP23 and APP23/TG2—/— mice, no significant differences in
Ap deposits were observed between groups. The percentage of anti-Ap antibody immunoreactivity was analysed as a percentage of total surface
area of the brain slide. (H) The percentage of total brain anti-Ap antibody immunoreactivity in APP23/TG2—/— mice was reduced, albeit not
statistically significant, when compared with age-matched APP23 mice (p = 0.07). Scale bars: (A,B) 60 pm, (B,C) 1000 pm. Abbreviations: WT, wild

type; TG2, transglutaminase 2; AB, amyloid-beta

depositions in the rest of the brain. Fraction of the surface area in a
section positive for anti-GFAP antibody immunoreactivity was quanti-
fied similar as to the above-described Ap. Of each animal, two cortical
regions in separate sections were manually selected to quantify the
percentage of anti-GFAP immunoreactivity as a percentage of total
brain surface area (Figure 5G). The percentage of anti-GFAP immuno-

reactivity of both regions was averaged for each animal.

Semiquantitative RT-PCR

To determine mRNA transcript levels in all mice, brain tissue was
homogenised in Trizol reagent (Invitrogen, Carlsbad, CA, USA). Total
RNA was isolated, and 1 pg cDNA was synthesised using the Reverse
Transcription System (Promega, Madison, WI, USA) with oligo-dT
primers and AMV enzyme according to the manufacturer’s instruc-
tions. For semiquantitative RT-PCR, the SYBR Green PCR Core
reagents kit (Applied Biosystems, Foster City, CA, USA) was used.
Amplification of cDNA was performed in MicroAmp Optical 96-well
Reaction Plates (Applied Biosystems) on an ABI PRISM 7700
Sequence Detection System (Applied Biosystems). The reaction mix-
ture (20 pl) was composed of 1x SYBR Green buffer, 3 mM MgCl,,
875 uM dNTP mix with dUTP, 0.3 U AmpliTaq gold, 0.12 U Amperase
UNG, 12.5 ng cDNA and 15 pmol of each primer (Table S1). The reac-
tion conditions were an initial 2 min at 50°C, followed by 10 min at
95°C and 40 cycles of 15 s at 95°C and 1 min at 59°C. The mRNA
expression levels were quantified relative to the level of the house-
keeping gene glyceraldehyde-3-phosphate-dehydrogenase (GAPDH)

using the foIIowing calculation: 2—(Thresho|d cycle of target mRNA “-” Thresh-

old cycle of GAPDH) % 100

Western blotting

After gel electrophoresis, samples were transferred to a 0.2 pm nitro-
cellulose membrane (Li-COR Biosciences, Lincoln, NE, USA) and
blocked with Odyssey blocking buffer (Li-COR Biosciences) diluted
1:1 in TBS (Li-COR-TBS) for 1 h at room temperature. Blots were

incubated overnight at 4°C with primary antibody, that is, mouse
anti-Ap (clone 82E1, IBL International, Deventer, The Netherlands,
dilution 1:1000) in Li-COR-TBS with 0.1% Tween-20 (Sigma-Aldrich).
Subsequently, blots were incubated with secondary antibodies
donkey antimouse 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 and TBS alone. Blots were
visualised with the Odyssey Sa infrared imaging system (Li-COR
Biosciences).

ApP1-40 and Af4_4, protein analysis

The concentration of ABq_x, AP1-40 and AB1_45 in the soluble protein
fraction was determined by ELISA measurements using the human
AB1-x assay kit, the human AB;_40 assay kit and the human AB;_45
assay kit (IBL International). All samples were diluted to within the
detection limits of the test and analysed in duplicate according to the
manufacturer’s instructions. The AB,_, assay detects all A variants
with an intact N-terminus and a length of more than 16 amino acids.
The AB1-40 assay shows <0.1% cross-reactivity with other human Ap
species but does show 16.3% cross-reactivity with endogenous AB;-
40- The AB1_4o assay shows <0.1% cross-reactivity with other human

AB species and endogenous A (manufacturer’s instructions).

Statistical analysis

Non-parametrical statistical analyses with exact significance values
were used for all group comparisons. Comparisons between the geno-
type groups were performed using the independent-sample Mann-
Whitney U test. Differences between the various age groups were
evaluated with the independent-sample Kruskal-Wallis test. Post hoc
analysis between specific age groups was performed using the
independent-sample Mann-Whitney U test with a Bonferroni correc-
tion for multiple comparisons. Outliers with a high coefficient of varia-
tion (220%) between duplicate measurements were excluded from

statistical analysis. All statistical tests were performed using SPSS
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statistics software v22.0 (IBM). All graphs were created using Gra-
phpad Prism v5.03 (Graphpad, San Diego, CA, USA).

RESULTS

Absence of both TG2 mRNA and protein in APP23/
TG—/— mice

To confirm the complete absence of both TG2 mRNA (TGM2) and pro-
tein in the newly developed crossbred APP23/TG2—/— mice, TGM2
mRNA and TG2 protein expression were analysed in brain homoge-
nates of APP23, WT, APP23/TG2—/— and TG2—/— mice. In both
APP23 (n=6) and WT (n=4) mice, TGM2 mRNA was observed
(Figure S1A). Interestingly, we found a trend in the average TGM2
mRNA levels showing higher levels in the APP23 mice compared with
WT mice, albeit not significant due to the large variation in TGM2 levels
within groups (Figure S1A). In contrast, in both WT/TG2—/— (n = 2)
and APP23/TG2—/— (n = 7) mice, TGM2 mRNA levels were below the
detection limit (Figure S1A). Similarly, Western blot analysis of TG2 pro-
tein expression demonstrated the presence of TG2 protein (~78 kDa)
in APP23 mice (n = 4, Figure 1B) and WT mice (n = 4, not shown),
whereas no TG2 protein was detectable in both APP23/TG2—/— mice
(n = 4, Figure 1B) and TG2—/— mice (n = 2, data not shown).

Distribution of Ap pathology in APP23 and APP23/
TG2—/— mice brain

In APP23 mice, initial Ap deposits are observed at the age of 6 months
and increase thereafter in both number and surface area with age [24].
In cryo-fixed post-mortem brain tissue of 12-month-old APP23 mice,
different types of AB deposits were observed, that is, vascular amyloid
deposits and parenchymal AB deposits, divided into SPs and small dense
plaques (Figure 1A). Although hyperphosphorylated tau pathology has
been described in 12-month-old mice APP23 mice [28], no anti-
hyperphosphorylated tau immunoreactivity was observed (Figure 1B).
To analyse the effect of the deletion of TG2 on AB deposits, immuno-
histochemical analysis using an antihuman Ap antibody was performed
on all animals. Anti-AB antibody immunoreactivity demonstrated the
presence of Ap deposits in APP23 mice (Figure 1C). In APP23/TG2—/—
mice, a strong reduction in the total number of A deposits was
observed when compared with the APP23 mice (Figure 1D).

Reduced Ap pathology in APP23/TG—/— mice
compared with APP23 mice

As described above, a reduction of anti-Af antibody immunoreactivity
in APP23/TG2—/— mice was found when compared with age-matched
APP23 mice. In order to quantify the effect of the absence of TG2 on
the different types of A lesions observed in these mice, differences in

number of AB lesions were quantified in both hippocampus and cortex.

We found no anti-Ap antibody immunoreactive deposits in the hippo-
campal and cortex region of WT and WT/TG2—/— mice (Figure 1E,G).
In the cortex region of 12-month-old APP23/TG2—/— mice, a signifi-
cant reduction in the number of SPs (p = 0.03), small dense plaques
(b = 0.049) and vascular deposits (p = 0.018) was found, when com-
pared with APP23 mice (Figure 1E). To investigate whether the
absence of TG2 also affected the type of AP deposits formed, we
analysed the percentage of SPs, small dense plaques and vascular amy-
loid compared with the total lesion count. However, no significant dif-
ferences were found between APP23 and APP23/TG2—/— mice in the
percentage of SPs, small dense plaques or vascular amyloid deposits
with respect to the total count of AB deposits (Figure 1F). In other
words, no shift in the pattern of AB pathology occurred as a conse-
quence of TG2 deletion. In the hippocampal region, Ap deposition was
limited and only present in a subset of mice (Figure 1G); therefore, no
statistical comparison between the number of AB deposits found
between the different mice groups was performed. To determine
whether the absence of TG2 significantly affects the overall Ap load in
these mice, the percentage of anti-Ap antibody immunoreactivity was
analysed as a percentage of total brain surface area [27] (see Section 2).
As expected, in both WT and WT/TG2/—/— mice, no Ap deposits were
detected (Figure 1H). However, in line with our immunohistochemical
observations and quantitative analysis of the individual AB lesions, the
percentage of total brain anti-Ap antibody immunoreactivity in APP23/
TG2—/— mice was strongly reduced when compared with APP23 mice,

albeit not statistically significant (Figure 1H).

Effects of the absence of TG2 on soluble brain Ap,_40
and Ap4_4, levels, or AB4o,42 ratio in APP23 and
APP23/TG2—/— mice

Ap is a known substrate of TG2 crosslinking activity, resulting in the
formation of stable AB multimers [12, 21, 22]. Absence of TG2 might
therefore affect the formation of such multimers and, as a conse-
quence, the level of soluble Ap monomers. For this reason, we deter-
mined whether deletion of TG2 affected the levels of soluble brain
AB1-40, AP1-42 and/or the AB4o,4> ratio using a dedicated ELISA to
analyse soluble human AB4_40 and AB1_42 in mouse brain homoge-
nates. Although a trend towards reduction in both soluble brain A;_
40 and APq_4; levels was observed in APP23/TG2—/— mice compared
with APP23 mice, this difference failed to reach statistical significance
(Figure 2A,B). Also, analysis of AB1_40/AB1-42 ratio demonstrated no
significant difference in soluble AB;_40/AB1-42 ratio between APP23
and APP23/TG2—/— mice (Figure 2C).

Analysis of mRNA of human APP, mouse TGM1,
TGM2, TGMS3, TGM6 and FXIIIA in mouse brain
homogenates

In order to gain more insight into the underlying mechanisms that

result in reduced A pathology in APP23/TG—/— mice compared with
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APP23, mRNA levels of both APP and of TG2 family members, known
to be expressed in both human and mouse brain, that is, TG1 (TGM1),
TG3 (TGMB3), TG6 (TGM6) and FXllla, were analysed. Analysis of the
mRNA levels in mouse brain homogenates demonstrated no signifi-
cant difference in human APP mRNA levels between APP23 and
APP23/TG2—/— (Figure 3A). Human APP mRNA was not detectable
in both WT and WT/TG2—/— mice (Figure 3A). Analysis of TG2 fam-
ily members present in the mouse brain demonstrated no significant
increase in mRNA levels between APP23 or WT and their TG2—/—
counterparts for either TGM1 (Figure 3B), TGM3 (Figure 3C), FXIIIA
(Figure 3D) or TGM6 (data not shown as TGM6 mRNA level were not
significantly higher compared with background).

Effects of the absence of TG2 on beta-pleated-sheet
Ap deposition

AB accumulation and deposition in AD brain lesions, that is, SP and
CAA, is characterised by beta-pleated sheet formation [29]. This typi-
cal 3D structure of deposited AB is histologically recognised by
thioflavin S staining [30]. Crosslinking of TG2 substrates, such as Ap,
by TG2's transamidation reaction results in covalent protein com-
plexes [12, 22, 31]. However, it is known that upon TG2-catalysed
crosslinking of other self-aggregating, neurodegenerative disease-

associated, proteins alternative protein complexes are formed [11]. In

fact, TG2-catalysed crosslinking of self-aggregating neurodegenera-
tive proteins may lead to ‘off-pathway’ protein complexes lacking
a beta-pleated sheet. This has been shown previously by us for
alpha-synuclein [11]. In order to investigate whether the deletion of
TG2 in APP23/TG2—/— mice affects the 3D structure of AB deposits,
that is, the presence of beta-pleated sheets in SP and CAA, double
staining of an anti-Af antibody and thioflavin S staining was per-
formed on cryo-fixed post-mortem APP23 and APP23/TG2—/— brain
In both APP23 (Figure 4A-C) and APP23/TG2-/—
(Figure 4D-F) mice, double staining was found of anti-Af antibody

tissue.

immunoreactivity and thioflavin S staining in the majority of SPs
(Figure 4A) and CAA (not shown), suggesting that the presence or
absence of TG2 does not visibly affect beta-pleated sheet formation
in A deposits.

Effects of the absence of TG2 on the presence of
reactive astrocytes associated with Ap deposition

TG2 is expressed in reactive astrocytes associated with both human
and mice AB deposits [17, 18]. In APP23 mice, TG2 is present in anti-
GFAP antibody immunoreactive astrocytes, whereas no colocalisation
of anti-TG2 staining with microglial cells associated with AB deposits
was observed [17]. We therefore investigated whether the presence

of reactive astrocytes, associated with Ap pathology, was affected by
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FIGURE 3 Analysis of mRNA of human APP, mouse TGM1, TGM3, TGM6 and FXIIIA in mouse brain homogenates. Levels of mRNA of APP,
TGM1, TGM3, TGM6 and FXIIIA were analysed in mouse brain homogenates of WT, TG2—/—, APP23, APP23/TG2—/— and APP23/TG2+/—.
(A) No significant difference in human APP mRNA levels were found between APP23 and APP23/TG2—/— mice. No significant difference in
mRNA levels between all groups was found for (B) TGM1, (C) TGM3 and (D) FXIIIA. Abbreviations: TG2, transglutaminase 2; TGM1,
transglutaminase 1 coding gene; TGM3, transglutaminase 3 coding gene; APP, amyloid-beta precursor protein coding gene; FXllla, factor 13a

deletion of TG2. For this purpose, immunohistochemical analysis was
performed on murine post-mortem tissue, using an anti-GFAP anti-
body. In both APP23 and APP23/TG2—/— mice, association of GFAP-
positive astrocytes with Ap deposits was observed (Figure 5A-H). In
order to quantify the presence of GFAP-positive astrocytes in associa-
tion with Ap deposits, two cortical brain areas were selected in each
animal (APP23, APP23/TG2—/—, WT and WT/TG2—/-) to determine
the percentage of GFAP-positive surface area (Figure 5G). The aver-
age of the percentage of GFAP-positivity of both selected areas for
each animal was determined and plotted as the percentage of positive
GFAP area (Figure 5H). In both APP23 and APP23/TG2—/— mice, an
increase in GFAP-positive surface area in the cortical region was
found compared with WT and WT/TG2—/— mice, respectively. How-
ever, no differences in GFAP-positive surface area were observed
between APP23 and APP23/TG2—/— mice (p = 0.95) (Figure 5H). In
APP23 mice, a sex-related difference in the number of reactive

astrocytes associated with AB lesions has been suggested as female
APP23 mice demonstrated higher numbers of reactive astrocytes
associated with Ap lesions when compared with male APP23 mice
[32]. However, we did not find statistically significant gender-related
differences in the percentage of anti-GFAP antibody immunoreactiv-
ity between male and female APP23 mice (p = 0.64) or APP23/
TG2—/— mice (p = 0.53) (Figure S2). We also did not observe statisti-
cally significant gender-related effects in the percentage of anti-GFAP
antibody immunoreactivity between male APP23 and APP23/
TG2—/— mice (p =0.57) or between female APP23 and APP23/
TG2—/— mice, respectively (p = 1.0) (Figure S2). In line with earlier
findings [17], microglial staining of both APP23 and APP23/TG2—/—
mice, using the AD-associated microglial markers anti-CD45 and
CDé68 antibodies [33], demonstrated the presence of microglial cells
in a small subset of Ap deposits which, however, did not differ
between APP23 and APP23/TG2—/— mice (Figure S3).
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APP23

APP23/TG2-/-

Thioflavin S

FIGURE 4 Analysis of beta-pleated-sheet Ap deposition in APP23 and APP23/TG2—/— brain tissue. Double immunofluorescence staining of
an anti-AB antibody and thioflavin S was performed on cryo-fixed post-mortem APP23 and APP23/TG2—/— brain tissue of 12-month-old
animals. Analysis of distribution of AB deposits positive for both the anti-AB antibody and thioflavin S staining in brain tissue of (A-C) APP23 and
(D-F) APP23/TG2—/— mice showed no apparent difference. Scale bars: (A-F) 60 um. Abbreviations: TG2, transglutaminase 2; Ap, amyloid-beta

DISCUSSION

Here, we set out to investigate in vivo effects of the absence of TG2
on the development of AB pathology in a well-characterised AD ani-
mal model. Analysis of Ap deposits demonstrated a significant reduc-
tion in A pathology, that is, the number of vascular amyloid deposits
and parenchymal AB deposits, in 12-month-old APP23/TG2—/— mice
as compared with APP23 mice. In an attempt to better understand
TG2-associated mechanisms linked to this reduced Ap pathology in
APP23/TG2—/— mice, we also analysed levels of soluble brain AB;_40,
APB1-42 and ABo,42 ratio and brain expression of human APP, mouse
TGM1, TGM2, TGM3, TGM6 and FXIIIA mRNA in the various mouse
models. In addition, we addressed both beta-pleated sheet formation
in AB deposits and the presence of reactive astrocytes and microglial
cells associated with the Ap deposits. However, besides the clear and
statistically significant reduction in the number of amyloid deposits,
none of the above-mentioned parameters were found to be signifi-
cantly different between APP23 and APP23/TG2—/— animals.

Until now, in vivo evidence on the role of TG2 in protein aggrega-
tion in neurodegeneration was limited to Parkinson’s and
Huntington’s disease mouse models (review by Wilhelmus et al. [9]).
Although somewhat controversial, in Huntington’s disease mouse
models, the absence of TG2 results in an increase in soluble aggre-
protein [34, 35],
overexpression-based mouse models of Parkinson's disease, the

gated Huntingtin whereas in  synuclein
absence of TG2 results in reduced phosphorylated alpha-synuclein
aggregates [36]. In contrast, despite the accumulating evidence of
TG2's role in the development and progression of Ap pathology [9],
that is, histopathological and biochemical data, in vivo evidence on

the role of TG2 in Ap aggregation and deposition was lacking thus far.

We here demonstrate for the first time that the absence of TG2
forms of A

immunohistologically in the APP23 mouse model [24]. In the cortex,

reduced three major deposits  observed
we observed that the number of SPs, small dense plaques and vascu-
lar Ap deposits were significantly higher in APP23 mice when com-
pared with APP23/TG2—/— mice. These findings demonstrate that
the absence of TG2 reduces and/or delays the formation of all types of
observed AB lesions in APP23 mice, confirming previous publications
hinting towards a cardinal role for TG2 in A aggregation and deposi-
tion [9, 13]. In contrast to the cortex, however, hippocampal A lesions
were only found in small numbers, in both APP23 and APP23/TG2—/—
mice, albeit APP23 mice demonstrated overall higher numbers of hip-
pocampal Ap lesions compared with APP23/TG2—/—. Our observation
that smaller numbers of AB lesions are observed in the hippocampus
compared with the cortex regions in 12-month-old APP23 is in line
with previous observations [37], and although we did find a significant
quantitative difference between the individual types of AB lesions
between APP23 and APP23/TG2—/— mice, respectively, a large varia-
tion in the total number of pathological Ap lesions (ranging from >10
AB lesions up to 150 in the same selected brain area) were observed in
the APP23 mouse group. This may (partly) explain why overall AB
deposit load was not significantly different between both mouse
groups. Moreover, the anti-AB antibody immunoreactive surface area
in the APP23 mouse group, ranged from almost absence of Af deposits
to covering ~6.5% of total brain area. This serves to illustrate that
12-month-old APP23, despite the apparent similar genetic background,
housing and reported onset of Ap pathology at the age of 6 months
[24], display a high variety in Ap deposit load. As we used both male
and female APP23 mice, sex differences might play a role in differences

in AB load at this age [32]. However, both male and female mice were
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FIGURE 5 Analysis of deposited Ap-associated glial activity in APP23 and APP23/TG2—/— brain tissue. Analysis of the distribution pattern
of reactive astrocytes, associated with Ap pathology in both 12-month-old APP23 and APP23/TG2—/— mice, was performed using
immunohistochemistry with an anti-GFAP antibody. In Ap deposits of both APP23 and APP23/TG2—/— mice, activated astrocytes (A-F) were
observed. The percentage of GFAP staining of the total tissue area of two cortical regions (G, example) was analysed for each animal (APP23,
APP23/TG2—/—, WT and WT/TG2-/-) and averaged per animal (H). Scale bars: (A-F) 60 um. Abbreviations: TG2, transglutaminase 2; Ap,

amyloid-beta; GFAP, glial fibrillary acidic protein; WT, wild type

equally distributed among groups demonstrating either a high or low
Ap load, suggesting that sex did not contribute to the observed large
range in AB load within the APP23 group. Finally, it has been demon-
strated that hyperphosphorylated tau inclusions representing neuronal
pathology, using the well-characterised and often used AT8 antibody,
are present in 12-month-old APP23 mice [24]. However, despite our
long-standing experience using the AT8 antibody on both cryo-fixed
mouse and human brain sections [18, 38-41], we did not find any
immunohistochemical staining using this antibody in our tissue sections
of both APP23 and APP23/TG2—/— mice.

In order to obtain more information on possible mechanisms
linking the lack of TG2 protein to the observed reduction in A pathol-
ogy in APP23 mice, we analysed soluble AB;_40 and AB4-4, levels and

determined the AB4o,4, ratio. The measured soluble AB1_40 and AB1_4o
levels in our study are in line with previous reports on 12-month-old
APP23 mice, in which an ~10-fold increase in soluble AB;_40 compared
with ABy_4- is reported [42]. Although we did find reduced levels of
both soluble AB;_40 and AB4_42 in APP23/TG2—/— mice compared
with APP23, due to the large variation within groups, no statistical sig-
nificance was reached at group level. An interesting observation in light
of TG2's role in Ap deposition was the lack of differences found in
beta-pleated sheet formation of AB lesions between APP23 and
APP23/TG2—/— mice. As stated above, TG2-catalysed crosslinking of
self-aggregating neurodegenerative proteins may lead to alternative,
‘off-pathway’, protein complexes lacking a beta-pleated sheet. This has

been shown previously by us for alpha-synuclein [11]. According to this



ABSENCE OF TISSUE TRANSGLUTAMINASE REDUCES AMYLOID-BETA
PATHOLOGY IN APP23 MICE

Neuropathology and
Applied Neurobiology

'JOURNAL OF THE BRITISH NEUROPATHOLOGICAL SOCIETY.

WI LEY 11 of 13

idea, absence of TG2 might result in higher levels of beta-pleated
sheet-positive Ap deposition and thus an increase in AB deposition.
However, the lack in differences found in AB deposits positive for
beta-pleated sheets between APP23 and APP23/TG2—/— suggests
that despite the absence of TG2, beta-pleated sheet formation in Af
deposits remains unaffected.

The absence of TG2 in APP23/TG2—/— animals might lead to an
increase in expression of other TGs as an attempt to compensate for
the loss of TG2's function in vivo. TG2 family members found in the
brain, for example, TG1, TG3, TG6é and FXIlla, might therefore take
over the TG2 (crosslinking) activity in the APP23/TG2—/— mouse
brain. As in a Parkinson’s disease model using TG2—/— animals, it was
demonstrated that other TG2 isoform take over TG2's crosslinking
activity in mitochondria [43]. In addition, recent discoveries of our
group demonstrated that in neurofibrillary tangles in AD, besides TG2,
TG1 is also present and might also be involved in the crosslinking of
hyperphoshorylated tau, whereas FXllla might be involved in the
crosslinking of Ap in CAA [41, 44]. Furthermore, our current observa-
tion of increased TGM1 expression under pathological conditions,
that is, APP23 and APP23/TG2—/— mice, is in line with previous find-
ings of our group demonstrating upregulated TG1 expression in an
AD model mimicking neurotoxicity [38]. However, no upregulation in
mRNA levels of TG1, TG3, TG6 or FXllla was found between APP23
and APP23/TG2—-/— mice, although it remains to be elucidated
whether other TG isoforms replace TG2 crosslinking or other func-
tions at the protein level in APP23/TG2—/— mice.

In AD, reactive astrocytes immunopositive for anti-TG2 anti-
bodies are associated with SPs and CAA [18, 19]. In line with these
observations, in AD mouse models, such as the APP/PS1 [45] and
APP23 model, anti-TG2 antibody immunoreactivity is found in astro-
cytes associated with both parenchymal and vascular AB deposits
[17]. Although the exact function of this TG2 in reactive astrocytes
associated with AD brain lesions in humans and animal models
remains to be elucidated, it has been suggested that TG2, produced
and released by astrocytes, plays a role in adhesion and migration of
astrocytes by modifying the local extracellular matrix via crosslinking
of extracellular matrix proteins [19, 46-48]. Although our observa-
tions in the current study of anti-GFAP antibody immunoreactivity in
astrocytes associated with AB deposits in APP23 mice are in line with
our previous findings [17], we did not observe statistically significant
differences in the percentage of anti-GFAP antibody immunoreactiv-
ity in regions with Ap deposits between APP23 and APP23/TG2—/—
mice. However, possible effects may have been obscured by the large
spread (i.e., variation) in percentage of anti-GFAP antibody immunore-
activity within each mouse group. Despite this uncertainty, these data
do suggest that lack of (astrocytic) TG2 does not affect the presence
of GFAP-positive astrocytes surrounding (the reduced number of)
parenchymal amyloid deposits in APP23 mice. We did observe a sig-
nificant increase in GFAP-positive astrocytes in similar brain areas
between APP23 and WT or TG2—/— animals, and between APP23/
TG2—/— and WT or TG2—/— animals, suggesting that overexpression
and/or deposition of human Af in mouse brains induce GFAP

expression in astrocytes. Again, no gender-associated differences in

anti-GFAP antibody immunoreactivity between groups were detected
[32]. However, also this conclusion should be drawn with caution as
the number of animals per group was limited hampering proper statis-
tical evaluation. In a previous report of our group, TG2 did not
colocalise with microglial cells associated with Af deposits in APP23
mice [17]. Here, we could also not find evidence for a role of TG2 in
microglial presence in microglial cells associated with Ap deposits in
12-month-old APP23 mice.

Overall, we demonstrated that the absence of TG2 in a human Ap
mouse model significantly reduces the formation and/or deposition of
AB deposits. Although the set-up of this (cross-sectional) observa-
tional study did not allow us to identify causal mechanism(s) linking
the lack of TG2 to reduction in AB pathology, our data do provide an
answer to our research question in suggesting that TG2 may be a fea-
sible target for consideration as part of future therapeutic interven-
tions aiming at reduction of AB pathology in AD. As part of this
endeavour, among others, future research needs to determine
whether the reduction in AB pathology is related to TG2's catalytic
crosslinking activity of Ap and/or chaperones involved in the Ap cas-
cade [9]. Direct protein-protein binding of TG2 with AB and
TG2-catalysed crosslinking of AB have been demonstrated to play role
in the TG2-induced AB complex and/or aggregate formation by differ-
ent research groups [12, 22, 31, 49, 50]. Although we here demon-
strated that absence of TG2 reduces the formation of Af deposits, we
cannot disentangle whether this reduction in AB deposits is caused by
TG2's binding and complex formation with Ap or TG2's post-
translational modification of AB through its crosslinking activity. In
addition, concentrations of various Af oligomers in both APP23 and
APP23/TG2—/— mice should be determined to shed more light on
the molecular underpinnings of TG2's role in the formation of AB
deposits. Moreover, the consequences of ablation of TG2 on cogni-
tive performance in APP23/TG2—/— versus on APP23 mice should
be investigated. Our data emphasise that in order to gain sufficient
statistical power for analysis of such parameters, due to the large vari-
ation in AB pathology in the APP23 mice model, sufficiently high(er)
number of animals need to be included. Also, inclusion of animals of
different ages, especially older animals, might provide more insight
into TG2's role in the AB cascade. Monitoring both the development
and levels of AB pathology and TG2 levels and activity in vivo could
provide crucial information. Interestingly, apart from the widely avail-
able Ap PET ligands to monitor AB pathology in vivo, our group
recently developed specific PET tracers that could monitor both TG2
levels and activity in vivo [51-53]. Combining data using both PET
ligands and the above-described parameters and suggestions will

likely unlock the true role of TG2 in the development of Ap pathology.
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