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Abstract

Alzheimer’s disease (AD) is a severe neurodegenerative disorder characterised by the
accumulation of aggregated amyloid-3 (AB) and tau proteins as well as the activation of
inflammatory processes in the brain, leading to neuronal cell death. Modulation of
inflammatory factors presents an attractive therapeutic target since a direct interplay
between inflammation and AD pathogenesis has been identified. In this study, we confirm
previously published data showing that inhibition of the interleukin (IL)-12 and IL-23
signalling pathway leads to an amelioration of AR pathology. Genetic deletion of the
shared IL-12/IL-23 1L12p40 subunit in APP23 AD-like mice caused a gender-specific
reduction in AB burden, highlighting the significance of the IL-12/IL-23 pathway as well as
gender considerations in AD. Furthermore, we identified neurons and oligodendrocytes
as the IL-12/IL-23 receptor-bearing cells, uncovering a yet unknown intercellular
inflammatory signalling pathway. Based on these observations, we generated AD-like
mouse lines deleting the IL-23-specific receptor (APPPS1;Nestin®®;IL23R" and
APPPSL;Aldn1I1CeERT | 23R as  well as the IL-12-specific  receptor
(APPPS1;Nestin®;IL12RB2M and APPPS1;Aldh1I1CeERT:|L12RB21™) only in neural
cells. Since initial results indicate that IL-23 signalling is not the key player in IL-12/IL-23-
driven pathogenic aspects of AD, future research is required to prove the importance of
IL-12 signalling in AD. Obtaining a detailed understanding of the precise downstream
signalling mechanisms of the IL-12/IL-23 pathway is essential since it can provide a basis

for target-directed therapy of AD, a disease that is not yet curable.



Zusammenfassung

Die Alzheimer Erkrankung (AE) ist eine schwerwiegende neurodegenerative Erkrankung,
die charakterisiert wird durch die Akkumulation von aggregierten Amyloid- (AB) und Tau
Proteinen sowie der Aktivierung inflammatorischer Prozesse im Gehirn, welche
schlie3lich zu neuronalem Zelltod fuhren. Modulierung von inflammatorischen Faktoren
gilt als attraktiver therapeutischer Angriffspunkt, da ein direkter Zusammenhang zwischen
Inflammation und AE Pathogenese besteht. In dieser Arbeit konnten wir bereits
publizierte Daten validieren, welche zeigten, dass die Inhibition des Interleukin
(IL)-12/1L-23 Signalwegs zu einer Verbesserung der AR Pathologie fiihrte. Genetische
Deletion der von IL-12/IL-23 geteilten IL12p40 Untereinheit im APP23 AE-Mausmodell
erwirkte eine geschlechter-spezifische Reduktion der AB Belastung, welches die
Signifikanz des IL-12/IL-23 Signalwegs sowie von Geschlechterunterschieden in der AE
hervorhebt. Zusatzlich identifizierten wir, dass Neurone und Oligodendrozyten die
IL-12/IL-23 Rezeptoren exprimierten, und entdeckten somit einen neuen interzellularen

inflammatorischen Signalweg. Basierend auf diesen Ergebnissen generierten wir AE-

ahnliche Mauslinien, in denen der IL-23-spezifische Rezeptor
(APPPS1;Nestin®;IL23R"  und  APPPSZ1;Aldh1l1CeERT;| 23R  sowie  der
IL-12-spezifische Rezeptor (APPPS1;Nestince;IL12RB 21 und

APPPS1;Aldnh111CERT:|L12RB2"M) ausschlieRlich auf neuralen Zellen deletiert ist. Erste
Ergebnisse zeigten, dass IL-23 wohl nicht das entscheidende Zytokin im pathogenetisch
relevanten IL-12/IL-23 Signalweg darstellt, weshalb sich unsere weiteren
Forschungsvorhaben auf die Rolle von IL-12 in der AE fokussieren werden. Ein exaktes
Verstandnis der nachgeschalteten Mechanismen des IL-12/IL-23 Signalwegs ist
essentiell um eine valide und prazise Grundlage fir kiinftige Therapieansatze der bislang

unheilbaren AE zu entwickeln.



Cellular targets and downstream effector mechanisms of
IL-12/IL-23 signalling in Alzheimer'’s disease

Background

Alzheimer’s disease (AD) is the most common form of dementia with an increasing
prevalence in the elderly population. Clinical symptoms include memory loss as well as
deterioration of language and emotional control, which are caused by the dysfunction of
synapses and degeneration of neurons in cortical regions and the hippocampus
(McKhann et al., 2011). The pathophysiology of AD is characterised by the aberrant
accumulation of the amyloid-p (AB) protein into extracellular plaques, which can already
be noted approximately 20 years before the appearance of cognitive impairment (Gordon
et al., 2018). Another pathological hallmark is the appearance of intracellular tangles of
the tau protein found within neurons (Montine et al., 2012). In recent years, the role of the
immune system in AD has also become a large research focus, since genetic variants of
genes linked to the innate immune system have been ascribed to an increased risk for
the development of sporadic AD (Bradshaw et al., 2013; Guerreiro et al., 2013). The main
innate immune cells of the brain are microglia and astrocytes that both regulate brain
homeostasis and respond to pathogenic stimuli or cellular changes by secreting pro- and
anti-inflammatory cytokines and chemokines or engulfing pathogens or cellular debris
(reviewed in Colonna & Butovsky, 2017 and Sofroniew & Vinters, 2010). Both microglia
and astrocytes have been shown to associate with A plaques in the brains of AD patients
(Serrano-Pozo et al., 2011), yet the exact nature of their role in AD pathogenesis is still

far from clear and an area of active research.

Mouse models of AD provide a very useful tool in identifying and elucidating mechanisms
influencing AD development or progression. Commonly used models overexpress human
mutated forms of the amyloid precursor protein (APP) and/or presenilin 1 (PSEN1) genes
that lead to familial AD in patients under the control of neuronal promoters (reviewed in
Myers & McGonigle, 2019). These lines are characterised by amyloidogenesis in the brain
parenchyma as well as plague-associated activation of microglia and astrocytes,
mimicking early pathological processes observed in the brains of AD patients. AD mouse
models thus present very useful tools for genetic manipulation of specific cell types or

pathways and for testing pharmacological compounds and their effect upon AB pathology.



Making use of the APPPS1 mouse line harbouring the Swedish (KM670/671NL) APP
mutation and PSEN1 L166P mutation under the control of the Thyl promoter (Radde et
al., 2006), our lab has previously reported an upregulation of the pro-inflammatory
cytokines interleukin (IL)-12 and IL-23 by microglia (vom Berg et al., 2012). When
targeting 1L12p40, the common subunit of both IL-12 and IL-23, by genetic deletion or
pharmacological blockage, AR pathology was reduced and cognitive deficits were
ameliorated (vom Berg et al., 2012). Tan et al. (2014) also found a positive effect of
blocking IL-12/1L-23 signalling upon AD-like pathology and analysis of AD patient material
also found a link between these pathways and the human disease condition (Hu et al.,
2012; vom Berg et al., 2012; Chen et al., 2014; Wood et al., 2015).

Another important observation derived from epidemiological studies of AD patients is the
increased risk to develop AD in female subjects (Mayeda, 2019). Additionally, differences
in both the innate and adaptive immune response between males and females (reviewed
in Klein & Flanagan, 2016), including microglial phenotypes (Guneykaya et al., 2018; Villa
et al., 2018), have been described. Single-cell transcriptome analyses confirmed these
notions by finding a gender-specific response within all brain cell populations of male and
female AD patients (Mathys et al., 2019).

Aims

1. Assessing the lack of IL-12/IL-23 signalling upon AR pathogenesis in APP23
mice

In light of these observations, this study firstly aimed at identifying whether the beneficial
effect of blocking the IL-12/IL-23 pathway upon AD pathogenesis is model- and/or
gender-specific. We thus crossed mice deficient in IL12p40 (Magram et al., 1996) to the
APP23 mouse model of AD harbouring the Swedish (KM670/671NL) mutation in the APP
gene (Sturchler-Pierrat et al., 1997). APP23 mice recapitulate more closely the AB
pathology of human AD patients with respect to the AR accumulation time course and
histopathological AR composition. Similar to human AD patient populations (Mayeda,
2019), gender differences in plaque deposition have been described in this mouse model
(Sturchler-Pierrat & Staufenbiel, 2000). We therefore assessed gender-specific
properties of AR deposition as well as AR processing, neuritic dystrophy and glial
activation in male and female APP23 mice lacking or harbouring the IL-12/IL-23 signalling

pathway.



2. Investigation of downstream IL-12/IL-23 signalling mechanisms in AD

The second aim of this study was to further analyse the downstream signalling
mechanisms of IL-12/IL-23 signalling. Vom Berg et al. (2012) could show that the IL12p40
receptor, namely IL12R[31, was expressed in non-microglial cell populations, suggesting
an intercellular signalling pathway. We therefore aimed at localising the IL-12/IL-23
receptors in brain tissue of AD mouse lines. Additionally, it is of major therapeutic interest
to identify whether it is IL-12 or IL-23 specifically that exerts its detrimental effect upon
AD pathology. We thus generated mouse lines targeting specifically IL-12 or IL-23
signalling in neural cells to identify and target the cytokine and the cell type most relevant

to AD pathology.

Results & Discussion

Aim 1 - Assessing the lack of IL-12/IL-23 signalling upon AR
pathogenesis in APP23 mice

Female APP23 mice show increased AR pathology and astrogliosis compared to
male APP23 mice

We and others have linked IL-12/IL-23 signalling to AD pathology by identifying an
increase of this pathway in AD-like mouse models (vom Berg et al., 2012; Tan et al.,
2014) as well as CSF (vom Berg et al., 2014), plasma (Hu et al., 2012) and brain tissue
(Wood et al., 2015) of AD patients. However, the role of IL-12/IL-23 signalling in a gender-
specific context has not been analysed so far. The APP23 mouse model has been
reported to show gender differences in AR pathology and behavioural characteristics
(Sturchler-Pierrat & Staufenbiel, 2000), yet no side-by-side comparison of male and
female APP23 mice at late stages of pathology has been undertaken to date. We thus
quantified pathological hallmarks in male versus female APP23 mice at 21 months of age
using biochemical and histological methods. We quantified both diffuse and core plaque
pathology via immunohistochemistry and identified that female mice have a 2-fold higher
plague burden than male mice (Eede et al., 2020). Using biochemical techniques, we also
saw increased levels of both soluble and insoluble levels of the AB1-40 and AB1-42isoforms
as well as an increased amount of aggregated AB in the insoluble protein fractions of
female APP23 mice (Eede et al., 2020). Despite this increase in AB pathology, there were

no gender-specific differences found in plaque-associated neuritic dystrophy or



AB-processing enzymes (Eede et al., 2020). A possible explanation for the observed
gender differences could be a faster disease course in female APP23 mice. It was
previously suggested that hormonal variances could account for gender-specific
differences in spatial learning paradigms (D’Hooge & de Deyn, 2001), however an effect
of hormones upon AR burden has not been described to date. The underlying reasons for

gender-specific pathogenesis in AD mouse models thus remains to be elucidated.

Similar to human pathology, APP23 mice also show activated microglia and astrocytes
associated with AB deposits in the brain (Sturchler-Pierrat et al., 1997; Stalder et al.,
1999). Compared to male mice, we found an increase in the cortical astrocyte number in
female mice, which correlated with the increase in plaque burden. Microglial
characteristics such as peri-plaque accumulation, expression of the activation marker
Clec7a (Keren-Shaul et al., 2017; Krasemann et al., 2017) and AB uptake did not differ
between male and female APP23 mice (Eede et al., 2020). We also analysed the cytokine
milieu of the brain and plasma which showed that, compared to male mice, female APP23
mice had higher levels of IL-4 in the plasma, IL-10 in both plasma and brain as well as
TNF-a and CXCL1 in brain. We also noted a positive correlation between CXCL1 levels
in the brain and both soluble and insoluble ABi-40 levels (Eede et al., 2020). These results
indicate that deregulated cytokine secretion could be a confounding factor and biomarker

for gender-specific differences of A3 burden.

Similar to APPPS1 mice, we also identified the IL12p40 subunit to be a relevant immune
target in the APP23 mouse model, since microglial IL12p40 (1112b) gene expression as
well as IL12p40 protein levels in the brain were increased compared to wildtype
littermates. To validate the protective effects of 1L12p40 deletion seen in APPPS1 mice
in another mouse model, we crossed APP23 mice to 1L12p407 mice (APP23p407),
lacking 1L12p40 expression.

IL12p40 deficiency differentially affects pathology in male and female APP23 mice

Due to the vast gender differences observed in APP23 mice, the effect of IL12p40
deficiency upon pathology was assessed separately in male and female APP23p40--
mice, where indeed, gender-specific effects of IL12p40 deletion were found (summary in
Fig. 1). Male APP23p407 mice had significantly less diffuse and core AR plaques
compared to APP23 littermates, yet ABi-40 levels and AB aggregation properties were
unchanged (Eede et al., 2020). In female mice, on the other hand, lack of IL12p40 led to

9



a significant reduction in TBS- and Triton-X-soluble AB1-40 species, the main AB isoform
found in APP23 mice (Sturchler-Pierrat & Staufenbiel, 2000), whilst AR plaque burden
was unaffected (Eede et al., 2020). Despite these reductions in AB pathology, other
pathological hallmarks such as neurite dystrophy and the number of cortical astrocytes
were not affected by IL12p40 deletion. Similarly, the number of plaque-associated
microglia, their expression of the activation marker Clec7a as well as the amount of A
uptake were unchanged in APP23p407- mice (Eede et al., 2020). We also observed that
the reduction in AB pathology was not mediated by changes in AB-processing enzymes
(Eede et al., 2020). Interestingly, IL12p40 deficiency led to changes in the pro- and
anti-inflammatory cytokine milieu of the brain and plasma. Compared to APP23 mice,
plasma levels of IFNy were reduced in male APP23p407 mice, whilst in female
APP23p407- mice, IL-5 and IL-6 were reduced and IL-18 and CXCL1 levels were

increased in the plasma, and CXCL1 levels were decreased in the brain (Eede et al.,

2020).
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Figure 4. Graphical summary illustrating the effect of IL12p40 deletion in male and female APP23
mice. Image adapted from Eede et al., 2020, made with Biorender.
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This might indicate that the beneficial effect of IL12p40 deletion upon AB pathology is not
mediated by changes in microglial function or AR processing, but rather by an indirect
effect of IL12p40-mediated intercellular signalling via cytokine modulation. CXCL1
secretion by astrocytes, for example, has been shown to increase disease severity in a
mouse model of multiple sclerosis by enhancing neutrophil recruitment (Grist et al., 2018).
Additionally, blocking neutrophil entry in a mouse model of AD could ameliorate AB

pathogenesis (Zenaro et al., 2015).

In summary, our results provide further evidence on the detrimental role of IL-12/IL-23
signalling in the context of AD. Yet to successfully target IL12p40 in AD, there is an
obvious need to further dissect specific signalling characteristics and downstream
mechanisms of IL-12 and IL-23.

Aim 2 —Investigation of downstream IL-12/IL-23 signalling mechanisms
in AD

In the brain, IL-12/IL-23 receptors are expressed by oligodendrocytes and neurons

Previous data showed that the IL12p40 receptor, namely IL12Rp1, was expressed on
non-microglial cells (vom Berg et al., 2012), supporting the idea of an intercellular
IL-12/IL-23 signalling pathway. We therefore assessed IL-12/IL-23 receptor localisation
in the AD context in more detail. IL-12 and IL-23 both share the 1L12p40 subunit (1112b),
which forms a heterodimer with either IL12p35 (1112a) or IL23p19 (1123a), respectively.
IL12p40 binds to the IL12RB1 (1112rb1) receptor, which in turn either dimerises with the
receptor subunit IL12RB2 (l112rb2) to enable IL-12 signalling or the IL23R (1123r) receptor
subunit to enable IL-23 signalling (summarised in Fig. 2A). In the peripheral immune
system, IL-12 and IL-23 are expressed by antigen-presenting cells such as dendritic cells
and play a large role in T cell-mediated immune responses by initiating the expansion
and activation of Thl and Tul7 T helper cells respectively (reviewed in Croxford et al.,
2014). In the brains of wildtype or AD-like mice, however, no infiltration of dendritic cells
and T cells takes place, and instead, IL-12/IL-23 signalling is mediated by microglia (vom
Berg et al., 2012; Eede et al., 2020). The exact localisation of the I1L-12/IL-23 receptors
in the brain, however, has not been identified so far, also due to the lack of functional
antibodies targeting the receptor subunits. We therefore used an in situ hybridisation
approach to stain receptor mMRNA molecules on brain tissue from 21-month-old APP23
mice and 4-month-old APPPS1 mice as well as their age-matched wildtype littermates.

11



The RNAscope® in situ hybridisation system allows for co-labelling of three different
MRNA-binding probes. We thus co-stained probes for each of the three receptor subunits
(i.e. 1112rb1, 1112rb2, 1123r) either with probes targeting astrocytic (Gfap, Slcla3, Aldh1l1)
and neuronal (Map2, Rbfox3) cell markers or with probes specific for cell markers for
oligodendrocytes (Sox10) and microglia (Tmem119, Salll). Signal for all three receptor
subunits was found in wildtype, APPPS1 and APP23 brain tissue with regional specificity
and no obvious expression differences between genotypes (subjective, non-quantitative
observation). In APP23 mice and aged-matched wildtype animals, receptor expression
did not seem to be as pronounced as in APPPS1 mice and wildtype littermates, which

could be explained by the differences in age and disease stage.

Signal positive for 1112rb1 was found in cortical regions (especially the entorhinal cortex),
hippocampus and corpus callosum and co-staining with cell markers revealed 1112rbl
expression by oligodendrocytes in both APPPS1 and APP23 mice (Fig. 2B). 1112rb2
expression was found throughout the cortex and co-localised with neuronal cell markers
in both AD-like models and wildtype littermates (Fig. 2C). Lastly, 1123r-positive signal was
detected in the midbrain of wildtype and AD-like mice and co-localised with neuronal cell
markers (Fig. 2D). For the first time, we could therefore provide evidence for region- and
cell type-specific expression of IL-12/IL-23 receptors in wildtype and AD-like mice, with
[112rb1 being expressed by oligodendrocytes and 1112rb2 and 1123r being expressed by

neurons.

Oligodendrocytes in AD pathogenesis have not received the same attention as microglia
and astrocytes. However, some studies have linked oligodendrocyte dysfunction,
changes in myelination patterns as well as demyelination to AD progression (Mitew et al.,
2010). Additionally, blocking of oligodendrocyte precursor cell (OPC) senescence has
recently been linked to reduction of neuroinflammation and AD pathology in an AD-like
mouse model (Zhang et al., 2019). Neurons have of course been of major focus in the
study of AD, since neuronal production and secretion of AR, intracellular tau accumulation
and resulting neurodegeneration are central events in AD pathogenesis (Montine et al.,
2012). Nonetheless, the direct role of oligodendrocytes and neurons in modulating
AD-associated neuroinflammation remains unclear, highlighting the novelty of IL-12/IL-23

receptor expression by these cells.

12
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Figure 5. IL-12/IL-23 receptor expression in the brain. (A) Schematic representation of IL-12/IL-23
signalling components. Made with Biorender. (B-D) Representative images of RNAscope®
staining of brain tissue from APPPS1 and APP23 mice using probes targeting cell markers for
neurons (Map2, Rbfox3) and astrocytes (Gfap, Slcla3, Aldh1l1) (top images) as well as microglia
(Salll, Tmem119) and Sox10 for oligodendrocytes (bottom images). Cell markers were co-
stained with probes for 1112rb1 (B), l112rb2 (C) and 1123r (D) as highlighted by arrowheads. Scale
bars = 25 um.

It is of note, that the shared I112rb1 subunit is expressed on oligodendrocytes and in
regions different to the neurons expressing 1112rb2 and 1123r. Future work is thus aimed
at co-labelling 1112rb1 with both [112rb2 and 1123r to confirm whether the IL-12/IL-23

receptor subunits are indeed not co-expressed on the same cell. Should this be the case,
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one needs to hypothesise whether in the brain, the receptor subunits can dimerise with

other receptors and signal via mechanisms that are so far unknown.

What also remains unclear is whether the amelioration of AR pathology by IL12p40
deficiency is mediated specifically by IL-12 or by IL-23. Dissection of the exact molecular
mechanisms of IL-12 and IL-23 signalling are of high therapeutic relevance since
biologicals that inhibit IL-12 and/or IL-23 have already been approved by the US Food
and Drug Administration (FDA) for other diseases such as psoriasis and Crohn’s disease,
thus providing the possibility of repurposing existing drugs for the treatment of AD. To
dissect the role of IL-12 and IL-23 and their downstream signalling components in AD,
we generated AD-like mouse models targeting either the IL-12-specific IL12R[B2 receptor
or the IL-23-specific IL23R receptor in various neural cell types. In this study, the effect
of inhibiting IL-23 signalling upon AB pathology was the main focus. Since we observed
similar receptor expression patterns in both APP23 and APPPS1 mice, we continued our
studies using the APPPS1 mouse model for operational reasons, namely due to their
accelerated disease time course. It is of note that unlike APP23 mice, APPPS1 mice do
not appear to exhibit gender-specific AD pathogenesis which is why both genders were

used in the following analyses.

Cell-specific deletion of IL23R in neural cells does not alter AB pathology in
APPPS1 mice

In order to analyse whether IL-23 is the cytokine modulating AD pathology and to
investigate the downstream cellular players in this signalling pathway, we generated two
mouse lines based on the Cre-loxP system. We crossed APPPS1 mice to IL23R" mice
(Aden et al., 2016), in which exon 4 of the 1123r gene is flanked by two loxP sites, a
sequence recognised by the Cre recombinase, leading to site-specific recombination.
These mice were firstly crossed to Nestin®® mice (Tronche et al.,, 1999), which
constitutively express Cre recombinase under the control of the Nestin promoter,
generating APPPS1;Nestin®®;|L23R"" mice. Nestin is a promoter active in neural stem
cells, thus APPPS1;Nestin®®;IL23R"" mice harbour an IL23R deletion specifically in
neural cells such as astrocytes, neurons and oligodendrocytes. Since we previously
identified neurons and oligodendrocytes to be relevant downstream mediators of
IL-12/IL-23 signalling, this mouse model is useful in targeting both these cell types. In
order to exclude an unspecific effect mediated by astrocytes, we also generated
APPPS1;Aldn1l1CeERT: | 23R mice, which harbour a tamoxifen-inducible Cre

14



recombinase under the control of the astrocyte-specific Aldh1l1 promoter (Winchenbach
et al.,, 2016), leading to an astrocyte-specific IL23R deletion upon tamoxifen

administration. A schematic overview of the mouse crossings is depicted in Fig. 3.
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Figure 6. Graphical illustration of APPPS1;Nestin®;IL23R" and APPPS1;Aldh1l1CERT; | 23R
mouse breedings. Made with Biorender.

To assess the effect of IL-23 receptor deficiency in Nestin-positive cells upon AB
pathology, APPPS1;Nestinc®;IL23R"" mice and APPPS1;IL23R" control littermates
were aged to 4 and 8 months, stages of early and robust plague pathology (Radde et al.,
2006). Firstly, protein extracts of varying solubility were extracted from brains of 4-month-
old APPPS1;Nestin®®;IL23R" mice and APPPS1;IL23R"" control littermates and AB1-40
and ABi-42 levels were biochemically quantified. Here, we could not detect an effect of
neural cell-specific IL23R deletion upon AR load (Fig. 4A). In order to validate 1123r gene
excision in our experimental groups, we genotyped biopsies of each mouse via PCR
using primers specific to the excised loxP locus. Surprisingly, we noted that the excised
gene product was also present in Nestin®®-negative APPPS1;IL23R"" control mice (Fig.
4B). Indeed, Zhang et al. (2013) have shown that in the Nestin®'® strain, the germline can
also be mutated, leading to the excised gene to be passed on to offspring, irrespective of
their Nestin®"® genotype. We thus re-assigned the experimental animals based on their
exon-specific genotype, yet still no effect of a neural cell-specific IL23R deletion upon A3

levels was seen (Fig. 4C). When re-analysing the experimental mice of the 8-month time
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point for their exon-specific genotype, we observed that all Nestin®®-negative
APPPS1;IL23R" mice harboured the exon-specific deletion and could thus not be used
as an adequate control group. In order to draw conclusions about the effect of a Nestin-
specific IL23R deletion at this later disease stage, we will need to carefully select for
APPPS1;IL23R" control mice with an un-excised 1123r gene.

To rule out that AR pathology is unchanged in 4-month-old APPPS1;Nestinc;|IL23R"
mice due to inefficient gene recombination in Nestin-positive neural cells, we performed
an in vitro study of 1123r targeting efficiency in this mouse line. Here, we purified microglia
and astrocytes from neonatal APPPS1;Nestin®®;IL23R" and APPPS1;IL23R" mice,
whereby gene recombination should occur in Nestin-expressing astrocytes yet not in
Nestin-negative microglia. Since no baseline gene expression of the IL-12/IL-23 receptors
is present in astrocytes and microglia in these mice, expression was induced by treatment
with LPS and IFNy, a known stimulus for IL-12/IL-23 receptor upregulation. Using qPCR
and TagMan primers specifically binding to the exon 4-5 junction of the 1123r mRNA, we
could show that induction of 1123r expression upon LPS/IFNy stimulation did not take
place in astrocytes derived from APPPS1;Nestin®®;IL23R" mice, indicating high
targeting efficiency (Fig. 4D). However, 1123r induction did also not take place in the
APPPS1;IL23R" control group and genotyping revealed that unspecific gene
recombination again took place in these Nestin"-negative mice. Thus, cells derived from
these animals cannot not serve as a proper control. Experiments will thus need to be
repeated with APPPS1;IL23R"" animals not harbouring unspecific [123r gene excision. In
microglia, on the other hand, 1123r upregulation could be noted, showing that off-target
recombination in Nestin-negative cells did not occur (Fig. 4D).
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Figure 4. Analysis of AB pathology and targeting efficiency in APPPS1;Nestin®;IL23R" mice. (A)
Quantitative analysis of the ABi4 and APi4. proteins in the TBS (ABi.40 p=0.8562; ABi.42
p=0.6723), Triton-X (AB140 p=0.7626; ABis> p=0.8588) and SDS (ABi40 p=0.5632; ABi.4
p=0.7584) fractions of brain homogenates from APPPS1;IL23R" (n=9) and
APPPS1;Nestin®®;IL23R™" (n=9) mice. Measurements were normalised to total protein content.
Mean + s.e.m., statistical analysis: two-tailed unpaired t-test between ABi.40 and ABia
measurements respectively. (B) Representative gel electrophoresis images of PCR analyses of
the exon-specific 1123r gene recombination in APPPS1;IL23R"" mice. Top band (2809 bp)
represents the wildtype 1123r gene locus whilst the bottom band (1909 bp) shows the excised 1123r
gene following Cre recombination. (C) Quantitative analysis of the Af1-40and AB1.42 proteins in the
TBS (APi-40 p=0.8562; AB1-42 p=0.6723), Triton-X (ABi-40 p=0.7626; AB142 p=0.8588) and SDS
(AB1-40 p=0.5632; AB1-42 p=0.7584) fractions of brain homogenates from APPPS1;IL23R"" (n=3)
and APPPS1;Nestin°;IL23R"" (n=9) mice with correct exon-specific genotypes. Measurements
were normalised to total protein content. Mean + s.e.m., statistical analysis: two-tailed unpaired
t-test between ABi-40 and AB1-42 measurements respectively. (D) Gene expression analysis of the
exon 4-5 junction of the 1123r gene in cultured neonatal astrocytes (left) and microglia (right) from
APPPS1;IL23R" (astrocyte n=4; microglia n=3) and APPPS1;Nestin;IL23R"" (astrocyte n=3;
microglia n=6) mice. Cells were treated with control medium (“unstimulated”) or LPS/IFNy (“stim.”)
for 24 hours. The unstimulated control group was set as baseline and incorporates data points
from both APPPS1;IL23R" and APPPS1;Nestin®";IL23R"" mice (astrocyte n=6; microglia n=>5).
Gapdh was used as internal reference gene. Mean + s.e.m., statistical analysis: One-way ANOVA
with Tukey post-hoc test (***p<0.0005; **p=0.0028, *p=0.0331). All data was generated by M.
Foerster (MD student supervised by P. Eede).

Unlike the APPPS1;Nestin®®IL23R" mouse line, IL23R deletion in the
APPPS1;Aldh1l1CERT: 23R line needs to be induced by tamoxifen administration. We
chose to intraperitoneally inject the animals at an age of 30 days, a time point before
disease onset, with either 75 mg/kg tamoxifen or a vehicle solution (olive oil) daily for 5
days, whilst one experimental group was left untreated. To firstly validate targeting
efficiency, we injected APPPS1;Aldh1I1CeERT:|L23R" and littermate APPPSZ1;IL23R""
control animals with tamoxifen and at 30 days post-injection isolated and cultured
astrocytes and microglia from their brains. 1123r expression was induced by treatment with
LPS/IFNy and a deletion efficiency of 80 % was detected in the astrocytes of tamoxifen-
treated APPPS1;Aldh1I1CeERT;|L.23RY mice, compared to Aldhll1C€ERT-negative
tamoxifen-treated APPPSZ1;IL23R" control littermates, confirming high targeting
efficiency (Fig. 5A). Microglial 1123r induction was unchanged between experimental

groups, highlighting that off-target recombination did not take place (Fig. 5A).
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Figure 5. Analysis of targeting efficiency and AR pathology in APPPS1;Aldh1I1¢ERT;|L23R"" mice.
(A) Gene expression analysis of the exon 4-5 junction of the 1123r gene in cultured adult astrocytes
(left)y and microglia (right) isolated from tamoxifen-treated APPPS1;IL23R" (n=2) and
APPPS1;Aldh1I1¢ERT: L 23RM (n=3) mice. Cells were treated with control medium
(“unstimulated”) or LPS/IFNy (“stim.”) for 24 hours. The unstimulated control group was set as
baseline and incorporates data points from  both  APPPS1;IL23R"  and
APPPS1;Aldh111¢ERT: 23R mice. Gapdh was used as internal reference gene. Mean +s.e.m.,
statistical analysis: One-way ANOVA with Tukey post-hoc test (***p=0.0002; **p=0.0023,
*p=0.0133, ns p=0.2467). (B) Quantitative analysis of the ABi.40 and ABi.4> proteins in the TBS,
Triton-X and SDS fractions of brain homogenates from 4-month-old
APPPS1;Aldh1I1°ERT:|L23R" mice treated with tamoxifen (n=9), vehicle solution (n=9) or left
untreated (n=9). Measurements were normalised to total protein content. Mean * s.e.m.,
statistical analysis: One-way ANOVA with Tukey post-hoc test (p=20.05). (C) Quantitative analysis
of the ABi.40 and AB1.42 proteins in the TBS, Triton-X and SDS fractions of brain homogenates
from 8-month-old APPPS1;Aldh1I1¢ERT;|L23R™"" mice treated with tamoxifen (n=5), vehicle
solution (n=7) or left untreated (n=8). Measurements were normalised to total protein content.
Mean £ s.e.m., statistical analysis: One-way ANOVA with Tukey post-hoc test (p=0.05).
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Having confirmed efficient and specific targeting in the APPPS1;Aldh1[1CERT;| 23R
mouse line, we analysed the experimental animals aged to 4 and 8 months of age for
their levels of soluble and insoluble AB1-40 and AB1-42 species. Here, we did not see any
differences in AB levels between untreated, vehicle-injected and tamoxifen-injected
APPPS1;Aldh1I1CERT:| 23R mice (Figs. 5B&C), indicating that an astrocyte-specific
deletion of the IL23R receptor subunit does not affect AR pathology at early and late

stages of disease.

Taken together, these preliminary data indicate that the disruption of IL-23 signalling
specifically in oligodendrocytes, neurons and astrocytes does not affect A pathology in
APPPS1 mice. This therefore highlights the relevance of specifically studying IL-12
signalling in the AD context, since this might be the cytokine specifically leading to the

amelioration of pathological processes in IL12p40 deficient mice.

Assessing neural cell-mediated IL12RB2 signalling in AB pathogenesis in APPPS1
mice

Future work is aimed at investigating the role of IL-12 signalling and its downstream
mediators in AD pathogenesis. A similar mouse breeding strategy as used for studying
IL-23 has been set up already. Here, APPPS1 mice were crossed either to Nestin®® or
Aldh1l11CERT mjice, which in turn were crossed to IL12RB2%" mice, where exon 7 of the
[112rb2 gene is flanked by two loxP sites (unpublished). The two mouse models enabling
the study of IL12RB2 signalling in neural cells are thus the APPPS1;Nestinc;|L12Rp2M
mouse line, in which all neural cells are targeted by Cre recombinase, as well as the
APPPS1;Aldh1I1CeERT:|_12RB2M line, in which tamoxifen administration induces 1112rb2
recombination in astrocytes only. A schematic overview of the mouse crossings is

depicted in Fig. 6.
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Figure 6. Graphical illustration of APPPS1;Nestin®;IL12Rp2M! and
APPPS1;Aldh111¢ERT:|L12RB2"" mouse breedings. Made with Biorender.

We performed initial validation experiments for each mouse line by characterising the
exon-specific 1112rb2 gene deletion. For APPPS1;Nestin®¢;IL12RB2"" mice, we
genotyped tissue biopsies via PCR with primers specific for the excised exon 7 of the
1112rb2 gene. Similar to the APPPS1;Nestin®*;IL23R"" mouse line, a high proportion of
Nestin®-negative APPPS1;IL12RB2%"" control mice exhibited exon-specific gene
recombination, indicating germline transmission of the excised I112rb2 gene (Fig. 7A).
Therefore, experimental mice will need to be carefully selected based on their exon-
specific 1112rb2 genotype. Additionally, future experiments are aimed at quantifying
targeting efficiency by isolating adult microglia and astrocytes and inducing 1112rb2 mRNA
expression in vitro. Using gPCR in combination with TagMan primers specifically targeting
the exon 6-7 junction, recombination efficiency and potential off-target recombination can

thus be assessed.

In APPPS1;Aldh111CERT: | 12RB2%"" mice, gene recombination is dependent on Cre
activation by tamoxifen. For initial validation of the model, we again used an in vitro
approach using neonatal APPPS1;Aldh1I1CeERT;|L12RB2%" and APPPS1;IL12Rp21
control littermates. Neonatal microglia and astrocytes were purified and stimulated firstly
with vehicle solution or 4-Hydroxytamoxifen (4-OHT), the active form of tamoxifen suitable
for use in vitro, to induce Cre recombinase. After 24 hour incubation, cells were stimulated

with control medium or LPS/IFNy to induce 1112rb2 gene expression.
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Figure 7. Validation experiments of APPPS1;Nestin®;IL12Rp2" and

APPPS1;Aldh1I1°ERT:|L12RB2"" mouse lines. (A) Representative gel electrophoresis images of
PCR analyses of the exon-specific 1112rb2 gene recombination in APPPS1;IL12RB2%"" mice
derived from the APPPS1;Nestin®;IL12RB2" line. Presence of a band (513 bp) represents the
excised I112rb2 gene following Cre recombination whilst no band is present when the wildtype
[112rb2 gene locus is still existent. (B) Gene expression analysis of the exon 6-7 junction of the
1112rb2 gene in cultured neonatal astrocytes (left) and microglia (right) from APPPS1;IL12Rp2""
(astrocyte n=5; microglia n=4) and APPPS1;Aldh1I1°ERT:|L12RB2"" (astrocyte n=6; microglia
n=6) mice. Cre recombinase was induced with 4-OHT treatment and controlled for with vehicle
medium. Then, cells were treated with LPS/IFNy for 24 hours. The vehicle group was set as
baseline and incorporates data points from both  APPPS1;IL12RB2"  and
APPPS1;Aldh1I1°ERT:|L12RB2"" mice (astrocyte n=11; microglia n=10). Gapdh was used as
internal reference gene. Mean + s.e.m., statistical analysis: One-way ANOVA with Tukey post-
hoc test (***p<0.0001).

Vehicle-treated microglia and astrocytes from APPPS1;Aldh1l1CERT:|L12RB2"1 and
APPPS1;IL12RB2% stimulated with LPS/IFNy showed [112rb2 upregulation, similar to
Aldh1I1€¢ERT_negative APPPS1;IL12RB2M cells stimulated with 4-OHT and LPS/IFNy.
Microglia from APPPS1;Aldh1I1CERT; I 12RB2"! mice treated with 4-OHT and LPS/IFNy
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also showed increased 1112rb2 expression, indicating that off-target gene recombination
does not occur in non-Aldh1l1l expressing cells (Fig. 7B). On the other hand, astrocytes
from APPPS1;Aldh1l1C¢ERT:| 12RB2"! mice treated with 4-OHT and LPS/IFNy showed
a 75% reduction of 1112rb2 gene expression, indicating a high targeting efficiency in
astrocytes (Fig. 7B). Future experiments are aimed at treating 30-day-old animals with
tamoxifen, followed by isolation, culturing and stimulation of adult microglia and
astrocytes, in order to assess in vivo targeting efficiency, similar to the regimen described
for APPPS1;Aldh111CeERT: [ 23R mice.

In summary, first data confirm the suitability of the APPPS1;Nestin®";IL12RB2"" and
APPPS1;Aldh111CERT:[L12RB2"" mouse lines in studying IL12RB2 signalling in neural
cells in the context of AD pathology. Next, experimental mice for each mouse line will be
aged to 4 and 8 months of age in order to analyse pathological parameters at early and
late disease stages. This study could provide important information on IL-12-dependent
signalling mechanisms and could identify potential therapeutic targets for the treatment
of AD.

Conclusion

The work presented here provides further evidence for a pathogenic role of IL-12 and
IL-23 signalling in AD and delivers insights into the cellular players mediating this
signalling pathway. Firstly, we could show that genetic ablation of IL-12/IL-23 signalling
ameliorated AB burden differentially in male and female APP23 mice, a mouse model of
slow and gender-specific temporal AB pathogenesis. Additionally, we could identify both
neurons and oligodendrocytes as the IL-12/IL-23 receptor-bearing cells, uncovering a yet
unknown brain-intrinsic intercellular inflammatory signalling pathway. When dissecting
whether IL-12 or IL-23 specifically affects AD pathology, we did not see an effect of
deleting the IL-23 receptor in neural cells upon AB burden, pointing towards IL-12 to be
the more relevant cytokine in the context of amyloidosis. Further studies are thus required
to pinpoint the exact downstream signalling dynamics of brain-specific IL-12/IL-23
signalling in order to pave the way for new therapeutics targeting disease progression of
AD.
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Materials & Methods

Methods from the data published by Eede et al., 2020 are already described extensively

in the publication and are not repeated here.

Animals

The following mouse lines were used in the described experiments: APP23 (Tg(Thy1-
APPKMG670/671NL)23) (Sturchler-Pierrat et al., 1997), APPPS1 (Tg(Thyl-APPSw,Thy1-
PSEN1*L166P)21Jckr (Radde et al., 2006), Nestin®® (B6.Cg-Tg(Nes-cre)1KlIn/J)
(Tronche et al., 1999), Aldh1l1¢ERT (Tg(Aldh1l1-cre/ERT2)02Kan) (Winchenbach et al.,
2016), IL23R" (B6.129/SvPas-1123rtm1Kuv/Orl) (Aden et al., 2016) and IL12RB2""
(Tg(ll12rb2tmla(KOMP)Wtsi) (unpublished).

Mice were group housed under specific pathogen—free conditions on a 12 h light/dark
cycle, food and water were provided ad libidum. All animal experiments were performed
in accordance to the national animal protection guidelines approved by the regional
offices for health and social services in Berlin (LaGeSo, license numbers T 0276/07, O
0132/09 & G 0278/15).

For tamoxifen administration in APPPS1;Aldh111CERT; 23R mice, tamoxifen (13258,
Cayman) was dissolved in olive oil (01514, Merck) at a concentration of 20 mg/ml and
injected intraperitoneally at 75 mg/kg body weight on 5 consecutive days. As vehicle

treatment, olive oil only was injected into the animals.

Genotyping for loxP-mediated gene recombination

Exon-specific gene recombination of the 1123r gene in APPPS1;Nestin®;IL23R"" and
APPPS1;Aldh1I1CeERT | 23R"  mice as well as the 1l12rb2 gene in
APPPS1;Nestin®®;IL12RB2"" and APPPS1;Aldh1I1CeERT:|L12RB21" mice was done
using the PCR primers described in Table 1.

DNA from tissue biopsies was isolated using the NucleoSpin® Tissue kit (740952,
Macherey Nagel) and amplified using the 5x HOT FIREPol® Master Mix with 12.5 mM
MgCl2 (04-11-00125 Solis Biodyne). Primers were used at a concentration of 10 pg/ml
and the PCR programs for each set of primers are listed in Tables 2 & 3. Finally, PCR

products were separated on 1.5 % agarose gels and visualised on a Syngene imager.
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Table 2. PCR primer sequences for the detection of exon-specific gene recombination.

CSD-R CATTTGGAGAAAAGAGACAATGTTGG

Mouse Primer Primer sequence 5’-3’ Expected size of PCR
line name product in allele
Wildtype | Knock-out

15531cre | GCGTGCCTTGAAATAGTTCTCTGAATACC

IL23R" -NGF12 2809 bp 1909 bp
15532cre | ACCTAGCAATGGGTCTCAGCAATGG
-NGF12

IL12RB2%" | CSD-F GATTGCCTTAATGAGTAAGAACCTGG - 513 bp

Table 2. PCR program for floxed [123r gene amplification.

Temperature (°C) Time

95

95
65
72
72

10

15 min

30 sec
30 sec
5 min
8 min

Table 3. PCR program for floxed I112rb2 gene amplification.

Temperature (°C) Time

94

94
65
72

94
55
72
72

10

5 min

15 sec
30 sec
40 sec

15 sec
30 sec
40 sec
5 min

Brain homogenisation and quantification of AB load

35x

10x (decrease 1 °C/cycle)

30x

For tissue collection, mice were deeply anaesthetised and transcardially perfused with

PBS. The brain was rapidly removed from the skull, divided sagittally in half and the

cerebellum and olfactory bulbs were removed. The right hemisphere was snap-frozen in

liquid nitrogen and stored at -80 °C. For analysis of protein levels, frozen hemispheres

were subjected to a protein extraction protocol using buffers with increasing stringency

(Kawarabayashi et al., 2001). In brief, hemispheres were homogenised consecutively in
Tris-buffered saline (TBS) buffer (20 mM Tris, 137 mM NacCl, pH = 7.6), Triton-X buffer
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(TBS buffer containing 1 % Triton X-100) and SDS buffer (2 % SDS in ddH20).
Immediately before use, cOmplete™ Mini Protease Inhibitor Cocktail Tablets
(11836153001, Roche, 1 tablet per 10 ml) were added to all buffers. Initial
homogenization occurred using a handheld tissue homogeniser (VWR) followed by
passing the solution through a 2 ml syringe and G25 cannula. Brain extracts were
incubated 30 minutes on ice (only the SDS homogenate was incubated at RT) and
centrifuged at 100,000 g for 45 minutes at 4 °C in an Optima MAX-TL ultracentrifuge
(Beckman Coulter). The supernatant was collected, aliquoted, snap frozen in liquid
nitrogen and stored at -80 °C until further use. The remaining pellet was re-suspended in
subsequent buffers. Protein concentrations of each fraction were determined using the
Pierce™ BCA Protein Assay Kit (23225, Thermo Fisher) according to manufacturer’s
protocol and measured on the Tecan Infinite® 200M Photometer (Tecan).

Quantification of AB levels

Brain extracts of TBS, Triton-X and SDS fractions were analysed for AB1-40 and Af1-42
levels using the 96-well MultiSpot Human 6E10 Ab Triplex Assay Kit (K15200E-2,
Meso Scale Diagnostics, MSD). In brief, samples were analysed in duplicate and were
diluted to fit the standard curve (AB Peptide 3-Plex). After blocking the MSD plate with
1 % Blocker A Solution, the detection antibody solution and sample or calibrator were
added and incubated for 2 hours. After washing the plate with 0.05 % Tween-20 in PBS,
2x Reading Buffer was added to the wells and the plate was analysed on a MS6000
machine (MSD).

RNAscope® in situ hybridisation

Frozen brain tissue was placed in a tissue mold (SA62534-15, Sakura) and submerged
in Tissue-Tek® freezing medium (4583, Sakura). 10 um tissue sections were cut using a
cryostat (Thermo Scientific HM 560), placed on SuperFrost Plus slides (500621,
R. Langenbrink) and dried for 1 hour at -20 °C. Tissue processing for RNAscope®
multiplex staining was done following manufacturer’s protocol for fresh frozen sections.
In brief, tissue was fixed in freshly prepared 4 % PFA (pH 7.4) for 30 minutes at 4 °C,
followed by alcohol dehydration. Tissue was exposed at room temperature to 10 minute
H202 and 30 minute Protease IV treatment (322340, Bio-Techne) and then incubated for
two hours with target probes (Table 4) at 40 °C in a HybEZ™ Hybridisation System
(321711, Bio-Techne). Signal amplification was achieved using the RNAscope® Multiplex
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Fluorescent Kit v2 (323110, Bio-Techne), following the exact protocol. Probes were
labelled with Opal™ 520 (1:500, C2 probe, FP1487001KT, Perkin Elmer), Opal™ 570
(1:500, C1 probe, FP1488001KT, Perkin Elmer) and Opal™ 690 (1:500, C3 probe,
FP1497001KT, Perkin Elmer) and three-dimensional image stacks (1 um step size, 40x
objective) of stained sections were taken on a Leica TCS SP5 confocal laser scanning
microscope using a HCX PL APO lambda blue 63x oil UV objective controlled by LAS
AF scan software (Leica Microsystems).

Table 4. Overview of RNAscope® target probes (all by Bio-Techne).

RNAscope® Probes Catalog number
Mm-l112rb1 488761
Mm-1112rb2 451301
Mm-1123r 403751
Mm-Aldh1l1-C2 405891-C2
Mm-Sicla3-C2 430781-C2
Mm-Gfap-C2 313211-C2
Mm-Sox10-C2 435931-C2
Mm-Tmem119-C3 472901-C3
Mm-Sall1-C3 469661-C3
Mm-Rbfox3-C3 313311-C3
Mm-Map2-C3 431151-C3

Quantitative real-time PCR

Gene expression analysis was performed on 12 ng cDNA per reaction using the TagMan
Fast Universal Master Mix (4364103, Applied Biosystems) and TagMan primers for 123r
(MmO01186168_m1, Thermo Fisher), 1112rb2 (Mm00434198 m1, Thermo Fisher) and
Gapdh (Mm99999915 g1, Thermo Fisher). Quantitative PCR analysis was performed on
a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems). Data was analysed
using the Double Delta Ct method to determine fold change expression changes between
samples.

Astrocyte & microglia culture

For neonatal glia cultures, brains of p 2-4 animals were dissociated in 0.005 % Trypsin-
EDTA (15400054, Thermo Fisher) for 15 minutes at 37°C. Cells were -cultivated
at37 °Cin 95 % Oz2, 5 % CO2 in DMEM (41966-029, Invitrogen) supplemented with 10 %
fetal bovine serum (FBS) (P40-37500, PAN-Biotech) and 1 % penicillin/streptomycin
(Pen/Strep) (15140122, Thermo Fisher) for 7 days. To induce microglial proliferation, the
culture was stimulated from day 7 onwards with 5 ng/ml GM-CSF (130-095-746, Miltenyi

Biotec). Microglia and astrocytes were harvested after 10-14 days in vitro. To isolate
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microglia, cells were detached from the confluent cell layer by mechanical shaking for 6
minutes and cultivated in 24-well plates at a density of 100.000 cells/well in DMEM, 10 %
FBS, 1 % Pen/Strep. After 24 hour incubation, cells were used for downstream
applications. For astrocyte isolation, cells were detached from the flask by incubation with
0.05 % Trypsin-EDTA for 5 minutes at 37 °C. The cell suspension was depleted from
remaining microglia using Magnetic-Activated Cell Sorting (MACS) by incubating with
CD11b MicroBeads (130-093-634, Miltenyi Biotec) according to manufacturer’s protocol.
Samples were passed over LS columns (130-042-401, Miltenyi Biotec) and the astrocyte-
containing CD11b-negative flow through was collected and plated in 24-well plates at a
density of 100.000 cells/well in DMEM, 10 % FBS, 1 % Pen/Strep for 48 hours until

further use.

Adult astrocytes and microglia were isolated using MACS. Mice were deeply
anaesthetised and transcardially perfused with PBS at an age of 60 days. Brain tissue
was dissociated using the Adult Brain Dissociation Kit (130-107-677, Miltenyi Biotec) on
a gentleMACS Octo Dissociator with Heaters (130-096-427, Miltenyi Biotec) according to
manufacturer’s protocol. The resulting single cell suspension was labelled with ACSA2
MicroBeads (130-097-678, Miltenyi Biotec) and passed consecutively over two MS
columns (130-042-201, Miltenyi Biotec) to positively select for astrocytes. Astrocytes
were cultivated in 24-well plates at a density of 100.000 cells/well in AstroMACS medium
(130-117-031, Miltenyi Biotec) supplemented with 0.25 % L-glutamine (0.5 mM)
(A2916801, Thermo Fisher) and 1 % Pen/Strep for 7 days until further use. The ACSA2-
negative flow through derived from isolating astrocytes was collected and labelled with
CD11b MicroBeads. To positively select for microglia, the cell suspension was passed
over one MS column and were microglia cultivated in 24-well plates at a density of
100.000 cells/well in conditioned medium collected from neonatal astrocytes (see above)

for 7 days until further use.

To induce Cre recombination in neonatal cells derived from
APPPS1;Aldh1I1CeERT | 12RB2"! mice, 4-Hydroxytamoxifen (OHT) (7904, Merck) was
reconstituted in 100 % EtOH to generate a 5 mM stock solution. Cells were treated with
1 pM 4-OHT or 0.1 % EtOH as control treatment for 24 hours. Induction of IL-12/IL-23
receptor expression was performed by treating cells with 1 pg/ml Lipopolysaccharides
(LPS) (L4391-1MG, Merck) and 100 u/ml IFN-y (315-05, Peprotech) for 24 hours.
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Abstract

Pathological aggregation of amyloid-f§ (Afl) i5 a main hallmark of
Alzheimer's disease [AD). Recent genefic assodation studies hawe
linked innate immune system actions to AD development, and
current evidence suggests profound gender differences in AD patho-
genesis. Here, we characterise gender-specific pathologies in the
APPZI ADHike mouse model and find that female mice show
stronger amyloidosis and astrogliosis compared with male mice. We
tested the gender-specfic effect of lack of IL1Zp4d, the shared
subunit of interleukin {IL-12 and IL<23, that we previously reported
to ameliorate pathology in APPPS1 mice. IL1Zp40 deficie ncy gender
specifically reduces A plagque burden in male APPZ3 mice, while in
female mice, a significant reducton in soluble A, ., without
changes in Al plagque burden is seen. Similarly, plasma and brain
cytokine levels are altered differenty in female versus male APP23
mice lacking |L12p40, while glial properties are unchanged. These
data corroborate the therapeutic potential of targeting IL-12/1L-23
signalling in AD, but also highlight the importance of gender consid-
ertons when studying the role of the immune system and AD.

Keywords Alzheimers disease gender; IL-12/IL-23; innate innm wnity:
f-amylaid

Subject Categories Immunology; Molecular Biology of Disease; Neuroscience
DO 1015258 embr 201998530 | Received 21 May 2019 | Revised 19 Decembser
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Introduction

Alzheimer's disease (AD) is a chronic progressive neurodegenera-
tive disonder assodated with extracellular and intracellular protein
aggregates (1] which induce synaptic dysfundion and degeneration
of nenrons and cause a charactenistic clinical syndrome with promi-
nent cognitive impairment (23] Extracellular amyloid-f (Af)
deposits are one of the prominemnt hallmarks of the disease [1], and
a dysregulation of AR metabolism is thought to be one of the eadiest
pathological changes observable in AD patients, decades betore first
clinical symptoms occur [4.5]. Mouse models of A deposition
provide a useful tool to study amyloidogenesis in vivo (6] which in
these mouse models is accompanied by an activation of the innate
immune response characterised by activated microglia sumrounding
Af plagues [7], mimicking mioglia activation observed in the
brains of AD patients [5].

In the last decade, the importance of the innate immune response
in AD pathogenesis has risen, driven by the discovery of multiple
variants in immune system-associated genes conferring an increased
risk for the development of sporadic AD, inchiding the micmglia cell
surface receptors TREM2Z and CD33 [9,10]. Even though these data
suggest that the innate immune system plays an important role in
AD, the exact nature of this immune response and its impact on
disease is still far from dear [7,11]. While the short-term depletion
of microglia had no major impact on development or progression of
A pathology [12,13], suggesting that microglia are mther inefficient
in amtely regulating AR load, there are numerous examples in
which modulation of the microglia response towards AR did have a
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majar impact on disease progression [14-16], especially in long-
term depletion settings [17]. Similarly, we have reported an upregu-
lation of the inflammatory cytokines interlenkin (IL}-12 and IL-23
by microglia in the brain of AD-like APPPS] mice and demonstrated
that targeting [L12p40, the commaon subunit of both [L-12 and IL-23,
using either genetic or phammacological strategies reduced AR
pathology and ameliorated cognitive deficits inherent in these mice
[18]. The finding that IL12p40 levels are also de-regulated in the
cerebrospinal fluid (CSF) of AD patients [18], the correlation
between IL12p40 levels in plasma and mild cognitive impairment
(MCI) and AD [1%) and the detection of elevated levels of [L12p70
in brain tissue of AD patients [20], further emphasises the relevance
of these pathways for the human disease condition.

Another observation derived from epidemiological studies
implies ditferences in the prevalence to develop AD between male
and female subjects [21-23]. Additionally, there are known dif-
ferences in both the innate and adaptive immune responses between
males and females [24], induding gender-spedfic differences in
male versus female mimoglial phenotypes [25-27). Single-cell tran-
siptome analyses confirned these notions by finding a gender-
specific response within all brain cell populations of male and
female AD patients, including microglia (28], In light of these ohser-
vations, our study aimed at identifying whether the effect of target-
ing the micogha-expressed [L12pd0 on disease pathogenesis is
model- andfor gender-specific. We therefore crossed mice deficient
in IL1 2p40 to yet another AD-like mouse model, namely APP23 mice
[22]. APP23 mice show a much slower rate of AP deposition than
APPPS1 mice [30] wtilised in eadier studies, which recapitulates
maore closely AR pathology of human AD patients with respect to
the AR acoumulation time course and the histopathological AR
compaosition consisting of a sound mixture of “soft”/"diffuse” and
“core™ AR plaques. Similar to effects described in human AD patient
populations [21-23], gender differences in plaque deposition have
been described in this mouse model, although these have not been
characterised thoroughly to the best of our kmowledge [31,32). To
address the latter, we assessed gender-specific properties of AR
deposition as well as AP processing, surrogate markers of neuritic
dystmophy and glial activation in malke and female APT'23 mice lack-
ing or harbouring the IL-12/IL-23 signalling pathway.

Results

Female APP23 mice show inceased Al pathology and astrogliosis
compared to malk mice

‘We and others have previously desaribed anincrease in the [L12p40
subunit shared by the cytokines IL-12 and IL-23, in AD-like mouse
models [18,33], as well as CSF [18], plasma [19] and brain tissue
[20] of ADY patients, but so far, no analysis of potential gender dif-
ferences has been pedformed. In order to validate these findings in a
mouse model of AD with slow AR accumulation, more cosely repre-
senting AP pathology and A composition in sporadic AD patients,
we made use of the APP23 mouse model harbouring the Swedish
(KMET0/671 NL) mutation in the gene encoding the amyloid precur-
sor protan [(APP) [29]. The APP23 mouse model reportedly shows
gender differences when examining AP plaque load and behavioural
characteristics [31,32], which appears to relate maore closely to the
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pathogenetic events mimicking sporadic AD [21-23]. However, to
owr knowledge no gender-spedfic side-by-side comparison of the
AD-like changes in male and female APP23 mice has been reported
50 far. We therefore aimed at quantifying late-stage plaque burden
in 21-month-old APP23 male versus female mice using biochemical
and histological methods.

In order to gain insights into AP accumulation, we generated
consecutive protein homogenates with increased detergent strin-
gency [34] of brains from male and female APP23 mice which were
each analysed on the Meso Scale Diagnostics (MSD) platform to
measure APy 4 and ARy 4, content. Compared to male mice, we
found that female APP23 mice contain twofold higher levels of the
soluble (TES fraction] and insoluble (5D5 fraction) AR, 4, isoform
(Fig 1A) as well as the A, 4, soform [Appendix Fig S1A). We
could also confirm the published observation that Af,_y, species are
the main AP isoform present in brains of APP23 mice, while the
more aggregation-prone A4z isoformm is less abundant (Fig 1A;
Appendix Fig S1LA). Histologically, AR plaque burden can be charac-
terised as being "diffuse™ or "compact” [35]. Both types of plaques
can be detected with antibodies targeting the Ap pmtein itself, such
as 4GE or the chemical compound pFTAA [36). Additionally,
compact plaques can be visualised specifically using fi-sheet-binding
dyes such as Congo Red [37]. In APP23 mice, we ohserved that the
cortical area covered by 4GE-, pFTAA- and Congo Red-positive
amyloid-f plaques was twice as high in female mice compared to
male mice (Fig 1B-D). Using the ratio between the area covered by
4GE-positive plaques and Congo Red-positive compact plaques, we
determined that compact plaques only account for a quarter of total
plagues in both male and female APP23 mice (Appendix Fig S1B).

To further investigate the differences between males and females
in the APT'23 model, a filter retandation assay was used to determine
the presence of AP aggregates in protein bysates [38). Protein homo-
genates from APP23 mouse brains were positively selected for
aggregates larger than 0.2 pm in size. Immunostaining for 6E10,
staining the A protein, revealed that male mice have A aggregates
in the TBS-sohluble protein fractions, few in the Triton-X fraction and
none in the 506 fraction. However, an inreased amount of aggre-
gates was found in the FA fraction. In female mice, on the other
hand, aggregates were found increasingly in the Triton-X fraction,
SDS-sohuble fraction and FA fraction at higher levels than in male
mice (Fig 1E; Appendix Fig 51C). This indicates gender-specific AR
aggregation properties and higher levels of insoluble AP aggregates
in female mice. Meuritic dystrophy is another common pathological
chamacteristic found in APP23 mice [29,39]. We thus stained tissue
sections with BACEL, which has been suggested to act as a surrogate
marker of neuritic dystrophy [40-43]. We noted that plague-asso-
ciated BACE] immunoreactivity normalised to 4GE-positive AR
plagues did not show any gender-specific differences (Fig 2A). The
APPL3 mouse strain also shows prominent microgliosis and astrocy-
tosis around the amyloid deposits found in the brain [29,44-46).
Stereological analysis revealed a rise in the number of cortical astro-
cytes in female APP23 mice (Fig 2B), which correlated with
inreased Congo Red- and 4GE-positive plaque burden (Fig EV1AJ.
To phenotype microglial characteristics, we guantified the number
of plaque-associated microglhia within 30 pm of the plague border as
well as their expression of Clec7a, which has been described as a
marker of activated microglia in various disease contexts [47,48).
Both the number of plague-assodated micoglia and the Clec?a
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Figure 1 Female APFZY mice at 21 months have higher Af burden than male APF23 mice.

A Quantitative analysis of the AR, pratein in the TBS [P = GO 2, Tritan-X [P = Q0S44) and S0S [™P = 0006T) fractions of beain hamagenstes fram male fn = 7)
and female fn = 10) APPES mice. Mean - SEM, statistical anslysic two-tailed unpained t-est

B Stersalogical analysis of conical ama covered by 408-pasitive plaquesin male (a = 10) and female (a = §) APPES mice |eh) and representative i mages [right), scale
bar = 500 pr. Mean - SEM, statistical analysis two-tailed unpained t-test, *™F = 0000,

C  Fluonsscends intentity- bated analysis of pFTAA-sained AR plaques in the cortex of male {1 = 10) and femake {0 = ) APPIS mice [elt) and nepmesentstive irsg e
[Faght), scale bar = 1 i, Mean 4 SEM, S18 6 stcal &nalysi: two-Lailed ungained -est, ""P = 0011,

D Seersalogical analysis of contical ama coversd by Cango Red-pasitive plaquesin male (o = 10) and female 1 = 8) APP23 mice (left) and representative images [fightl
scale bar = 500 um Mean 4 SEM, Salistcal analysis two-tailed unpained e, ™ F = Q0000

E  Native filer gsamy analkysis of TBS (P = 02453 Tritan-X (P = 00604, SDS [P = Q0196) and farmic scid [FA) (™P = 0005 ) fractions from male {1 = 8)and femals
A = T)APPIE ina s biain homog enstes. Maan - SEM, statitical anshysi: two-Lailed unpained t-1est betwesn the saims frattion

staining intensity within these cells were similar in male and female
APPL3 mice (Fig 2C). We used radial intensity profiling of 4G&-posi-
tive signal within Ibal-positive mimoglia as an indicator of mio-
glial Afuptake. This analysis showed 4G8& intensity peaks inside the
cell (4 pm], but revealed no significant difference between both
4GE traces, ie. intracellular AR levels between male and female
APP23 mice (Fig 2D). Analysis of pro- and anti-inflammatory
cytokines ([FNy, IL-10, IL-1p, [L-2, IL4, IL-5, IL+6, THF-a, CXCL1)
revealed increased levels of [L-1 in the plasma, IL-10in both plasma
and brain as well as THF-2 and CXCLL in brain homogenates of
female APP23 mice, compared to male mice (Fig EV2A-I). We also
noted a positive correlation between CHCLL levels in the brain and
both soluble and insoluble AR, 4, levels (Fig EVIE). In summary,
male and female APP13 mice show distinct differences in plague
accumulation at an age of X1 months. In both biochemical and
histological analyses, female APP23 mice had twice the amount of
AR accumulation and plaque load, and AR aggregates are maore
insoluble and more abundant than those in age-matched male
APPL3 mice. We also identified an AR burden-dependent inrease in
cortical astrocytes in female APP23 mice while microgliosis and
BACEl-positive dystrophic neurites were unchanged between
genders. Moreover, brain and plasma cytokine levels were regulated
differently in male wersus female APP23 mice. Due to the ohserved
gender differences in AP deposition and assodated pathology, the
impact of [LI2pd0 deficiency on pathological outcomes in this
mouse model was assessed separately in female and male APP23
mice.

Microglial ILL2p40 & increased in APPI3 mice

To examine whet her the IL12p40 subunit also is a relevant interven-
tional immune tamget in the APP23 mouse model, we examined
[L12p40 expression in aged APPL3 mice. Firstly, we could validate
our previous findings [18], namely that IL12p40 ([112h) gene expres-
sion in the brain was specific to microglia irrespective of gender
(Fig 3A). On protein leve, APP23 mice showed a ~45% increase in
[L12p40 compared to age-matched wild-type (WT) littermates that
were not influenced by the gender of the mice (Fig 3B).

To further understand the mle of [L12p40 on disease pathophysi-
ology in this mouse model, we aossed APP23 mice to IL12p40—'
knock out mice [49] (APP23p40~/") and investigated whether a lack
of the [L12p40 subunit influences plaque pathology as it did in the
APPPSl model [18]. We confirmed by ELISA  analysis that
APP23p40'" mice lack IL12p40 expression irrespective of the
gender of the mice (Fig 3B).

4 of 18 Fan0 reparts  <q3530| 2020

Male APP23p40—'~ mice exhibit reduced A} deposits compared to
APP23 mice

To investigate the effect of IL12pd0 deficiency, brain tissues of malke
and female APP23 and APP23p40~'~ mice were analysed for AR
levels, the abundance of AP aggregates, surrogate markers of
neuritic dystrophy, astrogliosis, plaque-assodated micoglia, the
lewels of pro- and antdinflammatory coptokines as well as AR
processing enzymes using histological and biochemical methods.

In male mice, biochemical analysis of AR, 4, levels in THS,
Triton-X and SD5-soluble protein fractions did not reveal any dif-
ferences between the APP23 and APP23p40~'~ genotypes (Fig 44).
Additionally, AR, 4, concentration was not influenced by IL12p40
defidency (Appendix Fig 52A), as was the presence of Af aggre-
gates as measured by native filter test (Fig 4E; Appendix Fig 53).
Histological analbyses of brain sections, however, did reveal a strong
reduction in the area covered of both diffuse and compact plaques.
Here, genetic deficiency of [L12p40 led to a 58% decrease in the
cortical area covered by 4G8-positive plaques (Fig 4B) and to a 42%
reduction in the area covered by pFTAA-positive plaques (Fig 4C).
Similady, Congo Red-positive “core” plaques were reduced by 51%
{Fig 4D). The presence of filtered AP aggregates (Fig 4E), the total
ratio of diffuse versus core plaques (Appendix Fig 52C) and expres-
sion levels of APP, APP-deaving protein BACEL and Af degrading
enzymes neprilysin and insulindegrading enzyme (IDE) were not
influenced by IL12p40 deficiency (Fig EV3A and B), similar to what
has been reported for APPPS] mice lacking IL12p40 [18]. Deficiency
of ILL2pd0 also did not affect plaque-associated BACE] immunore-
activity or astrocyte numbers in male APP23 mice (Fig 5A and B),
which also showed no alteration in the number of plaque-associated
microglia and of Clec?a-positive activated microglia (Fig 3C) or AR
uptake (Fig 5. While most pro- and anti-inflammatory cytokines
assessed by us were not akered in brain homogenates of male
APP23 and APP2Ip40~"" mice, we noted a threefold edudion in
[FMy levels in plasma samples of male mice lacking [L12p40
[Fig EV3C-K).

Female .l.PFdeﬂ"r' mice show a reduction in soluble and
insoluble Ak sn compared to APPZ3 mice

In contrast to male mice, [L1 2p40 defidency in female APF23 mice
had substantial effects on AR levels. In the TES and Trton- X soluble
protein fractions, a 38% and a 45% deoease in AP0 levels conld
be detected in female APP23 versus APP23p40—'~ mice (Fig 64).
Mo effect was seen on SDS-soluble AR (Fig 6A) and aggregated AR

& 2000 The Authars

39



fgee L

-

SACE14GE rato
~

BACE 1468

- F

ClecTa expression

Mole APP2Y

- 0159
2 —Mals APPI3
-: x “~Female AFPFZ
g 04
e f/,\
v 3
© ,\5%
3 0.0% 4 - \‘
o~ »
—=
000 i, :
13 100 "% 20
Cloc7a intenaity [a.u.]
D
? 008 Mcroghal AB uptake ) 085
&
> e BT
7 008 9 0.0%
&
£
I
2 204 4 0048
_; 0.02 4 0.043
B
|
K
zZ 0 v v s
0 4. N
Radius [pew)
e AUN

[ww] fasuniy DF prsavuLON

Femade APP23

© T Male APPIS
4G Ferala APP2S
et Famale APPD

EMBO reports

Femae APP23

3 3 \_.(_.'-'".
v Rl ™ -
; LA
P . TR

Famao AFPZ2

M) eyt 3%



EMBO reports

Figure 2. Female APFI mice have higher astrocyte numbers than male mice

Poxgle Eede et al

A Histokogicsl analysis of plaque-ssodsted BACEL imimu o mecivity in male 1 = 10) and femae (0 = 8) APPZE mice. BACEL ares cowersd was normaised 1o 4G5-
pasitive ams covened of the same imege (leh] Rights reprecentstive images, scale bar = 50 pm Mean £ SEM, s1stisticsl anafysic wo-Lailed unpsisd 1w,

P = 03724,

B Stereslegicsl quanification af the number of eoticsl GRAP-pasitive selrocyted in male f1 = 10) and female (0 = 8) APPIT imice (leh). Right: mp fetenLative | mages of
GFAP staining scale bar = 200 pm Mean 4 SEM, stafistical analysic twe-tailed unpaired t-1es, *F = 00134,

€ Quantifcation of sctivated microgliawithin 30 wm from plague barders. Tap: numibers of ibal-pasitve micragla were narmalised 1 the sz of the neares 408-
pasitive plague and quantified in make (o = 10y and female 1 = 5) APP2T mice Mean - SEM, s sticsl ana bysis: twa-Lailed unpaited 1les, P = QIEP6 Dattam:
hislagram representing ClecTs SLaini ng intengity within plague-a o sted ha’l-pesi tve microglia in male (o = 10) and femsle {1 = 5) APPIT mice Mesn + SEM,
suatistieal analysic twe-tailed un paired 1-es with Bonferrani carrection Tor each single bin, P= NS Right: representative images, sale bar = 40 un

D Radialintemsity prafles af Ialand 408 sraund the centre of the nudeus of plague-asosated Ibal-pasifve micraghs in male (o = 10) and fermale 1 = §) APPI
riice. Ihal intensity deelines until a radis of —6 pm, marking the esll periphery 4C8 intengity peaks intide the il (4 ) but feays high outside the gsll This i
wery likely due 1o the clase proximity 1o 4C8-pasitive plaques. Mean + SEM, statistical analysis: teo-Lailed unpaired 1=t with Bankerroni crrection far the number

af binned radii shows no significant difference betwesn bath 408 racess.
Saurce daLa &re sesilable online for this fgure

as measured by filter assays (Fig 6E; Appendix Fig 53). As in male
mice, Afy_y, levels were not affected by a lack of IL12p4d
(Appendix Fig 52B) as were the expression levels of APP, BACEL,
Meprilysin and IDE (Fig EV4A and B).

To confirn whether these changes also affected the amount of
deposited Ap, brain sections of female APP23 and APP23p40—/-
mice were stained with 4G8, pFTAA and Congo Red. The percentage
of the cortical area covered by 4G5-, pFTAA- and Congo Red-positive
plaques was unchanged in female APP23 mice lacking or harbouring
[L12p40 (Fig 6B-D), contrary to the findings in male mice. The ratio
of diffuse versus core plaques also was not influenced by a lack of
[L12p40 (Appendix Fig 520). Plaque-associated B ACE] immunoreac-
tiwity, cortical astrocyte number, the mumber of activated plaque
associated microglia and micoglial AP uptake were all unchanged in
female AFFZ3p40~/~ mice (Fig 7A-D).

Analysis of pm- and anti-inflammatory cytokines (IFMy, IL-10, [L-
1B, [L-2, IL4, IL-5, IL-6, THNF-x, CXCL] ) in plasma showed reduced
expression of IL-5 and IL-6 as well as an increased expression of IL-
If and CHCL]1 in female APP23Ip40~" mice when compared to

APP23 mice. In brain homogenates, a twofold deoease in CXCLL
protein levels was noted in APP23p40~' mice (Fig EV4C-K].

Discussion

Using the Af-produdng APP23 mouse model of AD-like pathology,
we identified specific gender differences in plaque acoumulation,
amyloid composition and aggregation characteristics, astrogliosis as
well as brain and plasma cytokine levels. We further show that the
deletion of the IL12p40 subunit, which is the essential component of
the cytokines [L-12 and [L.-23, differentially attects pathology in age-
matched male and female mice.

Given that male and female APP23 mice are known to show
varying levels of pathology and behavioural deficts, most studies
using APF23 mice analyse male and female animals independently
[31,32). Previously ohserved sex diff erences in spatial learning para-
digms may be explained by hormonal variances [50], yet an infl-
ence of hormones upon plaque pathology has not been described in

A B
= iy s Male APP23 154
q L4 R
E E . ® » Female APP23 ?
=0 ,. n 10- .
e 2 .
E |-
% E 1 - 3 5- L]
25 D | W
E ol 0 R T -?-—
o ada y
q‘@ , étﬂ' & &
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Figure 3. APFZE mice haveincreased microglia-specific 1125111 2p40 levels in the brain.

A Ceneexprestian snshsis of 111 2h in whale brain 1 = 3 per gender, 1025 undsesred), Cebl 1 neg stive nan-micraglisl el [n = 3 per gender, 1125 undetested) and
CO1 b positive microglia [0 = 5 per gender, P = 03540) in make snd fermale AFF23 mice. Capdh sxpmsion wes used &t an intemal elemence gene Mazn 4 SEM,

safistical analysic teo-tailed unpaired t-1en for esch fractian

B ELISA messurements of the IL12340 condenteation in the TBS-saluble pratsin fracion deived fram wild-type (WT) = 5, APP23 [n = 17) and APP2EpA0"" [n = 16)
miice. ke mice ane depiced by blue squams, while Brmale mios ane shown 85 red Squares Mean -+ SEM, SLatiticn] analyic ane-way ANOVA, Tukey past hoc Lest,

P = DOIE, "™ = < GOOKL
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Figure 4. inmale APFZ3 mice, IL12p40 deficiency reduces AR plague deposition but not does not affect biochemical characteristics of AR
b Messcsle anslysis B the AR, protein in the TBS [P = 02298), Triton-X [P = 01339 and SDS [P = 0.7184) Fractions of bein hamagensies fram male AP
1 = 10) and APPIIRA0T" [n = 8) mice Tatal pratsin cancenration of esch 2amphe was used &8 an internal reference. Mean 4 SEM, Sstatistical snslysi two-Lailed

unpaired p-les

0 Sterealagical anslysic of cortical ams covered by AG3-positive plagues (leh) and repretentative imsges of 4C8-sLsining in APP2E [a = 10) and APPXIpA0~" | = &)
miies [right), seale bar = SO0 um Mesn + SEM, statisiicsl snskyais twe-tsilel unpsirel -1ee, P = 0008

€ Fluarescencs inensity based analysis of pFTAA-pesitive ares mvered in the catex of APPES [1 = 10) and APP2 380"~ [n = 5) rmice [lek) and representative images
far ench genatype [ight) seale bar = 1 mm Mean - SEM, sLatistiesl anahs: two-Leiled unpaired 1-leg, *5P = Q001

D Sterealagical analysis of cortical ama covered by Conga Red-positive plaquesin APPIS (n = 10) and APPX3pd0—'- |0 = ) mice [lek) and mpresentative images [fight),
sele bar = SO0 i Mean £ SEM, Satistieal analysic twertsilel unpaired Eles, ™ P = 00070

E Mative filber sesy snalkysis of TOS (P = 07124), Tritan-X (P = QX170 D5 (P = QA48E3) and farmic acid (FA) [P = 0E144) factions fram APPIE 0 = §) and
APPZEpA0T ja = B) mause brsin hamogenstes Mean 4 SEM, SLatistioa] & nalysi two-Laiked unpained -1 betwesn the same fractiand.

this mouse model to date. Since none of the studies assessing plaque
pathology in APP23 mice undertook thorough comparative analyses
of aged male and female mice [31,50-52|, and as recent reparts
highlight differences in the innate immune response between males
and females induding differences in male and female microglia [25-
28], we undertook gender-spedfic analyses of various pathological
readouts where we observed robust differences between male and
female mice at late stages of pathology (21 months). Female APP23
mice showed a twofold higher pathology in both biochemical and
histological analyses of AR accumulation compared to male mice,
indicating faster disease progression. Furthermore, AP aggregation
properties differed between genders since in female mice inmeased
amounts of AR aggregates were found in 5D6- and FA-extracted
protein fractions. In male mice, aggregates were mainly found in
TBS- and FA-soluble fractions. Previous studies have shown that the
vast majority of AR plagques in APP23 mice in an age range of 14—
24 months are densely aggregated core plagues and that diffuse
plagues only appear in very old mice [29,39.53). Contrary to these
repaorts, diffuse AR plagques, as visualised by immunohistochemistry,
constituted the majority of plaques in our analyses of 2 1-month-old
male and female mice, their levels being four times as high as core
plaques. We also did not observe any gender-specfic differences in
plaque-associated BACEl immunoreactivity, a surrogate marker of
neuritic dystmophy [40-43). Additionally, female APP23 mice, in
accordance with the increase in plagque burden, also showed higher
numbers of cortical astmooytes and ineased levels of CXCLL (also
knoan as KC/CRO or GROL) in the brain, which positively corre-
lated with A, ys pathology. It s of note that in a mouse model of
multiple sclemsis, astrocyte-spedfic induction of CXCL1 augmented
disease progression via recruitment of neutrophils [54), while in an

AD-like mouse model, blocking the entry of neutrophils into the
hrain was shown to have a beneficial effect upon pathogenesis [55).
CXCL1, as one of the differentially regulated cytokines in male
versus female APP23 mice lacking or harbouring IL12p40, may thus
not only present a possible (nom-exdusive) explanation for the
gender-spedfic differences in AD pathology, but may also qualify as
an interesting target to study in AD pathogenesis. While the cytokine
signaturesin brain and plasma of male and female APP23 mice seem
to differ, we could not observe any gender-specific differences in the
number of plaque-assodated microglia, their expression of Clec7a, a
marker of activated microglia in various disease contexts [47,48] and
AR uptake, suggesting that altered microglial fundions are not the
cause of gender-spedfic pathogenesisin this mouse model.

We previously reported that genetic deletion or pharmaco logical
blockage of the pro-inflammatory [L12p40 in the APPPS] mouse
model led to a marked deease in plaque pathology at both early
and late stages of AP deposition (4 and § months, respectively) as
well as a reduction in cognitive defidts [18]. This study also found
that the [L12pd0 subunit was expressed by microglia, describing for
the first time a role of [L-12/[L-23 signalling in AD carried out by
glial cells in the CNS, Given that the APPPS] mouse model is char-
acterised by a rapid accumulation of AR deposits, it may not fully
represent the mther slow AR accumulation and disease progression
that typically is described for sporadic human AD. Our data using
the APPF23 AD-like mouse model now show that a lack of IL12p40
similady leads to a reduction in Af burden in a mouse model with a
rather slow disease course. We therefore pmovide further evidence of
the involvement of [L-12 andfor [L-23 signalling in AL pathogene-
sis, which also strengthens the hypothesis that the blockage of
certain pro-inflammatory factors secreted by glia can have beneficial

Figure 5 Lack of IL12p40 does not affect plaque-assmcisted BACEL immunoreactivity or glial properties in male APP2 mice.
& Hisokogicsl snalysis of pleque-g0s sted BACEL immund madivity in male APP2E [n = 10 and APPIIpA0—'~ (n = §) mike DACEL sres covered wai normelsed &
4G B-pasitive ares covered afthe same image (o). RBght rereseniatie images, scale bar = 50 pm Mean + SEM, statitiea] analysic bo-Lailed unpained 1-les,

P=01780

B Stereslagical quanificstion af the number of corticsl CRAP-positive aotroeyles in male APPZE [n = 10 and APP2IpA0""" [0 = ) mice (leh). Rght: representative
images of GFAP staining seale bar = 200 um Mean + SEM, statistfical analysic two-tailed un paired 1-1es, P = 03148

C Quantificatian af setvated microglia within 30 pem fram paque barders. Tap: nuimbers af Ibal-pasitive iricraglis were narmalised & the siz of the neares 403-
pasitive plaque and quantified in male APPS [0 = 10) and APPIIp0 fn = 8) mice Mean & SEM, satisticsl snabybe bwe-tailed unpaired 1teg P = 01925
Batuar: histagram representing CleeTa staining intensity within plague-associsted Ibal-pasitive micrag fia in male APPZE [n = 10) and APP23pa0~'" jn = &) mice.
Mean + SEM, stalistical analyss: Lo Laiked unpaired 1-1es with Bankerrani carredion foresch single bin P = NS Right repretenLatiee images, scale bar = 40 pn

D Radialintensity profiles of 1bal and 408 around the centre of the nudeus of plague-asso dated Ihal-pasiive microglia in male APPZE fn = 10) and APP2Ipa0™"
{1 = 8) s |bal intendity decline until & radius of —6 m, marking the el periphery ACH intengity pesks ingide the esll (—4 ] but Says high auldde the esll
Thiis i very liksly due 1o The chme pras mily 1o AG8-pasitive plagques Mesn + SEM, sstisticsl analysis two-Lailed un pained 1-161 with Borferrani careetion far the
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In female APF2I mice, IL12p40 deletion leads to a reduction in soluble A, s but not A8 plague load.
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effects upon Af pathology. The importance of [L-12/1L-23 signalling
in AD is supported further by other studies demonstrating that
targeting [L12p40 via small interfering RNA in the SAMPS AD-like
mouse model of accelerated ageing induced a redudion in cerebral
AP as well as reduced neuronal loss and cognitive function [33].
Analysis of genetic data within the Han Chinese population also
indicated specific polymorphisms in the [L-12/1L-23 pathway as risk
factors for late-onset AD [56,57]. Additionally, increased levels of
[L-23 and for [L-12 were found in serum and plasma [19,58] and a
correlation was made between [L12pd0 CSF levels and cognitive
performance in AD patients [18]. Given that IL-12/IL-23 has been
shown to be regulated in MCI and AD subjects [16-20] and biologi-
cals that inhibit IL-12 and/or IL-23 have already been approved by
the US Food and Dmug Administration (FIVA) for other diseases such
as psoriasis and Crohn's disease, the immediate suitability for repur-
posing existing drugs targeting these innate immune maolecules in a
first climical AD trial is obvious.

In addition to previous data assessing the effect of a lack of
IL12p40 on AR plaque burden in AD-like mice, we noted differential
effects of [L-12/1L-23 deficiency in age-matched female and male
APP23 mice. Compared to APP23 mice, male APP23pd0 ™ mice
showed a significant reduction in diffuse and core plaques when
histologically assessing cortical plaque burden, while ARy 4 levels
and A aggregation properties were not altered. Contrary to male
mice, female APP23p40~'~ mice did have reduced levels of soluble
Afy_sa when compared to APF23 mice, though cortical plaque burden
appeared to not be affected. In both male and female mice, the
observed changes in A pathology upon [L12pd0 defidency were not
mediated by differential APP expression or AR processing. Interest-
ingly, despite the differences in Af pathology, BACEl-positive

Figure 7.

dystrophic neurites, the number of cortical astrocytes or plaque-asso-
ciated microgia were not affected upon [L12p40 deletion, including
the expression of micmglial Clec?a and AP uptake. These observa-
tions suggest that micmoglial [LI2p40 does not seem to excerpt its
defrimental effect upon AR pathology by modulating micmoglial func-
tions, Altematively, an indired effect of [L1 2pd0-mediated intercellu-
lar signalling could take place given that the [L12pd0 receptor was
found to be expressed on non-microglial cells in an AD model [18).
Since [L12pd0 deficdency does not affect Af processing, it could act
upon other cell types by restoring cellular metabolism and thus imtra-
cellular degradation of AR or by modulating peripheral cells that
might affect A deposition such as nentrophils via CXCLL [55). The
gender-specific effects of [L12p40 deletion upon AR pathology could
also be explained by the underlying pathological differences between
male and female APP23 mice at the age of 21 months. Pathology in
female APP23 mice could already be so advanced that potential
effects of lack of IL1 2p40 are overshadowed by the abundance of AR
deposits. In male APP23 mice, on the other hand, fewer A aggre-
gates at a given stage are present which is why effects of IL1 2p0 defi-
ciency on plaque accumulation are still observahle.

In summary, we show that genetic ablation of the [L-23/IL-12
P40 subunit has a different effect on plaque and cellular pathology
in age-matched male and female APF23 mice, a mouse model of
slow AR accumulation with gender-spedfic temporal pathogenesis.
While in female APP23 mice, deletion of [L-12/1L-23 signalling
spedfically decreased soluble ARy 4, levels, the pathology in male
mice was characterised by a reduction in cortical Af plaque load.
(Our results provide important evidence on the role of IL-12 and IL-
23 signalling in a mouse model of amyloid deposition, which adds
to data suggesting a detrimental effect of this signalling cascade

Lack of IL12p40 but does not affect plaqueassmcisted BACEL immunoreactivity or gliosis in female APP23 mice.

A
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[18-20,33 56-58]. While future research aimed at successfully
targeting [L12p40 in AD implies the need to dissect its downstream
mechanisms and to identify whether it is IL-12 or IL-23 spedfically
that influences AD pathogenesis, it will be equally interesting to
address whether this signalling pathway also plays a gender-spedfic
role in other CH5 proteinopathies such as Parkinson's disease or
tau-driven pathologies.

Materials and Methods

Animals

We cmssed heterozygous AFP23%/~ mice (Tg(Thyl-APFEMET0/
67INL)23) [29], termed APP23 throughout this manuscript, to mice
lacking the [L12p40 gene I12h, termed [12p40™'" mice [47], gener
ating APP23p40~~ mice and APP23 littermate controls. Cohorts of
male and female APP23 mice were compared to each other and
used as control groups in comparison to APP23p40~" littermates.
Thus, data points of male and female APP23 mice shown in
Figs 1A-E, 2A-D, EV2A-1 and 51A-B served ako as references in
Figs 4A-E, 5A-D, EVIC-K and 52A and C analysing male APP23
mice as well as in Figs 6A-E, 7A-D, EV4C-K and 52B and D
analysing female APP23 mice. Mice were group-housed under
specific pathogen-free conditions on a 12-h light/dark cycle; food
and water were provided ad bidom. We did not observe any dif-
ferences in morality between male and female APF23 and
APP2Ip40~~ mice. All animal experiments were performed in
accordance with the national animal protection guidelines approved
by the regional offices for health and social services in Berlin
[LaGeSo, licence number O 0132 /09).

Tissue processing

Transgenic APP23 and APP23p40™"" mice and littermate controls
were aged to 21 months. For tissue collection, mice were deeply
anaesthetised and transcardially perfused with PBS. Venous blood
was collected from the right atrium into EDTA-coated tubes. After
centrifugation, the plasma supernatant was collected, snap-frozen in
liquid nitrogen and stored at —80°C. Plasma samples could not be
collected for all experimental animals. Brains were rapidly removed
from the skull and divided into half sagittally, and the cerebellum
was removed. One hemisphere was snap-frozen in liguid nitmgen
and stored at —80°C until further processing for biochemical analy-
sis, and the other hemisphere was fixed in 4% paraformaldehyde
over night at 4°C. Subsequently, the hemisphere was immersed in
30% sucmse for at least 24 h until sectioning for immunohisto-
chemical analysis. For some animals, the fresh frozen hemispheres
were not available for further binchemical analyses. For RMA analy-
sis, tissue from male and female APP23 mice aged 645-764 days
was processed as described below,

RMA isolation of brain fractions
For REMNA analysis, the left hemisphere was used to isolate microglia
and the microglia-negative fraction from fresh tissue while the right

hemisphere was snap-frozen in liquid nitrogen to generate RMNA
from whole brain. Microglia were isolated using magnetic-activated

& 2020 The Authars
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cell sorting (MACS) according to manufacturer’s protocol. In briet,
tissue was dissodated using the MNeural Tissue Dissociation Kit (F)
(Miltenyi Biotec, 130-092-628) on a gentleMACS Octo Dissodator
with Heaters (Miltenyi Biotec, 1 30-096-427) and the resulting single-
cell suspension labelled with CD11b MicoBeads (Miltenyi Biotec,
130-093-634) and passed through LS columns (Mikenyi Biotec, 130-
M2-401) to positively select for microglia. The CDI1b-negative
flow-through was also collected as the microglia-negative brain frac-
tion. Both cell fractions were pelleted via centrifugation, snap-frozen
and stored at —80°C until further use. For whole brain RMNA, the
frozen right hemisphere was homogenised in RLT buffer (RNeasy
Mini Kit, Qiagen, 74106) using M tubes (Miltenyi Biotec, 130-093-
236) on the gentleMACS Octo Dissocator with Heaters [Miltenyi
Biotec, 130-096-427) before contimiing with the downstream RNA
isolation protocol. For EMA isolation, the RNeasy Mini Kit (Qiagen,
74106) was used and cDMNA was generated using the High-Capadty
cDMNA Reverse Transcription Kit (Thermo Fisher, 4366813) accornd-
ing to mamifacturer's protocols.

Quantitative realtime PCR

Gene expression analysis was performed on 12 ng cDNA per reac-
tion using the TagMan Fast Universal Master Mix (Applied Biosys-
tems, 4364103) and TagMan primers for El2h (Thermo Fisher,
MmOM34174_ml) and Gapdh (Thermo Fisher, Mm39999915_gl).
Cuantitative PCR analysis was performed on a QuantStudio & Flex
Real-Time PCR System (Applied Biosystemns). Data were analysed
using the Double Delta Ct method to determine fold change expres-
sion changes between samples. The number of mice per group anal-
ysed was as follows: for CD1 1b-positive cell fractions: female APP23
n =5 male APP23 n =5; for whole brain and CDI1b-negative
samples: female APF23 n = 3, male APP23in = 3.

Histology

Formalin-fixed and suorose-treated hemispheres were frozen and
cut coronally in serial sections at 40 pm using a cryostat (Thermo
Scientific HM 560). Sections were kept in cryoprotectant (0.65 g
MaH POy = Hy0, 28 g Na;HPO, in 250 ml ddH;0, pH 7.4 with
150 ml ethylene glycol, 125 ml glycering) at 4°C until staining. For
immunohistochemistry, sections were washed in PBES, mounted on
Superfrost Plus slides (R. Langenbrink), dried and blocked in PES
with 0,3% Triton X-100 and 10% nommal goat semm (MGS) for 1 b,
before incubation with AR-specific antibody anti-4GE targeting aa.
17-24 of human AR (1:1 000 dihntion, Covance, S0G39320) or astro-
cyte-spedfic antibody anti-GFAP (1:1,000 dihttion, Dako, Z0334)
over night at 4°C in PES with 0.3% Triton X-100 and 5% NGS. Next,
sections were quenched with 0.5% Hy0, for 30 min at mom temper-
ature, washed and then incubated with peroxidase-conjugated goat
anti-mouse secondary antibody (1:100 dilntion, Dianowva, 115-035-
068) or peroxidase-conjugated goat anti-rabbit secondary antibody
(1:100 dition, Jackson ImmunoResearch, 111-035-003) in PFBES
with 0.3% Triton X-100 and 5% MNGS for 1 h at room temperature.
The staining was developed using diaminobenzidine (DAR)
substrate  (Sigma-Aldrich). Sections were counterstained with
matured haematoxylin, followed by signal development in tap
water. Subsequently, sections were dehydrated in ascending ethanol
concentrations (70, &0, 96, 100% ) and xylene and embedded with
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hydrophobic mounting medium  (Roti  Histokitt, Cad Roth).
Immunofluorescent co-labelling of anti-4GE  (1:1,000 dilution,
Covance, 51G39320) and anti-BACEl (1:500 dilution, Abcam,
abl083%4) was performed as above with pimary antibody incuha-
tion for 48 h at 4°C and incubation with secondary antibodies Alexa
Fluor 568 goat anti-rabbit [gG (H+L) (1:300 dilution, Invitrogen,
ALLDLL) and Alexa Fluor 647 goat anti-mouse IgG (H+L) (1:300
dilution, Invitrogen, A21236) for 2 h at room temperature.
Immunofluorescent labelling of anti-4GS (1:1 000 dilntion, Covance,
S1G39320), anti-Thal (1:500 dilution, Wako, 019-19741) and marker
of activated micmoglia anti-Clec?a [Dectin-1) (1:30 dilution, Invi-
voGen, mabg-mdect) was modified to include a 10 min permeabili-
sation step at room temperature in TBS with 0.2% Triton-X. For all
following steps, no Triton-X was added to the solutions. Blocking
was performed in TBS with 10% MGS and antibody inmbations in
TES with 5% NGS. Again, pimary antibodies were incubated for
48 h at 4°C and secondary antibodies Alexa Fluor 488 goat anti-
mouse [gh (H+L) (1:200 dilution, Invitrogen, A11001), Cy™3 Affini-
Pure Donkey Anti-Rat IgG (H+L) (1:5300 dilution, Jackson ImmunoR-
esearch, 712-165-153) and Alexa Fluor 647 goat anti-mbbit IgG
(H+L) (1:500 dilution, Invitrogen, A21244) were inmbated for 2 h
at room temperature.  Following fliorescent immunostaining,
sections were counterstained with DAPT (1:2,500 dilution, Sigma-
Aldrch, 10236276001) and embedded with fluorescence mounting
medium [(Dako, 53023).

Congo Red staining [37] was performed on mounted and dred
sections counterstained with matured haematoxylin, Sections were
incubated in stock solution I (0.5 M MaCl in 0% ethanol, 0.01 %
hydrous NaOH) for 20 min and in stock solution II (8.6 mM Congo
Red in stock solution 1, 0.01 % MNaOH) for 45 min. Subsequently,
sections were rinsed in 0% EtOH and xylene and embedded with
hydrophobic mounting medim.

For staining with pentameric formyl thiophene acetic add
[pFTAA) [368)], sections were washed in PBS, stained for 30 min with
2 pg/ml pFTAA in PBS and counterstained with 4 B-diamidino-2-
phenylindole (DAPT) (1:5000, Sigma-Aldrich). Sections were
embedded in fluorescent mounting medium (Agilent).

Stereoclogical analysis of Al plague burden and cortical
astrocyte number

For quantifying A plaque load and astrocytes number, the Stereo
Investigator system (MBF Bioscience) mounted on an Olympus
BX53 microscope, equipped with the Qlmaging camera COLOR 12
EIT and a stage controller MAC 6000 was used. Quantification of
cortical area covered by 4GE&-positive or Congo Red-positive AR
plagques was undertaken using the Stereo Investigator 64-bit soft-
ware (MEF Bioscience) (settings: 10= objective, counting frame
90 = 90 pm, scan grid size 450 = 4530 pm, Cavalieri grid spacing
10 pm). For counting cortical astrocytes, the Optical Fraction Frac-
tionator tool of the Stereo Investigator 64-bit software (MBF
Bioscience] was used (settings: 40+ objective, counting frame
75 = 75 pm, scan grid size 500 = 500 pm). The valves from “Esti-
mated Population using User Defined Section Thickness” and
“Measured Volume [prd)” were divided and used to caloulate the
number of cells per corical volume. For quantification of pFT Ad-
positive plaques, the Olympus cellSens Dimension software was
used. Sections were exposed at 400 ms, and a region of interest
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(ROI) was selected around the cortex. The image was converted to
grey scale, and the same threshold was applied to obtain the area
fraction of pFTAA-positive signal (% ). For each stain, 10 serial coro-
nal sections per brain were used for analysis. The number of mice
per group analysed was as follows: female APP13 n= 8, female
APP2Ip40™"" n = 10, male APF23 n = 10 and male APP23pa40—"
n=_8.

Analysis of BACEL/4GB ratio

Images of BACE]/4GS co-labelled sections were taken on an Olym-
pus BX53 microscope, equipped with the Qlmaging camera COLOR
12 BIT and controlled by the Olympus cellSens Dimension software.
Per animal, images were taken from 10 serial coronal sections and
three regions per section. In Imagel, we performed a batch conver-
sion of raw TIFF images as contrast-optimised, greyscale JPEG files,
and using a custom R sipt, we extracted the generated histograms
and used these to caloulate the respective proportion of stained and
unstained pixels. A fixed analysis threshold was chosen based on
varance and mean image intensity of all analysed images belonging
to the BACEl antibody and 4GE& antibody staining, respectively.
CQuality of the histological stainings and image material was esti-
mated by a cross-comparison of each image’s characteristics to (i)
all other images of the same animal and (ii) all other images of the
same experimental group and all images that did not meet the
defined acceptable range of 2*50 were excluded from downstream
analysis (10.7% of images total). The median BACEL/4GS ratio of
16—30 images per animal was taken for analysis, and the mean and
SEM of all animals from one group was plotted. The number of mice
per group analysed was as follows: female APP13 n= 8, female
APP2Ip40™"" n = 10, male APF23 n = 10 and male APP23pa40—"
n =& The R script has been deposited on Github (https://github.c
omyeedep/Image- processing) .

Quantifiation of ClecTa-positive plague-associated microgha
and Al upta ke

Three-dimensional image stacks (1 pm step size, 40= objective) of
4G8 ClecTa/Thal-stained sections were taken on a Leica TCS 5P5
confocal laser scanning micmoscope controlled by LAS AF scan soft-
ware [Leica Micmsystems, Wetzlar, Germany ). Per animal, 10 serial
coronal sections and three regions per section were used for
analysis. The mumber of mice per group analysed was as follows:
female APP23 n= &, femal APP23p40~~ n =10, mak APP23
n =10 and male APP23p40~ " n = &,

The expression levels of Thal and Clec7a, 4G5 positive plaques,
radial intensity profiles, cell numbers and distances to the nearest
plague (Figs 2C, 5C and 7C) were quantified from maximum projec-
tions of the confocal stacks. The quantification was performed in an
automated manner using custom-written Imagel mamos (segmenta-
tion) [59 and python scripts (radial profiles and other statistics),
which can be found on GitHub (https://github.com/ngimber/Alzhe
imersWorkflow). Data were pooled by calculating the median from
all images per animal and plotting the mean and SEM of all animals
from one group. Data that are displayed as a histogram were binned
image-wise. Histograms and radial intensity pmofiles were normal-
ised (divided by its own integral) and then pooled as mentioned
above.
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Segmentation (Tmagej}

Nudei were segmented from blurred DAPI channels (Gaussian blur,
sigma = 720 nm) by histogram-based thresholding (Otsu binarisa-
tion) [60] followed by watershed segmentation of the Enclidean
distance map of the binary image using Imagel. Plaques were
segmented from  the blurred 4GE8 chamnel (Gaussian blur,
sigma = 7.2 pm) followed by Otsu binarisation. Only objects above
720 pm* were regarded as plaques.

Quantification (Custom Python scripts)

The mean intensities within segmentad nudear regions (s. above)
were used as a measure for [hal and Clec7a expression levels. Cells
were dassified as Ibal-positive/-negative by auto-thresholding
[(su's method on all cell-specific expression levels within one
image]. Only [bal-positive cells were used for further analysis (e.g.
ClecTa expression levels, cell numbers, distances to the nearest
plagque and radial intensity profiles). The size of the nearest plaques
was determined for each cell based on the segmented regions
mentioned above. Radial intensity profiles were calculated for all
channels around the centre of mass of the segmented nudeus.

Brain homogenisation

For analysis of pmtein levels, frozen hemispheres weme subjected to a
4-step protein extraction protocol, using buffers with inoreasing strin-
gency [34). In brief, hemispheres were homogenised consecutively in
Trs-buffered saline (TBS)] buffer (20 mM Tris, 137 mM NaCl,
pH = 7.8), Triton-X buffer (TBS buffer containing 1% Triton X-100]),
SD6 buffer (2% SDS in ddH0) and FA (70% formic acid in ddH,0).
Immediately before use, cOmplete™ Mini Protease Inhibitor Cocktail
Tablets (Roche, 1 tablet per 10 ml) were added to all buffers. Initial
homogenisation occurred mechanically by consecutive passing the
solution through a 2-ml syringe and cannulas with deeasing diame-
ter (G223, G2T and G30]). Brain extracts were incubated 30 min on ice
(except SDE homogenate, which wasincubated at RT) and centrifuged
at 100,000 g for 1 h at 4°C. The supernatant was collected, aliquoted,
snap-frozen in liguid nitrogen and stored at —80°C until further use.
The remaining pellet was re-suspended in subsequent buffers. Protein
concentrations of each fraction were determined using the Cuantipro
BECA Protain Assay Kit (Fierce) according to the mamutacturer protocol
using the Photometer Tecan Infinite™ 200M [Tecan).

ELISA analysis

An TL-12/1L-23 total pd40 enzyme-linked immunosorbent assay
(ELISA) (eBinscence) was performed according to manufacturer's
instructions. Undiluted TES brain homogenate was analysed in
duplicate. Absorption was read at 450 and 570 nm (for wavelength
correction) on a microplate reader (Infinite™ 200M, Tecan) and anal
ysed using the Magellan Software (Tecan).

Quantification of A} levels

Brain extracts of all TBS, Triton-X and 5D5 fractions were analysed
for AR40 and AR42 levels using the 9%6-well MultiSpot Human 6E10
AR Triplex Assay Kit (Meso Scale Diagnostics, MSD). In brief,
samples were analysed in duplicate and were diluted to fit the stan-
dard curve (AP Peptide 3-Plex). After blocking the MSD plate with
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1% Blocker A Solution, the detection antibody solution and sample
or calibrator were added and incubated for 2 h. After washing the
plate with 0.05% Tween-20 in PBS, 2= Reading Buffer was added to
the wells and the plate was analysed on a MS6000 machine (M5D).
The number of mice per group analysed was as follows: female
APP2I n =7, female AP‘FEEI-]I}O"" n= & malk APP23 n=10 and
male APP23pd0™"" n = 8.

Quantification of cytokines

Pro- and anti-inflammatory markers [[FN'F, IL-10, IL-1 [, IL-2, TL-4,
IL-5, IL-6, THF-=, CXCLL (KCGRO)|] were analysed in the TES frac-
tion of brain homogenates and plasma samples using the 9%6-well
10-plex Pro-inflammatory Panel 1 (mouse) Mesoscale Kit according
to manufacturer's instructions (MSD In brief, undiluted TES homo-
genate, plasma samples diluted 1:100 or the calibrator was added in
duplicate to the MSD plate and incubated for 2 h. After washing in
0.05% Tween-20 in PES, the detection antibody sohition was added
and incubated for further 2 h. After washing the plate with 0.05%
Tween-20 in PES, 2= Reading Buffer was added to the wells and the
plate was analysed on a MS6000 machine (MS5D). The number of
mice per group analysed was as follows: female APP23 n =7,
female A[“Pﬂipil-ﬂ"" n==5, male APP23 n=10 and male
APPXIp40~—— n = 8.

Western blot analysis

For the quantification of BACEL, neprilysin and insulin-degrading
enzyme (IDE], the Triton-X fraction of bmin homogenates (30 pg/
lane) was separated by SD5-PAGE using 10% Tris-Glycine gels. For
quantifying 6EL0, the 505 fradion of brain homogenates (30 pg/
lane) was separated by SDS-PAGE using Movex™ 10-20% Tricine
protein gels (Invitrogen, EC66255B0X). Proteins were transferred by
wet blotting onto a nitmocellulose membrane.

Membranes were blocked with 3 % milk powder and stained with
the anti-AR 6E10 antibody (1:2,000, BioLegend, 803002 ), anti-BACEL
(1:1,000, Abcam, abl 08394), anti-MNeprlysin (CD10) (1:500, Invitro-
gen, PAS-19354), anti-IDE (1:1,000, Merck, PC730) and either anti-f-
Actin (1:50,000, Sigma, Al1978) or anti-GAPDH (1500, Memck,
MAB3T4). Blots pre-stained with anti-IDE were stripped using the
Abcam Mild Stripping protocol in order to re-stain with anti-Nepri-
lysin. Secondary staining was performed using the ECL HREP-linked
anti-mouse antibody (1:5,000, GE Healthcare, MA%31) or ECL HRP-
linked anti-rabhit antibody (1:5,000, GE Healthcare, MA%34) and for
visunalisation of the hands the Euperﬁignalﬂ West Fermto Chermilumi-
nescent Substrate (Thermo Fisher) for the detection of horseradish
pemxidase adtivity was used. For quantification, the intensities of
the corresponding bands for each pmotein were determined with
Image] and the amount of the respective protein was nomalised
gither to the factin or GAPDH protein content. For the analysis of
BACE]L, Meprilysin and IDE, some of the loaded Triton-X samples did
not contain enough protein sufficient for anakysis (based on GAFDH
content). These specific samples were removed from the analysis.

Filter retardation test

A& native filter test was applied to analyse size and stability of AR
aggregates on non-denatured samples [modified from 38]. In brief,
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brain homogenates from all four protein fractions (10 pg total
protein per dot) were filtered in triplicate through a 0.2-pm cellilose
acetate membrane, Synthetic pre-fibrillar AP was used as a positive
control and NSP buffer (10 mM E;PO,, 10 mM NaCl pH 7.4) as a
negative control. Filters were washed in PES and incubated with the
6ELD antibody (1:2,000, BioLegend, 803002), followed by a mouse
secondary  HREP-conjugated  antibody  (Sigma, AOL6E), to allow
chemiluminescent detection of the aggregated proteins remaining on
the filter. Membranes were exposed for 1 min, and signals were
analysed using the Aida program. A detailed setup of the membrane
can be found in Appendix Fig 52.

Statistics, data analysis, study design and data availability

General

Data were generated based on multiple exploratory histological and
biochemical analyses aimed at generating hypotheses and biostatis-
tical planning for future confirmatory studies. Data analysis,
processing, desmiptive and formal statistical testing were done
according to the current customary practice of data handling using
Excel 2016, GmaphPad PRISM 5.0, Imagel, Python 3.7.4 and R
version 3.5.1 “Feather Spray” (code available via Github). To
display data in a consistent manner, graphs were generated using
PRISM, while correlation graphs were done by the use of ggplotl in
E. All data generated or analysed during this study are included in
this article.

Stotistics

Student's rtest was used for pairwise comparson between tao
experimental groups. For Clecfa column analysis, a Bonferroni
correction for each single bin was applied. Pearson r-value and
Pvalue for correlations were identified using correlation analysis.
One-way AMOVA testing was applied for comparison of more than
two groups, with post hoo analysis using Tukey's multiple compar-
ison test. Statistical significance is indicated as follows: *P = 0.05,
**P= 0.0l and ***P < 0.001.

Expanded Wiew for this article 5 available online
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