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Systemic LPS-induced A3-
solubilization and clearance in
ABPP-transgenic mice is diminished
e by heparanase overexpression
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Amyloid-3 (AB) is the main constituent of amyloid deposits in Alzheimer’s disease (AD). The

. neuropathology is associated with neuroinflammation. Here, we investigated effects of systemic

- lipopolysaccharide (LPS)-treatment on neuroinflammation and A3 deposition in A3PP-mice and double-

. transgenic mice with brain expression of A3PP and heparanase, an enzyme that degrades HS and

. generates an attenuated LPS-response. At 13 months of age, the mice received a single intraperitoneal
injection of 50 ug LPS or vehicle, and were sacrificed 1.5 months thereafter. A3 in the brain was

. analyzed histologically and biochemically after sequential detergent extraction. Neuroinflammation

- was assessed by CD45 immunostaining and mesoscale cytokine/chemokine ELISA. In single-transgenic

. mice, LPS-treatment reduced total A3 deposition and increased Tween-soluble AB. This was associated

. with areduced CXCL1, IL-13, TNF-a-level and microgliosis, which correlated with amyloid deposition

© and total AB. In contrast, LPS did not change A3 accumulation or inflammation marker in the double-

: transgenic mice. Our findings suggest that a single pro-inflammatory LPS-stimulus, if given sufficient

. time to act, triggers A3-clearance in ABPP-transgenic mouse brain. The effects depend on HS and

. heparanase.

¢ Alzheimer’s disease (AD) is the most common form of dementia. It is a progressive neurodegenerative disease
. affecting multiple cognitive functions. In the AD brain, there is macroscopic atrophy and microscopic lesions,
. tau-containing neurofibrillary tangles, parenchymal amyloid-3 (AB) plaques and cerebral amyloid angiopathy
(CAA). The amyloid deposits also contain heparan sulfate (HS), serum amyloid-P component, apolipoprotein
* E, and o;-antichymotrypsin'=°. We have previously shown that HS is involved in facilitating A3 deposition in
. transgenic mice’, reinforcing earlier in vitro experiments®-!!.
' Considerable evidence demonstrates that HS and heparanase, an endo-3-D-glucuronidase that specifically
degrades HS, play important roles in inflammation (reviewed in'>-1¢). HS is involved in several steps of the
- inflammatory response, like leukocyte recruitment and extravasation, chemokine transcytosis, immune cell acti-
: vation, and also in cytokine and chemokine storage, bioavailability and protection against proteolysis'’ . We
. previously demonstrated a reduced acute neuroinflammatory response of heparanase-overexpressing mice after
. lipopolysaccharide (LPS)-stimulation. This was accompanied by an impaired clearance of aggregated A3 when
* injected into the brain?!. Mechanistic studies demonstrated loss of microglial CD-14 dependent Toll-like receptor
© 4 (TLR4) activation with enhanced heparanase expression®.
: A chronic neuroinflammatory state persists?® in the AD brain, with microglia and reactive astrocytes
* located within or around amyloid plaques®. It has furthermore been proposed that monocytes/macrophages
. can cross the blood-brain barrier (BBB) and infiltrate the brain in AD* and other neurodegenerative diseases?.
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Table 1. Reported studies on in vivo effect of LPS-treatment on A3 burden in ABPP-transgenic mice. N.L.:
not investigated, p.i.: post-injection, i.h.: intrahippocampal, i.p.: intraperitoneal, i.c.v.: intracerebroventricular,
i.v.: intravenous, ISF: brain interstitial fluid. *Measured in brain ISF from living mice only. "A3PP 3-CTP was
increased intraneuronal, but A3 was unchanged. “Stained by Thioflavin S, not Congo red.

Neuroinflammation has been regarded as a double-edged sword in neurodegenerative disease, being able to
exhibit both positive and negative effects?.

LPS is a strong inducer of inflammation and an efficient tool to study effects of neuroinflammation on
AB-burden in amyloid-8 precursor protein (ABPP)-transgenic mice. However, the findings are not consist-
ent with reported effects of both increased?®-! and decreased®-*® AB3-burden in the mouse brain (summa-
rized in Table 1). The varied outcomes could be due to the experimental setup, e.g. mouse genetic background,
age-at-onset of plaque formation, age at LPS-treatment, number of injections, LPS-dosage, route of administra-
tion, and the time between injection and euthanization. Most of the studies examined acute effects on A3 and
amyloid burden. In the present study, we aimed to study the effect of heparanase on A@ level and markers of neu-
roinflammation 1.5 months after an LPS-stimulus. For the studies, we used middle-aged tgSwe ABPP-transgenic
mice and compared to double-transgenic tgHpaSwe mice with concomitant expression of ABPP and heparanase.
Our results show that LPS-treated tgSwe mice had decreased AB-accumulation, reduced microgliosis and levels
of certain cytokine/chemokines, but increased level of soluble AP in comparison to PBS-treated tgSwe mice. In
contrast, LPS-stimulation did not exert any effect on A3-neuropathology in the tgHpaSwe mice. Thus, our data
demonstrated a favorable effect of a single pro-inflammatory stimulus on AB3-clearance in the tgSwe mice. This
was confirmed by lack of effect in tgHpaSwe with heparanase overexpression and consistent with microglial
TLR4-signalling being involved.

Results

LPS-treatment reduces brain amyloid burden in tgSwe but not tgHpaSwe mice. Female tgSwe
and tgHpaSwe mice (13-months-old) were given a single intraperitoneal LPS or vehicle (PBS)-injection and
euthanized 1.5 months thereafter. One hemisphere from each mouse was histologically analyzed for A3 and
amyloid pathology in the cerebral cortex (Fig. 1). Congo red was used as a measure of general amyloid pathol-
ogy (amyloid plaques and CAA; Fig. 1A) and Resorufin as a specific marker of CAA* (Fig. 1B). We found a
~30% lower Congo red amyloid burden (p=0.014) and a ~50% lower Resorufin CAA-burden (p=10.011) in
tgHpaSwe compared to tgSwe treated with PBS-vehicle (Fig. 1C,D), similar to previous findings’. LPS-treatment
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Figure 1. Effect of LPS-treatment on parenchymal and cerebrovascular amyloid. Brain sections were stained
with Congo red to measure amyloid pathology or Resorufin to detect CAA of tgSwe and tgHpaSwe mice, 1.5
month after a single LPS-injection or PBS-vehicle alone. Representative images of coronal brain sections stained
with (A) Congo red reflecting the mean of amyloid burden in tgSwe, tgHpaSwe, and LPS-treated tgSwe, and

(B) Resorufin reflecting the mean of CAA burden in tgSwe and tgHpaSwe mice. (C) Total amyloid pathology
(Congo red), (D) CAA-burden (Resorufin) and (E) the ratio of CAA-burden to total amyloid pathology in

the cerebral cortex. The lines (C-E) indicate mean with S.E.M., and the scale bars measure 500 um (A,B). The
significance level was set at p < 0.017 as to correct for three planned comparisons for each experiment.

reduced the Congo Red burden by ~240% in tgSwe (p = 0.0005; Fig. 1C), but had limited effect in tgHpaSwe mice
(p=0.27). LPS-treatment had no statistically significant effect on CAA-burden (p < 0.017; Fig. 1D). The ratio of
CAA to total-amyloid was the same in PBS-treated tgSwe and tgHpaSwe, and LPS-treatment did not affect the
ratio in tgSwe or tgHpaSwe mice (p < 0.017; Fig. 1E). The ROUT test did not reveal any significant outliers in data
presented in Fig. 1C,D, but found a single outlier in Fig. 1E in the PBS-treated tgHpaSwe group. Removal of this
outlier does not significantly change the results, and the data presented here includes the outlier. Supplementary
Table S1 shows the raw data on a group level.

To investigate the effect of LPS-treatment on immunohistochemical AB-burden in the cerebral cortex, we
used antibodies and stained AB,_4-species in tissue sections from the same hemispheres (Fig. 2). Our previous
study shows that the area-per-area measurement of immunohistochemical AS, 4- and AB, 4,-positive deposits
is essentially identical in 15-months-old tgSwe mice”. AB,_4-burden tended to be lower among tgSwe mice given
LPS-treatment, but the effect did not reach statistical significance (p =0.060). Likewise, the difference between
vehicle-treated tgSwe and tgHpaSwe mice was not statistically significant (p =0.064). The ROUT test did not
identify any significant outliers in the data sets (Q = 1%). Supplementary Table S1 presents a detailed overview of
the data on a group level.

LPS-treatment lowers insoluble A3 and increases soluble A3 in tgSwe but not tgHpaSwe
mouse brain. We examined the other hemisphere by sequential biochemical extraction followed by
ELISA-analyses with antibodies against A3; g, AB¢_54 Or AB33;_y,. This enabled simultaneous detection of the
major AB-species and AB, 4, specifically in the brain extracts. A total A3 ELISA gave superimposed standard
curves of AB,_s5, AB,_4, and AB,_y, while only AB,_4, generated a signal when using the AB,_j,-specific ELISA
(Supplementary Fig. S1B). The main species detected in tgSwe mouse brain are AB3,_s;, AB_s5, ABj_4o and AB,_,,*.
The extent of N-terminally truncated and modified AB is generally very modest in transgenic mice with only the
Swedish mutation, which is in contrast to the brain of sporadic AD*. The biochemical and histological measures
of total A for the same mouse correlated well (Supplementary Fig. S2).

The A(-level was measured in Tween-, SDS-, and FA-fractions of sequential brain extracts (Fig. 3), to get
measures of biochemical resilience of aggregated A in brain. Tween-soluble A level did not differ between
vehicle-treated tgSwe and tgHpaSwe mice (p=0.61; Fig. 3A). This pool of A( seemed increased in tgSwe mice
after LPS-treatment, but the effect did not reach statistical significance when considering multiple compari-
sons (p = 0.046; Fig. 3A). The ROUT test identified three outliers in the data presented in Fig. 3A: one in the
PBS-treated tgSwe group and two in the LPS-treated tgSwe group. However, removal of these three outliers
does not significantly affect the statistic outcome and the results presented here include the outliers. The level
of SDS-soluble A3 was ~230% lower in tgHpaSwe than in tgSwe mice treated with PBS (p =0.004; Fig. 3B). In

SCIENTIFIC REPORTS |

(2019) 9:4600 | https://doi.org/10.1038/s41598-019-40999-4 3


https://doi.org/10.1038/s41598-019-40999-4

www.nature.com/scientificreports/

A. ABx-40 quantification B. Representative images of ABx-40 immunohistochemistry

" N (p=0.064) tgSwe e };,‘\ tgHpaSwe tgSwe _ ~ (
o n.s. (p=0.060) e e ’Y'. ; : +LPS 2 _:v % N
Rl T ° ¢ Bty AT o
5 ° 0 " . . S
s N A i .
() > e, N =*, .
-E 4 ..o. n £ a'.. i : A < 'Q
B 3 Se Fpum o o 4 ﬁ ‘ - -
o° o ¥
S'r 2 o 0 T i o A i i i
(5_ ~: % 1‘ W Wt . at.\
< i ° - . s e
. n o =] o1 v
0 an o0 o . i, ) 2
PBS LPS PBS LPS f ; K i .
gSwe “TgrpaSwe- Wl —a ¢

Figure 2. Effect of genotype and LPS-treatment on histological A3-burden. Brain tissue sections of tgSwe and
tgHpaSwe mice given an LPS injection were stained with anti-A83, 4, antibody and quantified. (A) Af burden in
the cerebral cortex and (B) Representative images of median A(3 burden in tgSwe, tgHpaSwe, and LPS-treated
tgSwe mice. The lines indicate mean with S.E.M. The significance level was set at p < 0.017 to correct for three
planned comparisons. The scale bars measure 500 pm.
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Figure 3. Effects of LPS-treatment on A@ with different solubility in brain. One hemisphere of each mouse
brain was sequentially extracted in tween-20, SDS and formic acid (FA)-containing buffers. A3 was quantified
in brain extracts of LPS- or PBS-treated tgSwe and tgHpaSwe mice by ELISA. (A) Tween-soluble A3, (B) SDS-
soluble AB, (C) FA-soluble AB, (D) total AB i.e., the sum of the three fractions of sequential extraction, (E) the
ratio of Tween-soluble AQ to total A3, and (F) SDS-soluble AB3x-42. The lines (A-F) indicate mean with S.E.M.
The significance level was set at p < 0.017 to correct for three planned comparisons.

comparison, LPS-treatment significantly lowered SDS-soluble A3 by ~60% in tgSwe mice (p < 0.0001; Fig. 3B),
while this was not seen in tgHpaSwe mice. The ROUT test did not reveal any significant outliers in the data pre-
sented in Fig. 3B.

The level of highly insoluble A(3 detected in the FA-fraction was ~245% lower in tgHpaSwe than in tgSwe mice
when comparing PBS-treated groups (p =0.0004; Fig. 3C). The FA-soluble AB3-level was reduced by ~60% in
LPS-treated tgSwe (p < 0.0001; Fig. 3C), which, again, was not observed in tgHpaSwe mice. The ROUT test did
not reveal any significant outliers in the data presented in Fig. 3C. The total A8 level (tween-, SDS-, and FA-soluble
AB) was ~40% lower in tgHpaSwe than in tgSwe mice when comparing PBS-treated groups (p =0.0002; Fig. 3D),
indicating that total A3 was lower in tgHpaSwe mouse brain. The total A3 level was reduced ~60% in tgSwe mice
treated with LPS when compared to PBS-treated tgSwe (p < 0.0001; Fig. 3D). The ROUT test did not reveal any
significant outliers in the data presented in Fig. 3D. Finally, LPS-treatment increased the ratio of tween-soluble
AR to total AB by ~600% in tgSwe mice (p < 0.0001; Fig. 3E), while the ratio remained essentially unchanged in
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Figure 4. Effect of LPS-treatment on CD45-immunoreactivity. (A) Quantification of CD45-immunoreactivity
in the cerebral cortex of tgSwe and tgHpaSwe mice given LPS-injection or PBS-vehicle. Shown are
representative images of CD45-immunoreactivity in (B) tgSwe given PBS-vehicle or (C) LPS-injection.
Correlation of (D) amyloid burden and (E) A8, 4, burden with CD45-immunoreactivity among individual mice.
The lines represent mean with S.E.M. The significance level was set at p < 0.017 as to correct for three planned
comparisons.

tgHpaSwe mice (p = 0.94). The ROUT test identified a single outlier in the PBS-treated tgSwe group in the data
presented in Fig. 3E. However, removal of the outlier did not affect the outcome of the comparisons, and the data
presented here includes the outlier. Supplementary Table S2 shows detailed data on group level.

To examine if also highly amyloidogenic ABx-42 peptide level was reduced another ELISA was used
(Supplementary Fig. S1B). The level of SDS-soluble A3x-42 was ~~20% lower in tgHpaSwe than in tgSwe mice
treated with PBS. In comparison, LPS-treatment significantly lowered SDS-soluble A3x-42 by ~65% in tgSwe
(p < 0.0001; Fig. 3F), while this was not seen in tgHpaSwe. The ROUT test did not reveal any significant out-
liers in the data presented in Fig. 3E AB3x-42 constituted ~5% of total A3 with no difference between the four
experimental groups, and the level correlated well with total A3 in the SDS-extract (Supplementary Fig. S3 and
Supplementary Table S3). Since the level A3x-42 level is ~20-fold lower than total A3 we did not assay A3x-42
in Tween-soluble or FA-fractions, either because of sensitivity/small sample (Tween) or salt/acid in the extracts
which will interfere with the ELISA if they are not sufficiently diluted (FA).

CD45-positive immunostaining correlates with amyloid deposition. As CD45 is a marker of
microglia/macrophages, we examined the CD45-immunoreactive signal in brain sections of PBS- or LPS-treated
mice by immunohistochemistry (Fig. 4 and Supplementary Fig. S4). A ~40% reduced CD45-signal was found
in LPS-treated tgSwe mice when compared to PBS-treated tgSwe (p =0.011; Fig. 4A). There was no statistically
significant difference between PBS-treated groups of tgSwe and tgHpaSwe mice (p =0.036; Fig. 4A), although a
trend of lower CD45 positive signal was seen in tgHpaSwe. The ROUT test did not identify any outliers in the data
presented in Fig. 4A. When comparing the CD45-signal with AB3, 4, or amyloid burden among individual mice,
linear regression analyses revealed a correlation between the CD45-immunoreactive signal and amyloid burden
(p <0.0001, r*=0.51; Fig. 4D). A significant, but poor correlation was seen between CD45 and A, _4, burden
(p=0.005, > =0.16; Fig. 4E).

The brain level of some cytokines/chemokines is reduced by heparanase and LPS-treatment. We
have previously reported that single-transgenic heparanase-overexpressing mice (tgHpa) showed a reduced neu-
roinflammatory LPS-response when compared to non-transgenic mice?!. In the present study, we quantified three
cytokines and one chemokine in Tween-20 soluble extracts of middle-aged tgSwe ABPP mouse brain (Fig. 5).
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Figure 5. Effect of LPS-treatment on pro-inflammatory cytokine/chemokine levels. Tween-20 brain extracts
were analyzed with Mesoscale Multiplex ELISA to determine the levels of (A) CXCL1, (B) IL-18, (C) TNF-«
and (D) IL-6 in PBS-vehicle and LPS-treated mice of genotype tgSwe, tgHpaSwe or non-transgenic. The lines for
each group represent mean with S.E.M. The dotted line marks the mean of PBS-treated group of non-transgenic
mice. The significance level was reduced to p < 0.0083 in order to correct for six planned comparisons.

A two-way ANOVA showed that the CXCLI1-level was affected by the heparanase transgene (F, 45 =12.8;
P <0.0001) as well as by LPS-treatment (F, 45 =7.7; p=10.0073). Among PBS-treated mice, the level of CXCL1
(KC/GRO) in tgHpaSwe and non-transgenic mice was ~35% lower than in the tgSwe (p < 0.0001 for both,
Fig. 5A). LPS-treatment lowered the CXCL1-level by ~230% in tgSwe mice (p < 0.0001; Fig. 5A). In contrast,
LPS-treatment did not have any effect on CXCL1-level in tgHpaSwe mice (p=0.45) or in non-transgenic mice
(p=0.65). Thus, the heparanase transgene blocked the ability of LPS to reduce the level of CXCL1, as also shown
with ANOVA (F, ¢s=3.4; p=0.038). The ROUT test did not find any outliers in the data presented in Fig. 5A.

For IL-18, a two-way ANOVA showed that the level was affected by the heparanase transgene (F, ;= 6.4,
p=0.0030), but not by LPS-treatment (F, ;;=0.2, p=0.63). Among PBS-treated mice, the IL-13-level was ~50%
lower in tgHpaSwe (p < 0.0001) and ~30% lower in non-transgenic mice (p < 0.0061) than in tgSwe mice. The
ROUT test identified three outliers in the data presented in Fig. 5B: two in the PBS-treated non-transgenic group,
and one in the LPS-treated non-transgenic group. If these outliers were removed, the results from the com-
parisons changed with a statistically significant effect of LPS-treatment in the tgSwe group (p =0.004), and a
stronger statistically significant difference between the PBS-treated tgSwe and the PBS-treated non-transgenic
mice (p <0.0001). The figure, however, shows all data including the outliers.

The TNF-a-level was affected by the heparanase transgene (F, s =6.9; p=0.0019), but not by LPS-treatment
(F65=3.2; p=0.077; Fig. 5C), as shown by a two-way ANOVA. When comparing individual PBS-treated
groups of mice, the TNF-a-level was ~40% lower in tgHpaSwe than in tgSwe mice (p < 0.0001). In contrast to
CXCL1, IL-1B, and TNF-q, the level of IL-6 was not affected by genotype or LPS-treatment (F, 3 =0.07, p=0.94;
F,;=0.07, p=0.80, respectively; Fig. 5D). The ROUT test did not find any outliers in the data presented in
Fig. 5C,D. Supplementary Table S4 show detailed data on group level.

The levels of CXCLI, IL-183, TNF-a or IL-6 were analyzed in relation to measures of A(3 pathology by correla-
tion analysis (Fig. 6). Among tgSwe mice, there was a positive correlation between the CXCL1-level and total A3
in brain (r*=0.40; p < 0.0001, Fig. 6A) and Congo red burden (r?=0.28; p=0.0014, Fig. 6B). In contrast, among
tgHpaSwe CXCL1-level did not relate to total A3 (r>=0.05; p=0.42, Fig. 6A) or Congo red burden (r?=0.02;
p=0.60, Fig. 6B). Among tgSwe mice, the CXCL1-level also correlated positively with histological A3 burden and
CD45-immunoreactivity, but we did not find such a relation among tgHpaSwe mice (Supplementary Fig. S5A-B).
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Figure 6. Amyloid pathology increases pro-inflammatory cytokine/chemokine levels only in tgSwe mice. The
levels of cytokines/chemokines were determined with Mesoscale multiplex ELISA, and analyzed with linear
regression for each of the two transgenic mouse models. (A) CXCL1-level and total AS. (B) CXCL1-level and
Congo red burden. (C) IL-13-level and total AB. (D) IL-13-level and Congo red burden. The full lines indicate
the linear regression lines for tgSwe mice. The dashed lines indicate linear regression lines for tgHpaSwe mice.

The slope of CXCL1-level and Congo red burden linear regression were close to significantly different between
tgSwe and tgHpaSwe mice (F, 4, =3.6; p=0.07, Fig. 6B).

Among tgSwe mice, there was a positive correlation between IL-18 and total A3 (r*=0.18; p=0.013, Fig. 6C)
and Congo red signal (r>=0.41; p < 0.0001, Fig. 6D). In contrast, among tgHpaSwe mice, IL-13-level did not
relate to total A3 (r>=0.03; p=0.51, Fig. 6C) or Congo red positive signal (r>=0.11; p=0.22, Fig. 6D). The
slopes of IL-13 and Congo red signal linear regression lines were statistically different for tgSwe and tgHpaSwe
(F)44=12.9; p=0.0008, Fig. 6D). When we instead analyzed the IL-13-level in tgSwe or tgHpaSwe in relation to
total AB3- or CD45-signal, correlation analyses did not reach statistical significance (Supplementary Fig. S5C,D).
The results were similar when analyzing the level of TNF-a in relation to direct or indirect measures of amyloid
pathology. Correlation analyses reached significance for total A3 and Congo burden and again only among tgSwe
mice (Supplementary Fig. S6). The level of IL-6 did not relate to any measures of amyloid pathology when analyz-
ing these data with correlation analysis (Supplementary Fig. S7). We did not report cytokine/chemokine analyses
of IL-12, IL-5,IL-10, IL-4, IL-2 and IFN-~ since the data was outside the detection range of the Mesoscale ELISA
in some brain samples.

Discussion

Published LPS-treatment studies with ABPP-transgenic mice differ in experimental design and outcome, but
there is some consistency. With the exception of one study®, increased A8 is reported in studies in which mice
were euthanized directly or shortly after the last of multiple LPS-administrations?*-*°. In one study, A3 peaked
at 4hours and returned to baseline at 18 hours after a single LPS-treatment, suggesting transiently increased
AB production®. Notably, A3-burden was often reduced in studies in which mice were allowed to live at least a
week after the last LPS-administration, and in studies in which a higher i.p. LPS-dosage was used (Table 1). Most
studies reported only a few histological assessments. Here 1.5 months treatment was chosen to go beyond acute
effects (days), but not wait too long after LPS-injection (months) risking to “dilute” the treatment effect. Our study
significantly adds to the current knowledge by examining the effect of LPS-treatment on A3- and amyloid burden
not only by histological techniques but also by biochemical assays. Only a single study?®, has previously quantified
soluble vs. insoluble A levels in LPS-treated mice in sequentially extracted brain lysates. Moreover, we related
AR deposition to CNS cytokine/chemokine levels. The reported cytokines/chemokine data of ABPP-transgenic
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mouse brain with mesoscale ELISA and a new extraction protocol could be valuable to other researchers in the
field. Our study is novel by introducing a double transgenic model expressing heparanase previously shown sup-
press microglial TLR4 receptor signaling in vitro?.

In the present study, we investigated the non-acute effect of a pro-inflammatory LPS-stimulus on CNS A3
levels at around time-of-onset of amyloid pathology in the tgSwe mice. Adjustment of the LPS-dosing regimen
gave more time for amyloid breakdown and clearance, and indeed LPS-treatment then lowered amyloid burden
in tgSwe, but not in tgHpaSwe mice. The role of full-length HS to generate A3 deposits has been demonstrated by
us and others”*2. Here we confirmed a decreased AB3-accumulation in tgHpaSwe as compared to tgSwe mice when
measured by Congo red staining and total A3 ELISA. Since A in brain can vary in solubility e.g. after treatment
and between transgenic models*, we sequentially extracted the brains in three solubility-fractions and analyzed
total AB in each fraction. Tween-soluble AB3-level did not differ between tgHpaSwe and tgSwe, indicating that sol-
uble AP was unaffected by heparanase. Meanwhile, the AB3-level in SDS- and FA-fractions was lower in tgHpaSwe
than in tgSwe mice, suggesting that enhanced heparanase expression affects deposited AB3. The results extend our
previous findings” by showing that A3-aggregation and fibril formation, but not the biochemical resilience of
AB-deposits, depend on HS-structure.

Interestingly, when given a single intraperitoneal LPS-injection, single-transgenic tgSwe mice had a higher
ratio of soluble-to-insoluble A3 as measured by ELISA, and a lower amyloid burden as shown by both ELISA
and Congo red histology. The highly increased ratio of soluble-to-total AS in tgSwe mice indicates that the sol-
ubilizing effect of LPS-induced immune activation on A3 depends on a full-length HS-structure i.e. it does not
occur when heparanase is overexpressed. Further studies with functional assays need to clarify whether such an
AB-deposit solubilization is favorable or detrimental. A3-solubilization should favor clearance by phagocyto-
sis/enzymatic degradation or perivascular drainage and transport across the blood brain barrier. On the other
hand, AB-solubilization could also be detrimental by generating toxic AB3-oligomers, although the importance
of AB-oligomer-driven neurotoxicity in AD brain remains unclear (for an in-depth review see*’). Our finding of
decreased burden of cored plaques in tgSwe after LPS-treatment is in contrast to some previous studies***?-%¢, and
clearly argues that a sufficient time (>1 week) is needed to solubilize cored amyloid.

In contrast to tgSwe, in tgHpaSwe no pathological measures were significantly altered by LPS (AB-biochemistry
including percent A in tween soluble fraction, immunohistochemical analysis of A3-burden, Congo red burden,
CD45, or cytokines/chemokines). A less powered tgHpaSwe group with somewhat greater variability on histolog-
ical measures is a study limitation. Still there was a notable lack of correlation between CXCL1, IL-18 or TNF-«
level and Af3-pathology only among tgHpaSwe mice, which contrasts with analyses of tgSwe mice. Our interpre-
tation is that amyloid-driven IL-13/TNF-« expression is not functional in tgHpaSwe. Since IL-1 and TNF-o are
LPS-inducible genes (reviewed in**), our data are suggestive of a diminished pro-inflammatory LPS-response
in tgHpaSwe mice. We extend previous data of faulty LPS-responses in single transgenic tgHpa mice after acute
systemic exposure or in primary microglia*??, by demonstrating that effects observed are relevant to pathogenic
processes in a non-invasive model of A3-amyloidosis in AD.

Resident microglia and invading macrophages can phagocytose A8 both in vitro and in vivo, and LPS is
known to increase AB3-phagocytosis in vitro through toll-like receptor 4 (TLR4)**. Previously, we found reduced
CD45-staining and IL-103 brain level after an intracerebral LPS-injection. There was impaired clearance of intrac-
erebral injected synthetic A( aggregates in single-transgenic tgHpa mice, while CD45-positive cells near the
injection site of non-transgenic mice harbored ingested A3?'. In the current study, among vehicle-treated mice,
CD45-immunoreactivity tended to be higher in tgSwe than in tgHpaSwe mice. LPS-treatment reduced the
CD45-signal only in tgSwe mice, and the CD45-immunoreactivity correlated with the amyloid burden inde-
pendent of LPS-treatment or heparanase expression. We conclude that CD45-staining reflected a microglial reac-
tion to cored amyloid deposits, and that a possible differential microglial response to LPS between study groups
was transient and not detectable at the study end-point chosen (1.5 months after the LPS-injection). Our previ-
ous study?! and the present differ markedly in design, source of A3 and experimental invasiveness, and are not
directly comparable. Still both studies demonstrate effects on acute inflammation and AB3-accumulation albeit to
different extent.

We argue that the lower CXCLI1 level, and similar trends for IL13/TNFa-levels, was due to less cored amy-
loid in LPS-treated tgSwe. This is consistent with cytokine/chemokine level correlating positively with cored
amyloid in tgSwe mice. The lack of such a correlation among tgHpaSwe mice provides in vivo data that is con-
sistent with previous in vitro results pointing to heparanase and HS-structure affecting LPS-induced microglial
CD14-dependent TLR4 signaling®?. Notably, although not statistically significant, was our observation of both
IL-103 and TNF-a levels, but not CXCL1 level, being lower in tgHpaSwe than in non-transgenic mice. Thus,
independent of amyloid there seemed to be a reduced basal pro-inflammatory response in tgHpaSwe. Expression
of IL-13 and TNF-a is an early response to a pro-inflammatory stimulus with transcription regulation linked to
NFkB-activation. CXCL1 is functionally linked to angiogenesis and wound healing, and its transcription regu-
lation is complex and involves elements other than NFxkB*. The IL-6 data provides specificity to our cytokine/
chemokine analyses, since under the same conditions the IL-6 level remained unaffected by LPS or heparanase
after LPS-treatment. We suggest that rapid IL-6 signal transduction by a feedback mechanism hinders IL-6 from
accumulating in the brain in spite of an altered gliosis*. A differential proinflammatory response to amyloid
might be of functional relevance. Therapeutic intervention by attenuating cytokine production prevented synap-
tic loss and reestablished long-term potentiation in tgAPP mice*.

In conclusion, we found that a single intraperitoneal LPS-treatment was associated with a reduced amount
of insoluble A3 in ABPP-transgenic (tgSwe) mouse brain when euthanized 1.5 months after a single systemic
LPS-injection. This indicates that LPS-induced immune activation exerts a solubilizing effect on A8 fibrils, likely
by transiently activating gliosis and downstream processes. Our study demonstrate efficacy of peripheral immune
activation, which needs to balance against potential severe side effects of a strong pro-inflammatory stimulus e.g.
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delirium in demented patients. Clearly, a therapeutic immune activation needs to be more specific in its mech-
anism of action, and carefully dose-titrated to be of clinical use as to avoid detrimental pro-inflammatory side
effects.

TgHpaSwe mice overexpressing heparanase, and thus having shortened HS side chains, displayed a reduced
basal neuroinflammatory state as compared to tgSwe and even to non-transgenic mice. A3-accumulation was
unaffected by LPS in the double-transgenic mice. Our findings suggest that effects of HS structure on AD pathol-
ogy extends beyond that of amyloid fibril formation. The data argue that pro-inflammatory mechanisms, affected
by heparanase, are critical to A3-clearance and other downstream gliosis phenotypes.

Methods

Animals and tissues. Mice were housed in a light- and temperature-controlled environment with ad libitum
food and water at the Biomedical Center, Uppsala University, Sweden (mainly tgHpaSwe) and at Comparative
Medicine, University of Oslo, Norway (tgSwe). Animal experiments were approved by Uppsala Animal Research
Ethics Committee in Sweden (ethical permit C239/11), and the Norwegian Animal Research Authority (ethical
permit FOTS ID 6813-5663 and 7611-3886). All experiments were in accordance with relevant guidelines and
regulations for animal experiments in Sweden and Norway respectively. All mice were females, and three groups
of animals were compared: (1) ABPP-transgenic mice, tgSwe (n = 33), with the Swedish double mutation (K670N/
M671L)* under the murine Thy-promoter with an amyloid deposition onset at around 12 months of age*®*. (2)
Double-transgenic mice, tgHpaSwe (n=15), obtained by crossbreeding of the tgSwe with mice overexpressing
human heparanase?!. All transgenic mice, tgSwe and tgHpaSwe, carried only one ABPP-allele and they were
both bred on a C57BL/6]-background and non-transgenic littermates (n =29) were used as a control group. The
mice were genotyped with primers located in Thy-promoter (2577-2596 in M12379.1) and in the ABPP coding
sequence (541-522 in Y00264) and in human heparanase transgene (1623-1642 in the modified pCAGGS plas-
mid® and 504-481 in NM_006665.5). The tgSwe and tgHpaSwe models have been previously described’.

At the age of 13 months, female mice from the three groups were given a single intraperitoneal injection
of 50 ug LPS from Escherichia coli 055:B5 (#1.2880; Sigma-Aldrich, St. Louis, MO, USA) dissolved in sterile
phosphate-buffered saline (PBS) or injected with PBS-vehicle alone. We used only female mice as males show a
stronger response to LPS*>%. Body weights were measured daily for one week after injections and the mice were
evaluated for pain. The humane endpoint was set at >15% weight loss or indications of moderate-to-severe pain
or disturbed behavior. The mice were sacrificed 1.5 months after the LPS injection by transcardial perfusion with
0.9% saline before decapitation. One brain hemisphere was quickly frozen and stored at —80 °C until used for
biochemical analyses, while the other brain hemisphere was fixed overnight (ON) at 4°C in 4% (w/v) paraform-
aldehyde in 1xSorensons Phosphate Buffer (1xSPB; pH 7.4). Brains were cryoprotected, microtome sectioned
(20 um) and stored as at 4°C as described’.

Histological analyses. Coronal sections of brains (20 um) were fixed on Superfrost Plus glass slides
(#631-9483; VWR; Radnor, PA, USA) before staining. For Congo red staining of the amyloid burden, tissue
slides were immersed for 30 min in saturated alcoholic sodium chloride solution (SACS) (4% (w/v) NaCl in
80% ethanol) with 1% (w/v) Congo red (#C6277; Sigma-Aldrich). CAA was stained with Resorufin (1 uM;
#424455; Sigma-Aldrich) in PBS with 0.25% (v/v) Triton X-100 (PBS-Tr) as described®. For antigen retrieval
in the immunohistochemical A3-staining, tissue sections were immersed in citrate buffer (25 mM, pH 7.3) at
82°C for 5 min, followed by immersion in 70% (v/v) formic acid (FA) for 5 min. The sections were then incu-
bated 15min in 50% (v/v) DAKO-block (#X0909; Agilent; Santa Clara, CA, USA) diluted in PBS (pH 7.4) with
0.3% H,0,. Afterwards, sections were treated with 0.4% (v/v) Triton X-100 for 5 min, DAKO-block for 10 min,
and then rabbit anti-AB, 4, antibody (0.5 pg/mL; generated as described?) diluted in PBS with 0.1% Tween-20
(pH 7.4). After ON incubation at 4 °C, sections were incubated for 30 min with biotinylated goat anti-rabbit
antibody (5 pg/mL; #BA-1000; Vector laboratories, Burlingame, CA, USA). Thereafter, sections were supple-
mented with streptavidin-horse radish peroxidase (Str-HRP) conjugate (1:50; #3310-9; Mabtech, Nacka Strand,
Sweden) for 30 min. Immunostainings were finally developed with NOVA red immPACT (#SK4805; Burlingame,
CA, USA). AB, 4 -staining was used since it is stronger than A(3, 4,-staining, and there is no AB3,-ir(positive)/
AB40-ir(negative) deposits in tgSwe mouse brain at 15 months of age’.

The protocol for CD45 microglia/macrophage staining was similar to the AB-staining, except no antigen
retrieval was used. The sections were incubated with primary rat anti-mouse CD45 antibody (0.5 ug/mL; #MAB114,
R&D, Minneapolis, MN, USA) at 4°C ON, and secondary antibody biotinylated rabbit anti-rat (2 ug/mL;
#BA-4001; Vector laboratories) for 30 min, developed with Nova RED ImmPACT. For double fluorescent labe-
ling the CD45-antibody (1 ug/mL) was combined with anti-Ibal (#ab5076; 1:1000; Abcam, Cambridge, UK),
then secondary anti-goat (#A-110055; 1:2000) followed by anti-rat (#A-11007; 1:2000) antibody (Thermo Fischer
Scientific, Waltham, MA, USA).

Quantification of amyloid- and A3-deposition. Amyloid and AS burden in neocortex was quanti-
fied using image analysis. All sections stained by amyloid dyes (Congo red or Resorufin) were visualized and
photographed using Olympus BX53 fitted with an Olympus DP73 digital camera. Image-Pro Plus 7.0 software
(Media Cybernetics, Rockville, MD) was used for quantification of the A8, 4, amyloid burden as well as CAA in
the cerebral cortex. The investigator was blinded to the identity of each mouse brain. A constant threshold was
maintained across images from the same staining to ensure comparability between sections. For quantification
of amyloid burden, three sections from each mouse were analyzed (Bregma, 0.5mm to —2.5 mm). All sections
were stained together with different experimental groups distributed on glass slides in proportion to group size
to avoid differences in staining intensity between sections affecting the outcome, and between-day variability.
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Coefficient of variation between ten independent sets of three tissue sections from a single mouse, when stained
and quantified together, was 8.4% (Supplementary Fig. S8).

Mouse brain homogenization. Mouse brains were sequentially extracted, resulting in Tween-20 fraction,
sodium dodecyl sulfate (SDS) fraction, and FA fraction to generate pools of soluble and insoluble A(3. The ratio
of extraction buffer volume to brain weight was 5:1. For the Tween-20 fraction, frozen brains were manually
homogenized on ice with a Potter-Elvehjem homogenizer (#432-5015, VWR, Radnor, PA, USA) 2 times of 10
stokes in ice-cooled 0.2% (v/v) Tween-20 in 20 mM Tris-HCI (pH 7.5), 137 mM NaCl, 4 mM EDTA with com-
plete protease inhibitor cocktail (#04-693-116-001; Roche, Basel, Switzerland). The homogenate was centrifuged
at 100,000 g for 1h at +4°C in a Beckman Optima LE-80K ultracentrifuge with a Sw-60Ti rotor. The pellet was
re-suspended, homogenized in 1% (w/v) SDS in the previously described buffer with protease inhibitors and cen-
trifuged at 100,000 g for 1 h at +4°C. The SDS-insoluble pellet was vortexed in 70% FA with protease inhibitors.
FA was evaporated in vacuum in low-binding vials, and pellet dissolved in an equal volume of dimethyl sulfoxide
(DMSO). A mixture with an equal volume of 10xPBS (pH 7.4) was then vortexed and centrifuged for 5min at
2000 g at RTs. The FA-, SDS and Tween-fractions were stored at —80 °C until use and diluted 2000-, 1000- and
7-fold respectively in 0.1% (w/v) bovine serum albumin (BSA) in 1xPBS (pH 7.5) for ELISA.

Total AB ELISA and ABx-42 ELISA. Maxisorp plates (#442404; Nunc, Thermo Fischer Scientific,
Waltham, MA, USA) were incubated at +4°C ON with 4 ng/uL 1C3-antibody against A3, ¢** (#3740-5; Mabtech,
Nacka Strand, Sweden) and then blocked with 1% (w/v) BSA in PBS (pH 7.5), for 1 hour at 437 °C. Plates
were then incubated for 1 hour at RT with sample or standard, AB,_4, or AB,_s,-peptide (#62-0-78B or #62-0-
80B; American Peptide Company, Sunnyvale, CA, USA) in 0.1% (w/v) BSA in PBS (pH 7.5). Then 1 hour at
RT with 1.2ng/uL detecting antibody, ab-Dafty or ab-A3x-42, raised against A@3,4.,4 or AB3;,4, (developed and
affinity-purified by Agrisera, Sweden) diluted in 0.1% (w/v) BSA in PBS (pH 7.5). Next, for 1 hour at RT with
0.125ng/uL HRP-conjugated secondary goat anti-rabbit antibody (#P0448; Dako, Glostrup, Denmark). Finally,
enzyme substrate K-blue TMB-substrate (#331177; ANL-produkter, Sweden) developed at RT for 20-30 min
and stopped with an equal volume of 1 M H,SO,. The plates were read at 450 nm in using a SpectraMax 190
plate reader (Molecular Devices, Sunnyvale, CA, USA). The plates were incubated with rotation for all steps and
washed with PBS (pH 7.5) with 0.05% (v/v) Tween-20 at every step after adding samples.

Mesoscale cytokine ELISA assays. The protein levels of four different cytokines/chemokines were meas-
ured in individual mouse brain extracts with V-plex Proinflammatory panel 1 mouse kit (#¥K15048D; Mesoscale,
Rockville, MD, USA). Tween-20 fractions of individual mouse brain extracts were diluted fivefold with diluent 41,
and incubated for 2 hours at RT on pre-coated plates. The plates were then incubated with detection antibody for
2hours at RT. Finally, read buffer T was added to generate an electrochemi-luminesence signal. The plates were
washed between each step as described in the assay protocol.

Statistical analyses. GraphPad Prism vs.7 (San Diego, CA, USA) was used for statistical analyses. All data
sets were analyzed for significant outliers using the ROUT method. Statistics is provided for both presence and
absence of the significant outliers. D’Agostino & Pearson omnibus normality test was used to test data sets for
Gaussian distribution before conducting comparisons of groups. Mouse groups from A3-measurements (histo-
logical and biochemical) and the Mesoscale cytokine ELISA assay were compared using Two-way ANOVA and
Fisher’s LSD test for planned comparisons accompanied with correction for multiple comparisons for each exper-
iment: The significance level was calculated by dividing the chosen alpha level (0.05) with the planned number of
scientifically relevant comparisons. The calculated significance level is reported in figure legends and main text
for each experiment in the Results section. Graphs illustrate mean with S.E.M., unless otherwise stated. All given
p-values are two-tailed. Linear regression analysis was used to compare individual mice, and results were reported
as coefficient of determination (r?).

Data Availability
The authors make materials, data and associated protocols promptly available to readers without undue qualifi-
cations in material transfer agreements.
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