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A 3’UTR modification of the TNF-a
mouse gene increases peripheral
TNF-o and modulates the
Alzheimer-like phenotype in 5XFAD
mice
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Tumor necrosis factor-o. (TNF-) is a pro-inflammatory cytokine, involved in Alzheimer’s disease
pathogenesis. Anti-TNF-o therapeutic approaches currently used in autoimmune diseases have been
proposed as a therapeutic strategy in AD. We have previously examined the role of TNF-c: and anti-
TNF-a drugs in AD, using 5XFAD mice, and we have found a significant role for peripheral TNF-o

in brain inflammation. Here we investigated the role of mouse TNF-o. on the AD-like phenotype of
5XFAD mice using a knock-in mouse with deletion of the 3'UTR of the endogenous TNF-c. (TNFAARE!)
that develops rheumatoid arthritis and Crohn'’s disease. 5XFAD/TNFAARE+ mice showed significantly
decreased amyloid deposition. Interestingly, microglia but not astrocytes were activated in 5XFAD/
TNFAARE brains. This microglial activation was associated with increased infiltrating peripheral
leukocytes and perivascular macrophages and synaptic degeneration. APP levels and APP processing
enzymes involved in A3 production remained unchanged, suggesting that the reduced amyloid burden
can be attributed to the increased microglial and perivascular macrophage activation caused by TNF-
. Peripheral TNF-a levels were increased while brain TNF-a remained the same. These data provide
further evidence for peripheral TNF-o as a mediator of inflammation between the periphery and the
brain.

Alzheimer’s disease (AD) is the most common cause of dementia among the elderly characterized by severe mem-
ory loss and cognitive impairment’. Although beta-amyloid (A(3) is traditionally accepted as the main initiator of
the disease, numerous failed clinical trials targeting A3? have changed research focus on other factors involved in
the disease as brain inflammation, commonly called neuroinflammation®*. Moreover, clinical and experimental
studies have provided significant evidence that peripheral inflammation may be associated with increased neu-
roinflammation and accelerated AD progression. A number of pro-inflammatory molecules including TNF-c,
have been implicated in AD pathogenetic process®. TNF-a has been shown to colocalize with amyloid plaques in
AD human brains and animal models®” and elevated TNF- levels have been detected in the serum and cerebro-
spinal fluid (CSF) of AD patients®®°. TNF-« is a pleiotropic pro-inflammatory cytokine that mediates its effect
through two different receptors, TNF-a receptor I (p55) and TNF-a receptor II (p75)!°. TNF-« central role in the
pathogenesis of chronic autoimmune diseases like rheumatoid arthritis (RA), psoriasis and Crohn’s disease!!-14
has led to the development of anti-TNF-« therapeutics widely used in the treatment of autoimmune diseases
Case studies have reported that treatment of AD patients with the anti-TNF-o agents currently used in RA or
Crohn’s disease, was beneficial and improved cognitive impairment!’-'? while epidemiological studies showed
that AD risk is reduced in RA patients receiving anti-TNF-« agents®.

We have previously shown that peripheral human TNF-o and anti-TNF-a therapy, currently used in RA treat-
ment, play a significant role in modulating neuroinflammation, amyloid deposition and neuronal degeneration in
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Figure 1. Peripheral muTNF-a is increased in 5XFAD/TNFA4RE'+ mice, whereas brain muTNF-a remains
unchanged. Quantitation of muTNF-« levels using ELISA in the serum (A) and brain (B) of 4-month-old
5XFAD/TNFAARE* and 5XFAD control mice. 5XFAD/TNFAARE+ mice show significantly increased serum
TNF-o (A) compared to 5XFAD, whereas brain TNF-a levels shows no difference between the two groups (B).
Data are mean + SEM; n=23-5 per group. **p =0.040 (two-tailed unpaired t test) (ND = Not detected).

AD mice?"?2. 5XFAD mice, carrying a 3’-UTR modified human TNF-« (hu TNF-q) transgene® (5XFAD/Tg197)
that results in increased peripheral expression of huTNF-« protein, develop an AD-like phenotype along with
TNF-induced inflammatory arthritis, which can be suppressed by peripheral treatment with infliximab, a mon-
oclonal anti-huTNF-« antibody widely used for RA treatment in patients®*. 5XFAD/Tg197 mice exhibit robust
brain inflammation, with extensive microglial and astrocytic activation and increased meningeal and perivascular
macrophage activation that compromises neuronal integrity and synaptic health, despite reduced amyloid depo-
sition. Interestingly, these alterations in the 5XFAD/Tg197 brains, correlated with increased levels of peripheral
human TNF-q, suggesting that peripheral TNF- alone is able to modulate brain inflammation through a TNF-«
dependent periphery-to-brain communication pathway.

To further elucidate the role of the TNF signaling pathway and evaluate the effect of the modulation of endog-
enous mouse TNF-a gene (muTNF-a), in the current study, we employed the TNFA4RE+ mouse model and
generated 5XFAD/TNFA*RE* mice. In TNFAARE+ mice deletion of the 3’-UTR of the endogenous mouse gene
(muTNF-a) results in increased peripheral expression of the muTNF-« and the development of autoimmune
inflammatory disease?. Analysis of 5XFAD/TNFA*RE+ mice revealed increased peripheral muTNF-« levels,
reduced amyloid deposition, activated microglia and increased perivascular macrophages and infiltrating leu-
kocytes. 5XFAD/TNF24RE/+ brains showed increased synaptic degeneration. Interestingly astrocytes were not
activated, while APP processing enzymes remained unchanged. Our results provide further evidence for an asso-
ciation between systemic peripheral inflammation and AD pathogenesis and suggest peripheral TNF-a as a cen-
tral link.

Results

5X FAD/TNFAARE+ mice have elevated TNF-a protein levels in the periphery only and not in
the brain. Modification of the endogenous muTNF-a gene in the TNFA4RE+ mice has been shown to sig-
nificantly increase muTNF-a protein levels in the periphery?. To examine the effect of the modification of the
endogenous muTNF-« gene and upregulation of muTNF-« levels in the 5XFAD/TNFAARE+ mice, we measured
muTNF-a protein levels in the serum and the brain of the mice using an anti-muTNF-a specific ELISA. Our
analysis detected significantly elevated muTNF-a protein levels in the sera of 5XFAD/TNFAARE+ mice (>200 pg/
mL) while muTNE-a was not detected in 5XFAD sera (Fig. 1A). muTNF-a was also detected in low levels (~4 pg/
mg total protein) in brain protein extracts from 5XFAD/TNFA4R¥+ and 5XFAD control mice but showed no
difference between the two groups (Fig. 1B). These results suggest that the modification of the endogenous muT-
NF-a gene in the 5XFAD/TNFA*RE+ mice has a major effect on the TNF-a levels of the periphery compared to
the brain where expression of TNF-« is significantly lower compared to the periphery and shows no difference
between 5XFAD/TNFAARE+ and 5XFAD mice.

Amyloid deposits and plaque load are reduced in the 5XFAD/TNFAARE+ mouse brains. To
evaluate the effects on the amyloid phenotype of AD mice, from the genetic modification of the endogenous
muTNF-a gene, we used the 5XFAD transgenic mice?® which bear five familial AD mutations, three for the APP
and two for the presenilin 1 gene, and develop an amyloid phenotype with amyloid deposition at 2 months of age
and robust glial activation. 5XFAD mice were mated with, muTNF-o mutated mice lacking the AU-rich elements
of TNF (TNFAARE)Z t generate 5SXFAD/TNFAARE+ mice. In this study we used heterozygous TNFAARE+ mice,
as homozygous (TNFAARE/AAREY develop a wasting phenotype and die early?’. 5XFAD littermates were used as
controls. We used only female mice for analysis, as male 5XFAD transgenic mice develop the amyloid phenotype
with a two-month delay compared to females?>?.

40pm sagittal brain sections were stained with Thioflavine-S, to evaluate differences in amyloid plaque load
between 5XFAD/TNFAARE/+ and 5XFAD 4-month-old mice. Confocal microscope image analysis revealed a
significant reduction in Thioflavine-S positive amyloid plaque burden in the hippocampus and the cortex of
4-month-old 5XFAD/TNFA*RE+ mice compared to the 5XFAD (Fig. 2A,B). Thioflavine-S positive staining quan-
titation in the hippocampus confirmed a statistically significant decrease in 5XFAD/TNFAARE+ mice compared to
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Figure 2. Genetic modification of the muTNF-a gene significantly reduces amyloid plaque load and A3
deposition in 5XFAD/TNFAARE+ mice. (A,B) Thioflavine-S staining of 40pum sagittal brain sections of 4-month-
old 5XFAD and 5XFAD/TNFAARE/+ mice was performed to detect fibrillary amyloid plaques. Amyloid plaques
are reduced in the hippocampus and cortex of 5XFAD/TNFA4RE+ mice compared to the 5XFAD. Representative
pictures of the hippocampus (A) and the cortex (B) are shown for each mouse group. Scale bars: 250pm.

(C,D) Quantitation of Thioflavine-S positive amyloid plaque load in the hippocampi (C) and cortices (D) of
4-month-old 5XFAD and 5XFAD/TNFAARE+ mice is expressed as the percent area of positive staining. Analysis
was performed using Image]J software. Data are shown as mean + SEM; n = 3-5 mice per group. For statistical
analyses, two-tailed unpaired ¢ test was used. *p=0.0162; **p=0.0077. (E, F) Immunohistochemistry for

total AR (6E10 antibody) in 40pm sagittal brain sections of 4-month-old 5XFAD and 5XFAD/TNFAARE+ mice,
5XFAD/TNFAARE* mice display significantly reduced AB deposition compared to the 5XFAD both in the
hippocampus (E) and the cortex (F). Representative pictures of the hippocampus and cortex are shown for each
mouse group. Scale bars: 250pm. (G) Western blot analysis of full-length APP brain protein levels in 4-month-
old 5XFAD and 5XFAD/TNFA4RE+ mice showed no difference among the analyzed groups. (H) Quantitation
was performed with densitometric analysis using Image]J software. Data are mean + SEM; n =3 mice per group;
experiment repeated 3 times using different samples. For statistical analyses, two-tailed unpaired ¢ test was used.

the 5XFAD (Fig. 2C). Similarly, quantitation of Thioflavine-S staining in the cortex also confirmed a statistically
significant decrease (Fig. 2D).

To further examine the observed differences in fibrillary amyloid deposits, we performed immunohisto-
chemistry in 40pm sagittal brain sections of 4-month-old 5XFAD and 5XFAD/TNFA*RE* mice using the 6E10
antibody that detects both fibrillary and non-fibrillary AB. A3 immunoreactivity in 5XFAD/TNFAARE+ mice
had a similar pattern to the Thioflavine-S positive plaques with sparsely distributed deposits in the cortex and
accumulation mostly in the subiculum of the hippocampus (Fig. 2E,F). Together these results demonstrate that
the genetic modification of TNF-« endogenous gene in the 5XFAD/TNFA4RE+ mouse brains results in reduced
amyloid plaque burden and A{3 deposition. The observed plaque reduction in 5XFAD/TNFA4RE+ mice could
potentially result from reduced APP levels and decreased A3 production and amyloid plaque formation. To
test this hypothesis, we evaluated the levels of full-length APP in total brain protein extracts from 5XFAD and
5XFAD/TNF2ARE+ mice by Western blotting (Fig. 2G). Subsequent analysis showed no significant difference of
full-length APP protein levels among the 2 mouse groups (Fig. 2H), suggesting that the reduction of amyloid
burden in 5XFAD/TNFA*RF+ mice is not caused by decreased production of APP.

Modification of the muTNF-a. endogenous gene does not alter APP processing enzymes in
5XFAD/TNFAARE+ mice. A possible mechanism that accounts for the reduced amyloid deposition in the
5XFAD/TNFARE+ brains is by modulating APP processing and AB production. To examine whether the reduced
amyloid plaques in 5XFAD/TNF24R¥+ mouse brains are caused by changes in APP metabolism, we quantified
the brain protein levels of the APP processing enzymes that are involved in Af production. To evaluate the effect
of muTNF-a 3’'UTR modification on the APP processing enzymes we examined and quantified protein levels
of key enzymes involved in APP processing and A8 production, as TACE, BACE1 and ADAM10, as well as
enzymes that constitute the ~-secretase complex as presenilin 1 (PS1), Nicastrin and Aph1l. 5XFAD/TNFAARE/+
and 5XFAD total brain protein extracts were analyzed by Western blot analysis using specific antibodies to detect
the above APP processing proteins. Since TNF-a is the main substrate of TACE, we examined whether muTNF-a
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Figure 3. Genetic modification of the muTNF-a gene has no effect on APP processing enzymes. (A-F) Western
blot analysis of BACE1, ADAM10 and TACE brain protein levels in 4-month-old 5XFAD/TNFA4RE+ and
5XFAD mice show no significant changes in levels of BACE1 (A,B), ADAM10 (C,D) and TACE (E,F), between
the two groups. (G) Western blot analysis of full-length (fl) PS1 and PS1-CTFs protein levels in 4-month-

old 5XFAD/TNFAARE+ and 5XFAD mice. (H,I) Both PS1-fl and PS1-CTF protein levels show no difference
between the two groups. (J,L) Western blot analysis of Nicastrin and Aph-1 protein levels in 4-month-old
5XFAD/TNFA*RE+ and 5XFAD mouse brains shows no significant difference between the two groups (K, M).
Quantitation was performed with densitometric analysis using Image] software. Data represent mean + SEM;
n=13 mice per group; experiment repeated 3 times. For statistical analyses, two-tailed unpaired ¢ test was used.

gene modification can affect TACE protein levels in 5XFAD/TNF2ARE+ mice. Our analysis confirmed that TACE
protein levels remained the same between the two groups (Fig. 3E,F). Similarly, ADAM10 and BACE], the a- and
B-secretases involved in APP processing and Af production did not show any significant change in their protein
levels between the two groups (Fig. 3A-D).

TNEF-a has also been involved in the regulation of ~-secretase cleavage of APP***°. To examine whether
TNF-a deficiency in 5XFAD mice affects the ~-secretase complex, we measured the levels of its catalytic subunit
PS1, as well as Nicastrin and Aph1. Western blot analysis of total brain protein extracts from 5XFAD/TNFAARE+
and 5XFAD control mice showed no difference in the levels of full-length (fl) PS1 between the two groups
(Fig. 3G,H). Similarly, no differences were observed in PS1-CTFs between the two groups (Fig. 3G,I).
Quantitation of Nicastrin and Aph1 protein levels also showed no difference between 5XFAD/TNFA4RE+ and
5XFAD control mice (Fig. 3]-M).

Overall these data provide evidence that muTNF-a gene modification in the 5XFAD/TNFA4RE+ mice does
not affect the enzymes that mediate APP cleavage and A3 production and suggests that TNF-a can be involved in
modulating amyloid deposition in a different way.

5X FAD/TNFAAREI+ and TNFAAREIT mice have activated microglia but not activated astro-
cytes. To evaluate the effect of the 3’UTR modification of the muTNF-o endogenous gene and the increased
levels of TNF-« in the periphery on the activation of glial cells, we analyzed 5XFAD/TNFAARE+ and 5XFAD
control brains for the microglial Ibal marker and the astrocytic GFAP marker. Confocal analysis of 40pm sagittal
brain sections double-stained for Ibal and Thioflavine S showed a significant increase of reactive microglia in
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Figure 4. Microglia but not astrocytes are activated in 5XFAD/TNFA*RE+ mice. (A,D) Immunofluorescent
detection of Ibal-positive microglia (A) and GFAP-positive astrocytes (D) in 40pm sagittal brain sections of
4-month-old 5XFAD/TNFA4RE+ and 5XFAD control mice. Sections were also stained with Thioflavine-S for
amyloid plaques. 5XFAD/TNFA*RE'* brains display increased microglial cells surrounding amyloid plaques
compared to 5XFAD brains. Representative pictures of the hippocampus, the cortex and the subiculum of the
hippocampus are shown for each group. Scale bars: 250pm (hippocampus and cortex); 25um (subiculum).
(B,C,E,F) Western blot analysis shows significantly increased Ibal brain protein levels (B,C) but not GFAP
(E,F) in 5XFAD/TNFAAR¥+ mice compared to 5XFAD mice. (G,H,1,)) Similarly, Western blot analysis of
TNFAARE+ and control brains, show significantly increased Ibal (G,H) but not GFAP (1,]) brain protein levels
in the TNFAARE* brain protein extracts compared to the C57BL/6 control brains. Quantitation was performed
with densitometric analysis using Image]J software. Data represent mean + SEM; n =3 mice per group;
experiments repeated 3 times. For statistical analyses, two-tailed unpaired ¢ test was used. **p=0.0078 (C),
#3%p =0,0016 (H).

5XFAD/TNFA*RE* brains (Fig. 4A) compared to age-matched 5XFAD brains both in the cortex and the hip-
pocampus of the brain. We observed an increase in the number of activated microglial cells surrounding amy-
loid plaques, as well as increased infiltration into the amyloid deposits, in the subiculum of the hippocampus
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of 5XFAD/TNFA4RE brains compared to 5XFAD (Fig. 4A). To further confirm this finding and quantify the
increase of Ibal protein, we performed Western blot analysis on total brain protein extracts from 5XFAD/
TNFAARE+ and 5XFAD mice. Analysis of Ibal protein levels confirmed a statistically significant increase of Ibal
levels in 5XFAD/TNF24R¥/+ brains compared to 5XFAD controls, in agreement with the increased microglial
activation observed with immunofluorescence (Fig. 4B,C). To evaluate whether this increase in microglial acti-
vation, observed in the 5XFAD/TNFARE/+ brains, is related to TNFAARE/+ phenotype, we analyzed Ibal protein
levels in the brain of TNFAR+ mice in comparison to wild-type control mice (Fig. 4G,H). Our analysis showed
a statistically significant increase in Ibal levels in the brains of TNFAARE+ mice (Fig. 4H) suggesting an increase
in microglial activation in TNFAARE+ brains.

Next, we examined astrocytic activation in 5XFAD/TNFA*RE+ and 5XFAD mouse brains. Confocal analysis
of 40pm sagittal brain sections double-stained for GFAP and Thioflavine-S showed no significant differences in
reactive astrocytes surrounding amyloid plaques in 5XFAD/TNFA*RE+ mice compared to 5XFAD mice (Fig. 4D).
To further confirm this finding and quantify GFAP protein levels, we performed Western blot analysis on total
brain protein extracts from 5XFAD/TNFAARE+ and 5XFAD mice. Similarly, to the immunofluorescence GFAP
analysis, we did not observe any differences in GFAP protein levels between the two groups (Fig. 4E,F). Further
analysis of GFAP protein levels with Western blot on TNF24R¥/* brains and wild-type controls also revealed no
differences (Fig. 41,]).

In summary, these data demonstrate that modification of the muTNF-« gene in the 5XFAD/TNFA4RE+ and
TNFAARE+ mice, and the increase of peripheral muTNF-a protein levels induce a robust microglial activation.
This activation seems to be microglia specific as we did not observe any difference in astrocytic activation using
the GFAP marker, both in the TNFAARE+ and 5X FAD/TNFAARE+ brains.

5XFAD/TNFAARE+ mijce display increased CD45 infiltrating leukocytes and CD68-positive
phagocytic microglia as well as elevated LC3lII levels in the brain.  Amyloid deposition, peripheral
inflammation and/or arthritis have been implicated in the recruitment and infiltration of CD45-positive cells
in the mouse and human AD brain?"*!-*%. To evaluate a similar effect in 5XFAD/TNFAARE+ mice, brain sec-
tions were analyzed with confocal immunofluorescence microscopy for the presence of CD45-positive cells at
the subiculum of the hippocampus and the meninges of the cortex. Our analysis revealed increased numbers of
CD45-positive round-shaped leukocytes in the subiculum of the hippocampus of 5XFAD/TNFA*RE/* brains as
well as in the cortex compared to 5XFAD control mice (Fig. 5A-C, arrows). The recruitment of peripheral leuko-
cytes coincides with activated microglia and increased peripheral TNF-a levels and suggest for a potential cellular
mechanism of inflammatory signal communication from the periphery to the brain.

The increased microglial activation and the reduced amyloid deposition observed in 5XFAD/TNFAARE+
brains suggest for increased microglial-mediated A clearance mechanisms. To examine this hypothesis, we
immunostained for CD68, a lysosomal marker® expressed in microglia associated with A phagocytosis®®*,
in 5XFAD/TNFAARE+ and control brains. Confocal analysis revealed a slight non significant increase of CD68
immunoreactivity in microglia surrounding amyloid plaques in 5XFAD/TNFA4R¥+ brains compared to 5XFAD
controls (Fig. 5D). Next we evaluated LC3 levels in 5XFAD/TNFA*R¥/+ and control brains. LC3-associated
phagocytosis has been connected to immune regulation and inflammation®®. LC3 has also been implicated in the
clearance mechanisms involved in Af removal and neurodegeneration in 5XFAD mice®. To examine whether
alterations in LC3 related autophagy are involved in the decreased amyloid deposition in 5XFAD/TNFAARE/+
brains, we evaluated protein levels of LC3 and the ratio between the LC3II and the LC3I forms of the protein
which are indicative of increased autophagy.Western blot analysis in total brain protein extracts from 5XFAD/
TNFAARE+ and 5XFAD control mice revealed a non-statistically significant increase in the levels of the LC3II
form, providing evidence for a trend towards increase, in autophagy in the 5XFAD/TNFAARE+ brains (Fig. 5E,F).

Overall, these results suggest that peripheral TNF-a in the 5XFAD/TNFAARE+ mice controls the recruitment
of CD45 positive leukocytes in the brain and in addition is able to regulate the phagocytic capacity of microglia
against AS.

5XFAD/TNFAARE+ mice show increased CD206-positive leptomeningeal and perivascular mac-
rophages. Activation of perivascular macrophages has been associated with A8 clearance in AD mouse mod-
els®’. To examine whether meningeal/perivascular macrophages are activated in the 5XFAD/TNFAARE* brains, we
immunostained brain sections of 5X FAD/TNF24RE/+ and 5XFAD control mice using a CD206-specific antibody.
CD206 is a mannose receptor used as a brain perivascular macrophage marker®*!. Double-immunofluorescence
was performed for CD206 and the microglial marker Ibal or the blood vessel marker a-SMA. Confocal analysis
revealed an increase in CD206-positive macrophages in the leptomeninges (Fig. 6A) and the perivascular space
(Fig. 6B,C) of 5XFAD/TNFA4R¥/+ brains compared to the 5XFAD controls. To further examine if this a TNF-a
dependent effect we also examined TNFA*RE+ and wild-type brains for CD206 protein (Fig. 6E,G). We performed
Western blot analysis of CD206 levels in total brain protein extracts from 5XFAD/TNFA4R¥+ and 5XFAD control
mice (Fig. 6D) as well as TNFA4RE+ and wild-type mice (Fig. 6F). Quantitation of CD206 levels revealed a signif-
icant increase in 5XFAD/TNFAARE+ mice compared the 5XFAD (Fig. 6E). Similar to 5XFAD/TNFAARE+ mice,
quantitation of CD206 levels in TNFA4RE+ mice displayed elevated levels compared to control mice (Fig. 6G).
These findings show that the modification of the muTNE-« gene in the 5XFAD/TNFA*RE+ and TNFAAREA mice
and the increase of peripheral muTNF-a can induce the activation of perivascular and meningeal macrophages.

5XFAD/TNFAARE+ mice display significant synaptic degeneration. A number of studies have
suggested a role for TNF-« in synaptic function and neuronal integrity*’. To examine the effect of the modi-
fication of the muTNF-« gene and the increase of peripheral muTNF-a in 5XFAD/TNFAARE* mice, we per-
formed immunofluorescence for MAP2 (microtubule-associated protein 2) and synapsin in brain sections
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Figure 5. CD45 infiltrating leukocytes are increased while CD68-positive phagocytic microglia and LC31I levels
show a trend towards increase in the 5XFAD/TNFA4R¥+ brains. (A,B,C) Immunofluorescent detection of CD45
positive leukocytes at the subiculum of the hippocampus and the cortex (arrows) shows an increase in 5XFAD/
TNFAARE+ brains compared to 5XFAD controls. Representative pictures of the subiculum and the cortex (A) are
shown for each group. Scale bars: 50 pm. Quantitation of CD45 leukocytes in the subiculum (B) and the cortex (C),
reveals a significant increase in 5SXFAD/TNFAARE+ brains. Data are mean &= SEM; =3 mice per group. For statistical
analyses, two-tailed unpaired ¢ test was used. *p =0,0269, **p=0,0030 (C). (D) Immunofluorescent detection of
CD68/Ibal in brain sections shows a small non-significant increase of CD68 in activated microglia surrounding
amyloid plaques in 5XFAD/TNFA4RE+ mice compared to 5XFAD controls. Sections were also stained for amyloid
plaques with Thioflavine S. Scale bars: 50 pm. (E) Western blot analysis of LC3 brain protein levels in 5XFAD/
TNFAARE+ brains reveals an increase in the LC31I form and the LC3II/LC3I ratio (F), suggesting an increase in
autophagy compared to 5XFAD controls. Analysis was performed with densitometric analysis using Image] software.
Data are mean 4= SEM; n=3 mice per group. For statistical analyses, two-tailed unpaired ¢ test was used.
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Figure 6. 5XFAD/TNF24RE/+ mice display increased CD206-positive meningeal and perivascular macrophages
(arrows). (A - C) Double immunofluorescence for CD206/Ibal (A) and CD206/a-SMA (B, C) in sagittal brain
sections of 4-month-old 5XFAD and 5XFAD/TNFA*RE* mice. Representative pictures of the hippocampus,
cortex and cortical vessels are shown for each group. Arrowheads indicate meningeal macrophages (A) and
perivascular CD206-positive macrophages in the cortex (B) and the hippocampus (C). Microglia is stained red
(A) as well as blood vessels (B, C) Scale bars: 25 pm. (D-G) Western blot analysis of CD206 brain protein levels
in 4-month-old 5XFAD/TNF2ARE+ _ 5XFAD (D) and TNFAARE+ _ C57BL/6 mice (F) revealed an increase

in 5XFAD/TNFAARE (E) and TNFAAREH mice (G) compared with the 5XFAD and C57BL/6 control groups.
Quantitation was performed with densitometric analysis using Image] software. Data are mean + SEM; n =3
mice per group; experiment repeated 3 times. For statistical analyses, two-tailed unpaired ¢ test was used.

#%p =0,0099, *p = 0,0403.

from 5XFAD/TNFAARE+ and 5XFAD control mice. Confocal analysis confirmed extensive loss of MAP2 and
synapsin in 5XFAD/TNFA*RF+ mice compared 5XFAD control mice (Fig. 7A-B). Quantitation of dendritic
MAP2 immunoreactivity in the cortex of the studied mouse groups using Image]J software confirmed a signifi-
cant decrease in 5XFAD/TNFA*R¥/+ mice compared to 5XFAD (Fig. 7C). To further quantify this effect on syn-
apsin, we performed Western blot analysis on total brain protein extracts from 5XFAD/TNFA4RE+ and 5XFAD
mice (Fig. 7D). Similarly, to the MAP2 immunofluorescence analysis, synapsin protein levels were significantly
reduced in 5XFAD/TNFARE+ mice compared to 5XFAD control mice (Fig. 7E). The observed synaptic loss in
5XFAD/TNFAARE/+ mice suggest for a detrimental effect on neuronal health resulting from the modification of
the muTNF-a gene and the increase of peripheral muTNF-« levels.

Discussion
In the present study, we investigated the role of TNF-« in the development of the amyloid phenotype in an
AD mouse model by modulating the 3’UTR of the endogenous mouse gene. We employed a widely used AD
mouse model, the 5XFAD?, and a TNF-a knock-in transgenic mouse with deletion of the AU-rich elements
in the 3'UTR of the endogenous mouse TNF-a (TNFA4RET) that results in elevated mouse TNF-a levels in the
blood and development of RA and Crohn’s disease?*. Analysis of the 5XFAD/TNFA4RE+ mice showed that the
genetic modification of the TNF-a endogenous gene protects against the amyloid phenotype in the mouse brain.
5XFAD/TNFARE* brains exhibit significantly decreased amyloid deposition and increased microglial activa-
tion. Perivascular macrophages and infiltrating leukocytes are also increased. Astrocytic activation in the brain
is not affected and APP processing enzymes remain in the same levels compared to 5XFAD mice. Interestingly,
peripheral TNF-a levels are increased in the 5XFAD/TNFAARE/+ mice compared to 5XFAD, while brain TNF-a
levels are not affected.

TNF- is a major pro-inflammatory cytokine that has been identified as a key molecule involved in auto-
immune diseases as RA and neurodegenerative diseases as ADS. RA is a chronic autoimmune disease driven
by TNF-a!?. RA patients receiving anti-TNF-a drugs show reduced risk of developing AD%, raising questions
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Figure 7. 5XFAD/TNFAARE* mice show extensive loss of MAP2 and synapsin immunoreactivity. (A,B)
Immunofluorescence for MAP2 (A) and synapsin (B) in sagittal brain sections of 4-month-old 5XFAD and
5XFAD/TNFA4RE+ mice. Representative pictures of the cortex are shown for each group. Scale bars, 25um.

(C) Quantitation of dendritic MAP2 staining in the cortex of 4-month-old 5XFAD and 5XFAD/TNFAARE+
mice revealed a decrease in 5XFAD/TNFA4RE+ mice compared with the 5XFAD. (D) Western blot analysis of
synapsin brain protein levels in 4-month-old 5XFAD and 5XFAD/TNFAARE/* revealed a significant reduction of
synapsin immunoreactivity in 5XFAD/TNFAARE+ mice compared with the 5XFAD (E). Analysis was performed
with densitometric analysis using Image]J software. Data are mean £ SEM; n =3 mice per group; experiment
repeated 2 times. For statistical analyses, two-tailed unpaired ¢ test was used. *p =0.0447 (C), *p =0,0473 (E).

about the role of RA and/or anti-TNF-« therapy in AD. Despite numerous studies focusing on the therapeutic
role of TNF-ain AD and the potential protective effects of anti-TNF drugs, the underlying mechanisms are still
unknown*-%, In this study, analysis of 4-month-old 5XFAD/TNF24RE+ mijce that develop an AD-like pheno-
type, revealed a significant decrease of Thioflavine-S positive plaques and A( deposition in mouse brains com-
pared to the 5XFAD controls, suggesting that the modification of the 3'UTR of the muTNF-a endogenous gene,
exerts a protective effect against amyloid deposition in the brain. This result is similar to our previous study??,
where 5XFAD mice carrying a human TNF-« transgene with a modified 3'UTR? developed reduced amyloid
deposits and robust brain inflammation. In both studies, alteration of the 3’UTR of the TNF-« gene, resulted
in decreased amyloid plaque formation in the brain. Interestingly the same result, is observed by blocking the
TNF-a signaling pathway either by genetically eliminating TNF-« or the p55 TNF-a receptor in AD mice*”*%,
Genetic deletion of TNF-a is protective against amyloid plaque formation and A3 production in AD mice, by
decreasing amyloidogenic APP enzymatic processing and A3 production®’. Deletion of the p55 receptor in AD
mice also reduces amyloid plaque deposition by decreasing AS3 production®, whereas genetic deletion of the p75
receptor exacerbates amyloid deposition* suggesting a complex role for TNF-a signaling pathway in AD patho-
genesis. To elucidate the mechanism involved in the reduction of amyloid deposits in 5XFAD/TNFA4RE+ mice,
we first looked for differences in APP protein levels and the APP processing enzymes involved in AB production
between 5XFAD/TNFA4RE+ and control 5XFAD brains. Our analysis did not show any differences in APP protein
levels or the APP processing enzymes between the two groups. BACE1, which is the 3-secretase involved in A3
generation® as well as TACE, and ADAMI0, two of the a-secretases that cleave APP*'-*%, did not show any sig-
nificant changes in their protein levels in the mouse brains. Previous studies, including ours*”*, have shown that
genetic deletion of TNF-a or the TNF-a receptors, p55 and p75, can modulate o- and 3-secretase protein levels in
AD mice, affecting AB production and amyloid plaque deposition®**!. Since TNF-« has been implicated in APP
cleavage by modulating PS1, a component of the ~-secretase complex, through the JNK-dependent pathway***
we also looked for differences in protein levels of PS1, as well as Nicastrin and Aphl, proteins of the ~-secretase
complex, in the brains of 5XFAD/TNFA4R+ mice. Our analysis for PS1, Nicastrin and Aph1 showed no differ-
ence in protein levels between 5XFAD/TNFA*RE+ and control brains. Overall, our analysis of the APP processing
enzymes in the 5XFAD/TNF24RE/+ mice provide evidence that modification of the 3’UTR of the TNF-a gene
does not affect APP processing or A3 production in the brain.

Microglia and astrocytes are the immune cell populations of the brain involved in A@3 clearance. Since 5XFAD
mice display increased microglial and astrocytic activation associated with amyloid deposition?®, we examined
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the glial response in the 5XFAD/ TNFAARE+ brains. Our analysis revealed that modification of the 3'UTR of the
TNF-a mouse gene results in a robust increase in microglial activation with a small increase in phagocytic and
autophagy markers as CD68 and LC3 in the 5XFAD/TNFA*RE'* brains. To further analyze this result, we exam-
ined brains of TNFAAR¥+ mice where we also found a robust increase of microglial activation, which suggests
that modification of the 3’'UTR of the muTNF-« gene is responsible for the microglial activation in the 5XFAD/
TNFAARE+ brains. This finding is similar to our previous study?! where transgenic mice expressing a human
TNF-a transgene with a modified 3'UTR also showed highly activated microglia with increased phagocytic
capacity. Our data, together with other studies where genetic elimination of the TNF-« gene or the p55 receptor
gene, or pharmacological inhibition of TNF-a suppresses microglial activation®”*3, suggest a key role for TNF-«
in modulating microglial response. Next, we analyzed astrocytic activation in the 5XFAD/TNFA4RE+ and 5XFAD
control brains and, we found no differences between the two groups. Further analysis between TNFAARE+ and
control brains confirmed this finding suggesting that modification of the 3'UTR of the muTNF-a gene does not
affect the activation status of the astrocytes in the physiological or the AD brain context. Similarly, to this finding,
previous studies in mice using LPS induction and inhibition of the TNF-« signaling with Etanercept in the CNS,
have confirm specific activation of microglia and not astrocytes®. These findings suggest that increased levels of
muTNF-q either from acute (LPS)* or chronic induction (expression of muTNF-a in TNFAARE mice) might not
be sufficient or capable to activate astrocytes. Interestingly, this is in contrast to our previous study where mod-
ification of the 3'UTR of a human TNF-« transgene resulted in robust astrocytic response in the mouse brain®..
The increased astrocytic activation observed in our previous study, might be related to the activation level of
microglia® as in the huTNF-« expressing brains?! microglia is highly activated throughout the brain, in compar-
ison to the muTNF-a expressing TNFAARE brains, where microglial activation was milder. These data imply for a
possible differential activation of the two glial cell types, microglia and astrocytes, by TNF-a and further studies
are needed to investigate this effect. Overall, our results suggest for a central role of microglia in restricting the
amyloid deposits in the mouse brains.

Modification of the 3'UTR of the TNF-« gene results in significant increase in the levels of peripheral TNF-«
in the TNFA*RE+ mutant mice®. To evaluate this effect in 5XFAD/TNFA4RE+ mice we measured TNF-o levels
in the serum of mice as well as in brain protein extracts. Our analysis revealed a significant increase in TNF-«
levels only in the periphery of 5XFAD/TNF24RE/+ mice compared to 5XFAD controls, in similar levels to our
previous study?' (~200 pg/ml) while brain TNF-« remained the same. This result suggests that, similarly to our
previous study®!, modification of the 3’UTR of the TNF- gene, can result in significantly increased TNF-a levels
in the periphery, while brain levels remains unchanged. To further evaluate whether this increase in peripheral
TNF-« can affect bone marrow derived cell populations involved in A clearance?, as brain infiltrating leuko-
cytes and perivascular and meningeal macrophages, we looked for CD45 and CD206 positive cells in the 5XFAD/
TNFAARE* brains. Our analysis revealed a significant increase of CD45 positive leukocytes in the brain as well
as CD206-positive meningeal/perivascular macrophages in the 5XFAD/TNFAARE+ mouse brains compared to
the 5XFAD. A previous study by D’ Mello et al., has supported the central role of TNF-« during peripheral
inflammation in orchestrating the periphery to brain communication pathway®2. CD45 positive leukocytes that
infiltrate the brain, have been identified as a key cell population involved in this pathway together with activated
microglia. The abovementioned study together with our previous* and current study support CD45 leukocytes as
a mediator and potent regulator, between the peripheral immune system and the brain’s innate immune cell type,
microglia. Furthermore, CD206 perivascular macrophages, that are known to participate in A8 clearance***! are
also activated in the mouse brains. Our analysis support CD45 and CD206 positive cells as the mediators of the
effects of peripheral TNF-a into the 5XFAD/TNFA4RE/+ mouse brains.

Our analysis for MAP2 and synapsin, cell markers that reveal neuronal and synaptic health, shows that
5XFAD/TNFAARE* mice display a clear reduction for both. Several lines of evidence have suggested that TNF-
regulates neuronal and synaptic health in the brain*’. Neuronal TNF-a expression in AD mice results in neu-
ronal death and extensive microglial activation®” and TNF-induced neuronal and synaptic loss is mediated by
microglial phagocytosis®®*. These findings suggest for microglial activation resulting from peripheral TNF-a as
a significant modulator of neuronal and synaptic integrity.

We and others have shown that interfering with the TNF-a signaling pathway can modify the AD-like pheno-
type in the brain of AD mouse models*"*~**¢, Transgenic mice that carry modified TNF-« or TNF-« receptors
genes have helped to better comprehend the role of TNF-« in the AD pathogenetic mechanisms. These studies
have been sometimes conflicting and not easy to interpret, suggesting a complex effect of TNF-« on the param-
eters involved in AD pathogenesis. We and others have found that inactivating the TNF-« signaling pathway by
genetically deleting the TNF-« gene or the TNF-« receptor p55 gene results in decreased amyloid deposition
in the mouse brain*”*. On the contrary genetic deletion of the TNF-a receptor p75 gene or both receptors p55
and p75 results in increased amyloid deposition suggesting a complex mechanism involving the TNF-« signa-
ling pathway*>*. In our previous study overexpression of a huTNF-a modified transgene in AD/arthritic mice
(5XFAD/Tg197) has resulted in a brain phenotype with exacerbated neuroinflammation and reduced amyloid
deposition?'. Surprisingly this brain phenotype could be modified by regulating peripheral huTNF-a levels with
the use of an anti-TNF-« therapeutic antibody for RA, administered at the periphery, thus confirming the key
role of peripheral TNF-c. To further investigate the role of muTNF-« in the AD pathogenetic mechanism in
the 5XFAD mice, in the current study, we employed a TNF-a knock-in mouse, the TNFAAREA where the effects
observed on the AD-like phenotype are mediated by muTNF-c. These effects mediated by the mouse TNF-«
differ from the previously characterized effects of a human TNF-« transgene?'. Specifically, the brain inflam-
matory phenotype in 5XFAD/TNFA*RE* mice is milder with less activated microglial cells and lacks astrocytic
activation compared to the 5XFAD/Tg197. Yet, in both studies a significant reduction in amyloid plaque forma-
tion is observed that coincides with activated microglia and synaptic degeneration, suggesting a central role for
microglia in modulating the AD-like phenotype. A possible explanation for this difference in the glial activation

SCIENTIFIC REPORTS |

(2020) 10:8670 | https://doi.org/10.1038/s41598-020-65378-2


https://doi.org/10.1038/s41598-020-65378-2

www.nature.com/scientificreports/

between the two studies could be that in the 5XFAD/Tg197 brains, where mice express the human TNF-a, the
mouse p75 receptor is unable to bind the human TNF-af!. Therefore, in 5XFAD/Tg197 brains, huTNF-a binds
only p55 and mediates its effects through this receptor only, while in 5XFAD/TNFA4RE'+ brains, muTNF-a binds
both p55 and p75 receptors. Previous studies involving traumatic brain injury, have suggested for a protective role
for p75 in brain health, while the role p55 has been detrimental®?. Further supporting the protective role of p75
in the brain, Etanercept, a fusion protein of p75, used in RA treatment, has shown promising results in AD treat-
ment?. Finally in agreement with our previous study?', in 5XFAD/TNFA4RE/+ brains, CD45 and CD206 positive
cell activation remains strong supporting the role of these bone-marrow derived cell populations in mediating
the effect of peripheral TNF-o..

Our current and previous studies dissociate the human and the mouse TNE, in modulating neuroinflamma-
tion, in an AD/TNF transgenic mouse system. Our findings suggest for a potent protective role of the p75 TNF
receptor in modulating brain inflammation and point out the TNF pathway as a major therapeutic target in AD
therapeutics. More elaborate studies that involve genetic or pharmaceutical manipulation of the p75 TNF recep-
tor in AD/TNF transgenic mice will help to further elucidate the underlying mechanism.

Methods

Animals. 5XFAD mice? were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and were
on a C57Bl6/] genetic background. TNFAARE/+ mice?” were kindly provided by Dr. G.Kollias (Fleming Institute,
Greece) and were on a C57BL/6] genetic background. Both 5XFAD and TNFA4RE+ transgenic lines were main-
tained as hemizygotes. For the purposes of this study, 5XFAD hemizygous mice were crossed with TNFAARE+
mice to generate 5XFAD/TNFA4R+ double transgenic mice along with 5XFAD, TNFAAR+ and wild-type
non-transgenic littermates used as controls. Only female mice were used in the analysis, as 5XFAD females
develop the amyloid phenotype 2 months earlier than 5XFAD males?*?%. Mouse genotyping was performed with
polymerase chain reaction. All mice were housed in the SPF facility of the Biomedical Research Foundation and
maintained on a standard chow diet containing 5% fat (Teklad; Harlan). All animal procedures were approved
by the Bioethical Committee of the Biomedical Research Foundation and were in agreement with ethical rec-
ommendations of the European Communities Council Directive (86/609/EEC). The approved procedures for
animal care and treatment were in accordance with the Association for the Assessment and Accreditation of
Laboratory Animal Care (AAALAC) and the recommendations of Federation of European Laboratory Animal
Science Association (FELASA).

Tissue collection. Mice were anesthetized and transcardially perfused with ice-cold PBS as previously
described?!?#4047:63 After euthanasia, the brains were removed and cut along the sagittal midline. Left hemibrains
were snap-frozen for protein analysis. Right hemibrains were immersion-fixed in PBS-buffered 4% paraform-
aldehyde (Sigma Aldrich) for 48 hours and then cryoprotected in 20% sucrose in PBS for histological analysis.

Tissue processing for protein extraction. Protein extraction from hemibrains was carried out in sequen-
tial steps as previously described?!?%447:63 Tissues were homogenized in ice-cold PBS, containing protease
inhibitors (Complete Mini Protease Inhibitor Cocktail Tablets, Roche Diagnostics) with a Tissue homogenizer
(Wheaton). The homogenate was centrifuged at 12500 rpm (Biofuge fresco microcentrifuge, Fixed-angle rotor
7500 3325, Heraeus) for 45 min at 4 °C. The supernatant (PBS fraction) was removed and used to evaluate Ibal
and CD206 protein levels. The pellets were resuspended in ice-cold lysis buffer (containing 10% glycerol, 1%
Triton X-100 and protease inhibitors in PBS) and centrifuged at 9000 rpm for 10 min at 4 °C. The supernatant
(lysis fraction) was removed and used to evaluate APP/CTFs, BACE1, ADAM10, TACE, PS1/CTE, Nicastrin,
Aphl, synapsin and GFAP protein levels.

Western blot analysis.  Analysis was performed as previously described?!234047:63 Specifically, protein con-
centrations of all samples were determined using the BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s protocol. Equal amounts of total protein from hemibrains were sepa-
rated on SDS-PAGE 8-16% Tris-Glycine gels (or 12% Tris-Tricine gels for APP/CTFs and Ibal) and electropho-
retically transferred to nitrocellulose membrane (Protran, Whatman). For the detection of PS1/CTF and APP/
CTFs, proteins were transferred to PVDF membrane (Merck Millipore, Darmstadt, Germany). Membranes were
cut in two pieces, one piece, containing protein extracts of molecular weight approximately around 50kDa, was
processed separately for tubulin, and the other half was incubated separately with each of the below mentioned
primary antibodies. Only for the detection of GFAP that has a molecular weight close to tubulin (50kDa GFAP-
55kDa tubulin), membranes were first processed for detection of GFAP and then stripped (with 1,5% w/v Glycine,
0,1%w/v SDS, 1% v/v Tween-20 pH=2,2) and re-incubated for tubulin. Specifically, membranes were blocked
with 3-5% non-fat milk in TBS/Tween-20 0.05-0,1% and then incubated with specific primary antibodies: mouse
monoclonal anti-BACE1 (1:300; Merck Millipore), anti-PS1 C-terminal (1:500; Merck Millipore), anti-GFAP
(1:1500; Sigma Aldrich) and anti-tubulin (1:500; Sigma Aldrich), rat anti-CD206 (1:250, AbD Serotec), goat pol-
yclonal anti-TACE (1:300; Santa Cruz Biotechnology) and anti-Nicastrin (1:1000; Santa Cruz Biotechnology) and
rabbit polyclonal anti-APP C-terminal (1:1500; Sigma Aldrich), anti-ADAM10 (1:500; Chemicon), anti-Aph-1
(1:300; Merck Millipore), anti-synapsin (1:1000; Cell Signaling), anti-Ibal (1:500; Wako, Osaka, Japan) and
anti-LC3 (1:1000; Merck) Membranes were then incubated with the corresponding HRP-conjugated second-
ary antibody (1:3000-1:5000; Santa Cruz Biotechnology) and developed using enhanced chemiluminescence.
Densitometric analysis was performed using the NIH Image J software.

Enzyme-linked immunosorbent assays (ELISA).  For muTNF-« quantitation by ELISA, serum and PBS
brain homogenates were diluted with the ELISA sample buffer and sample duplicates were run on specific sand-
wich colorimetric ELISAs (Biolegend) according to the manufacturer’s protocol as previously described®*. Optical
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densities at 450 nm of each well were read on a microplate reader (ELx800, BioTek Instruments, Winooski, VT,
USA), and sample TNF-a concentrations were determined by comparison with the respective standard curves
using the Gen5 software (BioTek Instruments). Brain sample values were normalized to total brain protein con-
centrations determined using the BCA Protein Assay Kit. The results were calculated as mean &= SEM for each

genotype.

Thioflavine-s staining.  Analysis was performed as previously described?"2%4047:63, Specifically, fixed hem-
ibrains were cut in 40pum sagittal free-floating sections from the genu of the corpus callosum to the most caudal
hippocampus using a vibratome (Leica VT1000S, Leica Microsystems). For the quantitation of amyloid plaque
load, sections were incubated for 9 minutes in 1% w/v Thioflavine-S (Sigma Aldrich) aqueous solution and
then differentiated 2 times with 80% ethanol for 3 min each, followed by another 3 min wash with 95% etha-
nol. Sections were rinsed three times with ddH,0O and coverslipped with mounting medium for fluorescence
(Vectashield, Vector Laboratories). Imaging for Thioflavine-S was performed on a Leica TCS SP5 confocal micro-
scope and image captivation was performed using the Leica LAS AF Suite. Images for Thioflavine-S load quanti-
tation were captured using HCImage software (Hamamatsu) in a Leica DMRA 2 microscope.

AB immunohistochemistry. Analysis was performed as previously described?!284%47:63_Specifically, 40pm
sagittal free-floating sections were permealized with TBS/Triton X-100 0.1% 3 times for 10 min each, incubated
for 30 min with 0.6% H,O, in TBS and washed 3 times 5min each with TBS. Antigen retrieval was performed
with 98% formic acid (AppliChem) for 5min, followed by 3 washes with TBS. Sections were blocked in 15%
normal goat serum (Vector Laboratories) in TBS/Triton X-100 0.1% for 1 hour and incubated overnight at 4°C
with the mouse monoclonal biotinylated 6E10 antibody (1:500, Covance, Princeton, NJ, USA) in 5% normal goat
serum (Vector Laboratories) in TBS/Triton X-100 0.1%. Sections were then washed 4 times with TBS plus one
final wash with PBS, and incubation in avidin-biotinylated horseradish peroxidase complex (Vectastain Standard
ABCKit, Vector Laboratories) followed for 120 min at room temperature. Peroxidase labeling was visualized with
DAB/NIi (peroxidase substrate kit, Vector Laboratories). After a 1-2 min incubation period, sections were washed
with ddH,0, mounted on polylysine-coated slides (Thermo Fisher Scientific), dehydrated in increasing etha-
nol concentrations from 50 to 100% followed by xylene (Sigma Aldrich) and coverslipped with DPX mounting
medium (AppliChem). Imaging was performed with a DM LS2 Leica microscope, and image capture was carried
out using the Leica Application Suite (version V4.6).

Immunofluorescence. Analysis was performed as previously described?!2%4047:63 For immunofluores-
cent labeling, 40pm sagittal free-floating sections were first subjected to three 5 min washes with PBS and anti-
gen retrieval with 10 mM sodium citrate buffer pH 6, for 30 min at 80 °C. The sections were washed again with
PBS, then blocked for 1h in 10% FBS (Thermo Fisher Scientific), 1% BSA (Sigma Aldrich) in PBS/Triton X-100
0.3% and incubated overnight at 4 °C with rat anti-CD206 (1:250; AbD Serotec), rabbit anti-Ibal (1:500; Wako),
rabbit anti-smooth muscle actin (a-SMA) (1:250; GeneTech), rabbit anti-synapsin (1:1000; Cell Signaling), rat
anti-CD45 (1:200; ImmunoTools) and rat anti-CD68 (1:250; AbD Serotec) antibodies in 1% FBS, 1% BSA in
PBS/Triton X-100 0.3%. Sections were washed with PBS and developed with anti-rabbit Cy3-conjugated (1:500;
Jackson ImmunoResearch, West Grove, PA, USA), anti-rat Alexa-633-conjugated (1:500; Invitrogen) and
anti-mouse Alexa-546-conjugated (1:500; Invitrogen) secondary antibodies for 1 h at room temperature. Where
needed, sections were treated with 1% Thioflavine-S aqueous solution for 5min, differentiated twice in 70% eth-
anol and washed in PBS. For GFAP and Thioflavine-S double labeling, sections were blocked for 1h in TBS/
Triton X-100 0.4% supplemented with 5% normal goat serum and immunolabeled with anti-GFAP (1:500; Sigma
Aldrich) antibody in the blocking solution overnight at 4 °C. Sections were washed with TBS, developed with an
anti-mouse Alexa-546-conjugated secondary antibody (1:500; Invitrogen) for 1h at room temperature and then
processed for Thioflavine-S staining. For MAP-2 immunofluorescent detection, sections were permeabilized for
1h in PBS/Triton X-100 0.3%, blocked for 1h in 10% FBS, 1% BSA in PBS/Triton X-100 0.3%, and incubated
overnight at 4°C with a rabbit anti-MAP-2 (1:100; Santa Cruz Biotechnology) antibody in 1% FBS, 1% BSA in
PBS/Triton X-100 0.3%. Sections were washed with PBS and processed with an anti-rabbit Cy3-conjugated (1:500;
The Jackson Laboratory) secondary antibody for 1h at room temperature. All sections were finally mounted on
polylysine-coated slides and covered with mounting medium (Vectashield). Imaging was performed on a Leica
TCS SP5 confocal microscope and images were captured using the Leica LAS AF Suite.

Image analysis, quantitation and statistics. All confocal microscopy images were taken using the Leica
Application Suite, Advanced Fluorescence Lite, 263 build 8173 software (Leica Microsystems). All images were
analyzed using the Image J software (NIH) as previously described?-**4%47.63_ For Thioflavine-S load quantita-
tion, six 40pm sagittal hippocampal sections 240p.m were chosen. Images were analyzed with the NIH Image ]
software in an 8-bit grayscale format. Figures were generated using adobe. photoshop. elements 12 Version 12.1
(20140303.12.1.49334) software. Hippocampal or cortical area was outlined manually, and the surrounding area
was cleared. Thioflavine-S load was expressed as the percent area covered by Thioflavine-S positive plaques (%
Thioflavine-S)2!234047.63 For the quantitation of cortical CD45"8 leukocytes, Three 40pum sagittal sections 240pm
apart from each other per brain (n = 3) were immunostained for CD45 and 20x magnification image stacks were
captured on a Leica TCS SP5 confocal microscope. Cell counting was performed using the Cell Counter Image J
plugin as previously described®'. For the quantitation of microtubule-associated protein 2 (MAP2) immunore-
activity, six 40 pm sagittal sections 240 pm apart from each other per mouse brain were immunostained and 40x
magnification image stacks were captured on a Leica TCS SP5 confocal microscope. The percentage area covered
by MAP2-positive dendrites was measured (% of dendritic MAP2)?'. All the obtained measurements per section
were calculated as the mean value for each mouse brain and used for statistical analysis. Statistical analyses were
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performed using GraphPad Prism (version 6; GraphPad software Inc., La Jolla, CA, USA) as previously descri
bed?!28:4047.63_ Al data were analyzed using two-tailed unpaired t-test and expressed as mean & SEM. Statistical
significance was defined as P < 0.05.

Received: 3 December 2019; Accepted: 28 April 2020;
Published online: 26 May 2020

References

1

2.

el

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. Selkoe, D., Mandelkow, E. & Holtzman, D. Deciphering Alzheimer disease. Cold Spring Harb Perspect Med 2, a011460, https://doi.

org/10.1101/cshperspect.a011460 (2012).
Long, J. M. & Holtzman, D. M. Alzheimer Disease: An Update on Pathobiology and Treatment Strategies. Cell 179, 312-339, https://
doi.org/10.1016/j.cell.2019.09.001 (2019).

. Heneka, M. T. et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol 14, 388-405, https://doi.org/10.1016/S1474-

4422(15)70016-5 (2015).

. Heppner, F. L., Ransohoff, R. M. & Becher, B. Immune attack: the role of inflammation in Alzheimer disease. Nat Rev Neurosci 16,

358-372, https://doi.org/10.1038/nrn3880 (2015).

. Wyss-Coray, T. & Rogers, J. Inflammation in Alzheimer disease-a brief review of the basic science and clinical literature. Cold Spring

Harb Perspect Med 2, 2006346, https://doi.org/10.1101/cshperspect.a006346 (2012).

. Montgomery, S. L. & Bowers, W. J. Tumor necrosis factor-alpha and the roles it plays in homeostatic and degenerative processes

within the central nervous system. ] Neuroimmune Pharmacol 7, 42-59, https://doi.org/10.1007/s11481-011-9287-2 (2012).

. Janelsins, M. C. et al. Early correlation of microglial activation with enhanced tumor necrosis factor-alpha and monocyte

chemoattractant protein-1 expression specifically within the entorhinal cortex of triple transgenic Alzheimer’s disease mice. J
Neuroinflammation 2, 23, 1742-2094-2-23 https://doi.org/10.1186/1742-2094-2-23 (2005).

. Fillit, H. et al. Elevated circulating tumor necrosis factor levels in Alzheimer’s disease. Neurosci Lett 129, 318-320 (1991).
. Paganelli, R. et al. Proinflammatory cytokines in sera of elderly patients with dementia: levels in vascular injury are higher than

those of mild-moderate Alzheimer’s disease patients. Exp Gerontol 37, 257-263, $0531556501001917 (2002).

Brenner, D., Blaser, H. & Mak, T. W. Regulation of tumour necrosis factor signalling: live or let die. Nat Rev Immunol 15, 362-374,
nri3834 https://doi.org/10.1038/nri3834 (2015).

Choy, E. H. & Panayi, G. S. Cytokine pathways and joint inflammation in rheumatoid arthritis. N Engl ] Med 344, 907-916, https://
doi.org/10.1056/NEJM200103223441207 (2001).

Van Deventer, S. J. Tumour necrosis factor and Crohn’s disease. Gut 40, 443-448 (1997).

Feldmann, M. Development of anti-TNF therapy for rheumatoid arthritis. Nat Rev Immunol 2, 364-371, https://doi.org/10.1038/
nri802 (2002).

Schottelius, A. J. et al. Biology of tumor necrosis factor-alpha- implications for psoriasis. Exp Dermatol 13, 193-222, https://doi.org
/10.1111/.0906-6705.2004.00205.xEXD205 (2004).

Taylor, P. C. & Feldmann, M. Anti-TNF biologic agents: still the therapy of choice for rheumatoid arthritis. Nat Rev Rheumatol 5,
578-582, nrrheum.2009.181 https://doi.org/10.1038/nrrheum.2009.181 (2009).

Blandizzi, C. et al. The role of tumour necrosis factor in the pathogenesis of immune-mediated diseases. Int ] Immunopathol
Pharmacol 27,1-10, 1 (2014).

Tobinick, E. Tumour necrosis factor modulation for treatment of Alzheimer’s disease: rationale and current evidence. CNS Drugs 23,
713-725, 1 https://doi.org/10.2165/11310810-000000000-00000 (2009).

Shi, J. Q. et al. Cognitive improvement with intrathecal administration of infliximab in a woman with Alzheimer’s disease. ] Am
Geriatr Soc 59, 1142-1144, https://doi.org/10.1111/j.1532-5415.2011.03445.x (2011).

Tobinick, E. L. & Gross, H. Rapid cognitive improvement in Alzheimer’s disease following perispinal etanercept administration. J
Neuroinflammation 5, 2, https://doi.org/10.1186/1742-2094-5-2 (2008).

Chou, R. C., Kane, M., Ghimire, S., Gautam, S. & Gui, J. Treatment for Rheumatoid Arthritis and Risk of Alzheimer’s Disease: A
Nested Case-Control Analysis. CNS Drugs 30, 1111-1120, https://doi.org/10.1007/s40263-016-0374-z (2016).

Paouri, E., Tzara, O., Kartalou, G. I., Zenelak, S. & Georgopoulos, S. Peripheral Tumor Necrosis Factor-Alpha (TNF-alpha)
Modulates Amyloid Pathology by Regulating Blood-Derived Immune Cells and Glial Response in the Brain of AD/TNF Transgenic
Mice. ] Neurosci 37, 5155-5171, https://doi.org/10.1523/J]NEUROSCI.2484-16.2017 (2017).

Suss, P. Remote Control: Impacts of Peripheral Tumor Necrosis Factor-Alpha on Alzheimer Disease-Related Pathology. ] Neurosci
37, 8045-8047, https://doi.org/10.1523/]NEUROSCI.1480-17.2017 (2017).

Keffer, J. et al. Transgenic mice expressing human tumour necrosis factor: a predictive genetic model of arthritis. EMBO ] 10,
4025-4031 (1991).

Shealy, D. J. et al. Anti-TNF-alpha antibody allows healing of joint damage in polyarthritic transgenic mice. Arthritis Res 4, R7
(2002).

Kontoyiannis, D., Pasparakis, M., Pizarro, T. T., Cominelli, E & Kollias, G. Impaired on/off regulation of TNF biosynthesis in mice
lacking TNF AU-rich elements: implications for joint and gut-associated immunopathologies. Immunity 10, 387-398, https://doi.
org/10.1016/s1074-7613(00)80038-2 (1999).

Oakley, H. et al. Intraneuronal beta-amyloid aggregates, neurodegeneration, and neuron loss in transgenic mice with five familial
Alzheimer’s disease mutations: potential factors in amyloid plaque formation. ] Neurosci 26, 10129-10140, 26/40/10129 https://doi.
org/10.1523/JNEUROSCI.1202-06.2006 (2006).

Marino, M. W. et al. Characterization of tumor necrosis factor-deficient mice. Proc Natl Acad Sci USA 94, 8093-8098 (1997).
Sesele, K. et al. Conditional inactivation of nicastrin restricts amyloid deposition in an Alzheimer’s disease mouse model. Aging Cell
12, 1032-1040, https://doi.org/10.1111/acel.12131 (2013).

Kuo, L. H. et al. Tumor necrosis factor-alpha-elicited stimulation of gamma-secretase is mediated by c-Jun N-terminal Kinase-
dependent phosphorylation of presenilin and nicastrin. Mol Biol Cell 19, 4201-4212, E07-09-0987, https://doi.org/10.1091/mbc.
E07-09-0987 (2008).

Liao, Y. F, Wang, B. J,, Cheng, H. T, Kuo, L. H. & Wolfe, M. S. Tumor necrosis factor-alpha, interleukin-1beta, and interferon-
gamma stimulate gamma-secretase-mediated cleavage of amyloid precursor protein through a JNK-dependent MAPK pathway. J
Biol Chem 279, 49523-49532, https://doi.org/10.1074/jbc.M402034200M402034200 (2004).

Park, S. M. et al. Effects of collagen-induced rheumatoid arthritis on amyloidosis and microvascular pathology in APP/PS1 mice.
BMC Neurosci 12, 106, https://doi.org/10.1186/1471-2202-12-106 (2011).

D’Mello, C., Le, T. & Swain, M. G. Cerebral microglia recruit monocytes into the brain in response to tumor necrosis factoralpha
signaling during peripheral organ inflammation. J Neurosci 29, 2089-2102, https://doi.org/10.1523/JNEUROSCI.3567-08.2009
(2009).

Cameron, B. & Landreth, G. E. Inflammation, microglia, and Alzheimer’s disease. Neurobiol Dis 37, 503-509, https://doi.
org/10.1016/j.nbd.2009.10.006 (2010).

Masliah, E. et al. Immunoreactivity of CD45, a protein phosphotyrosine phosphatase, in Alzheimer’s disease. Acta Neuropathol 83,
12-20 (1991).

SCIENTIFIC REPORTS |

(2020) 10:8670 | https://doi.org/10.1038/s41598-020-65378-2


https://doi.org/10.1038/s41598-020-65378-2
https://doi.org/10.1101/cshperspect.a011460
https://doi.org/10.1101/cshperspect.a011460
https://doi.org/10.1016/j.cell.2019.09.001
https://doi.org/10.1016/j.cell.2019.09.001
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1038/nrn3880
https://doi.org/10.1101/cshperspect.a006346
https://doi.org/10.1007/s11481-011-9287-2
https://doi.org/10.1186/1742-2094-2-23
https://doi.org/10.1038/nri3834
https://doi.org/10.1056/NEJM200103223441207
https://doi.org/10.1056/NEJM200103223441207
https://doi.org/10.1038/nri802
https://doi.org/10.1038/nri802
https://doi.org/10.1111/j.0906-6705.2004.00205.xEXD205
https://doi.org/10.1111/j.0906-6705.2004.00205.xEXD205
https://doi.org/10.1038/nrrheum.2009.181
https://doi.org/10.2165/11310810-000000000-00000
https://doi.org/10.1111/j.1532-5415.2011.03445.x
https://doi.org/10.1186/1742-2094-5-2
https://doi.org/10.1007/s40263-016-0374-z
https://doi.org/10.1523/JNEUROSCI.2484-16.2017
https://doi.org/10.1523/JNEUROSCI.1480-17.2017
https://doi.org/10.1016/s1074-7613(00)80038-2
https://doi.org/10.1016/s1074-7613(00)80038-2
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1111/acel.12131
https://doi.org/10.1091/mbc.E07-09-0987
https://doi.org/10.1091/mbc.E07-09-0987
https://doi.org/10.1074/jbc.M402034200M402034200
https://doi.org/10.1186/1471-2202-12-106
https://doi.org/10.1523/JNEUROSCI.3567-08.2009
https://doi.org/10.1016/j.nbd.2009.10.006
https://doi.org/10.1016/j.nbd.2009.10.006

www.nature.com/scientificreports/

35.
36.
37.

38.
. Alvarez-Arellano, L. et al. Autophagy impairment by caspase-1-dependent inflammation mediates memory loss in response to beta-

40.

41.
42.
43.

44,

45.
46.

47.

48.

49.

50.

51.
52.
53.
54.
55.

56.

57

58.

59.

60.

61.

62.

63.

64.

da Silva, R. P. & Gordon, S. Phagocytosis stimulates alternative glycosylation of macrosialin (mouse CD68), a macrophage-specific
endosomal protein. Biochem ] 338(Pt 3), 687-694 (1999).

Matsumura, A. et al. Temporal changes of CD68 and alpha7 nicotinic acetylcholine receptor expression in microglia in Alzheimer’s
disease-like mouse models. ] Alzheimers Dis 44, 409-423, QH500N55X44T248T https://doi.org/10.3233/JAD-141572 [doi] (2015).
Minett, T. et al. Microglial immunophenotype in dementia with Alzheimer’s pathology. ] Neuroinflammation 13, 135, https://doi.
org/10.1186/512974-016-0601-z (2016).

Heckmann, B. L. & Green, D. R. LC3-associated phagocytosis at a glance. J Cell Sci 132, https://doi.org/10.1242/jcs.222984 (2019).

Amyloid peptide accumulation. ] Neurosci Res 96, 234-246, https://doi.org/10.1002/jnr.24130 (2018).

Thanopoulou, K., Fragkouli, A., Stylianopoulou, F. & Georgopoulos, S. Scavenger receptor class B type I (SR-BI) regulates
perivascular macrophages and modifies amyloid pathology in an Alzheimer mouse model. Proc Natl Acad Sci USA 107,
20816-20821, https://doi.org/10.1073/pnas.1005888107 (2010).

Hawkes, C. A. & McLaurin, J. Selective targeting of perivascular macrophages for clearance of beta-amyloid in cerebral amyloid
angiopathy. Proc Natl Acad Sci USA 106, 1261-1266, https://doi.org/10.1073/pnas.0805453106 (2009).

Santello, M. & Volterra, A. TNFalpha in synaptic function: switching gears. Trends Neurosci 35, 638-647, S0166-2236(12)00109-9
https://doi.org/10.1016/j.tins.2012.06.001 (2012).

Cheng, X., Shen, Y. & Li, R. Targeting TNF: a therapeutic strategy for Alzheimer’s disease. Drug Discov Today 19, 1822-1827, https://
doi.org/10.1016/j.drudis.2014.06.029 (2014).

Detrait, E. R., Danis, B., Lamberty, Y. & Foerch, P. Peripheral administration of an anti-TNF-alpha receptor fusion protein
counteracts the amyloid induced elevation of hippocampal TNF-alpha levels and memory deficits in mice. Neurochem Int 72, 10-13,
https://doi.org/10.1016/j.neuint.2014.04.001 (2014).

Decourt, B., Lahiri, D. K. & Sabbagh, M. N. Targeting Tumor Necrosis Factor Alpha for Alzheimer’s Disease. Curr Alzheimer Res 14,
412-425, https://doi.org/10.2174/1567205013666160930110551 (2017).

Gabbita, S. P. et al. Oral TNFalpha Modulation Alters Neutrophil Infiltration, Improves Cognition and Diminishes Tau and Amyloid
Pathology in the 3xTgAD Mouse Model. PLoS One 10, 0137305, https://doi.org/10.1371/journal.pone.0137305 (2015).

Paouri, E., Tzara, O., Zenelak, S. & Georgopoulos, S. Genetic Deletion of Tumor Necrosis Factor-alpha Attenuates Amyloid-beta
Production and Decreases Amyloid Plaque Formation and Glial Response in the 5XFAD Model of Alzheimer’s Disease. ] Alzheimers
Dis 60, 165-181, https://doi.org/10.3233/JAD-170065 (2017).

He, P. et al. Deletion of tumor necrosis factor death receptor inhibits amyloid beta generation and prevents learning and memory
deficits in Alzheimer’s mice. J Cell Biol 178, 829-841, https://doi.org/10.1083/jcb.200705042 (2007).

Jiang, H. et al. Genetic deletion of TNFRII gene enhances the Alzheimer-like pathology in an APP transgenic mouse model via
reduction of phosphorylated IkappaBalpha. Hum Mol Genet 23, 4906-4918, hmg/ddu206 https://doi.org/10.1093/hmg/ddu206
(2014).

Laird, E M. et al. BACE1, a major determinant of selective vulnerability of the brain to amyloid-beta amyloidogenesis, is essential
for cognitive, emotional, and synaptic functions. ] Neurosci 25, 11693-11709, https://doi.org/10.1523/JNEUROSCI.2766-05.2005
(2005).

Buxbaum, J. D. et al. Evidence that tumor necrosis factor alpha converting enzyme is involved in regulated alpha-secretase cleavage
of the Alzheimer amyloid protein precursor. J Biol Chem 273, 27765-27767 (1998).

Haass, C., Kaether, C., Thinakaran, G. & Sisodia, S. Trafficking and Proteolytic Processing of APP. Cold Spring Harb Perspect Med 2,
2006270, https://doi.org/10.1101/cshperspect.a006270a006270 (2012).

Lunn, C. A. et al. Purification of ADAM 10 from bovine spleen as a TNFalpha convertase. FEBS Lett 400, 333-335, S0014-
5793(96)01410-X (1997).

Rosendahl, M. S. et al. Identification and characterization of a pro-tumor necrosis factor-alpha-processing enzyme from the ADAM
family of zinc metalloproteases. ] Biol Chem 272, 24588-24593 (1997).

Camara, M. L. et al. Effects of centrally administered etanercept on behavior, microglia, and astrocytes in mice following a peripheral
immune challenge. Neuropsychopharmacology 40, 502512, https://doi.org/10.1038/npp.2014.199 (2015).

Liddelow, S. A. et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 541, 481-487, https://doi.
org/10.1038/nature21029 (2017).

. Janelsins, M. C. et al. Chronic neuron-specific tumor necrosis factor-alpha expression enhances the local inflammatory environment

ultimately leading to neuronal death in 3xTg-AD mice. Am ] Pathol 173, 1768-1782, https://doi.org/10.2353/ajpath.2008.080528
(2008).

Neniskyte, U., Vilalta, A. & Brown, G. C. Tumour necrosis factor alpha-induced neuronal loss is mediated by microglial
phagocytosis. FEBS Lett 588, 29522956, https://doi.org/10.1016/j.febslet.2014.05.046 (2014).

Hong, S. et al. Complement and microglia mediate early synapse loss in Alzheimer mouse models. Science 352, 712-716, science.
aad8373 https://doi.org/10.1126/science.aad8373 (2016).

Montgomery, S. L. et al. Ablation of TNF-RI/RII expression in Alzheimer’s disease mice leads to an unexpected enhancement of
pathology: implications for chronic pan-TNF-alpha suppressive therapeutic strategies in the brain. Am J Pathol 179, 2053-2070,
https://doi.org/10.1016/j.ajpath.2011.07.001 (2011).

Lewis, M. et al. Cloning and expression of cDNAs for two distinct murine tumor necrosis factor receptors demonstrate one receptor
is species specific. Proc Natl Acad Sci USA 88, 2830-2834, https://doi.org/10.1073/pnas.88.7.2830 (1991).

Longhi, L. et al. Tumor necrosis factor in traumatic brain injury: effects of genetic deletion of p55 or p75 receptor. ] Cereb Blood Flow
Metab 33, 1182-1189, https://doi.org/10.1038/jcbfm.2013.65 (2013).

Katsouri, L. & Georgopoulos, S. Lack of LDL receptor enhances amyloid deposition and decreases glial response in an Alzheimer’s
disease mouse model. PLoS One 6, €21880, https://doi.org/10.1371/journal.pone.0021880 (2011).

Li, H. et al. Treatment with low-energy shock wave alleviates pain in an animal model of uroplakin 3A-induced autoimmune
interstitial cystitis/painful bladder syndrome. Investig Clin Urol 60, 359-366, https://doi.org/10.4111/icu.2019.60.5.359 (2019).

Acknowledgements

We thank Dr. George Kollias (Fleming Institute, Vari, Greece) for kindly providing the TNF-oe AARE mice.
Dr. Stamatis Pagkakis and Dr. Eleni Rigana (Biomedical Research Foundation, Academy of Athens, Athens,
Greece) are gratefully acknowledged for their assistance with confocal microscopy. Part of this research has
been co-financed by the European Union (European Social Fund — ESF) and Greek national funds through the
Operational Program “Education and Lifelong Learning” of the National Strategic Reference Framework (NSRF)
- Research Funding Program: THALIS -UOA- Study of neurodegeneration mechanisms in Alzheimer’s disease.

Author contributions
S.G. designed research; N.K., O.A., S.B., E.P. and A.B. performed research and analyzed data; S.G. wrote the paper.

SCIENTIFICREPORTS|  (2020) 10:8670 | https://doi.org/10.1038/s41598-020-65378-2


https://doi.org/10.1038/s41598-020-65378-2
https://doi.org/10.3233/JAD-141572
https://doi.org/10.1186/s12974-016-0601-z
https://doi.org/10.1186/s12974-016-0601-z
https://doi.org/10.1242/jcs.222984
https://doi.org/10.1002/jnr.24130
https://doi.org/10.1073/pnas.1005888107
https://doi.org/10.1073/pnas.0805453106
https://doi.org/10.1016/j.tins.2012.06.001
https://doi.org/10.1016/j.drudis.2014.06.029
https://doi.org/10.1016/j.drudis.2014.06.029
https://doi.org/10.1016/j.neuint.2014.04.001
https://doi.org/10.2174/1567205013666160930110551
https://doi.org/10.1371/journal.pone.0137305
https://doi.org/10.3233/JAD-170065
https://doi.org/10.1083/jcb.200705042
https://doi.org/10.1093/hmg/ddu206
https://doi.org/10.1523/JNEUROSCI.2766-05.2005
https://doi.org/10.1101/cshperspect.a006270a006270
https://doi.org/10.1038/npp.2014.199
https://doi.org/10.1038/nature21029
https://doi.org/10.1038/nature21029
https://doi.org/10.2353/ajpath.2008.080528
https://doi.org/10.1016/j.febslet.2014.05.046
https://doi.org/10.1126/science.aad8373
https://doi.org/10.1016/j.ajpath.2011.07.001
https://doi.org/10.1073/pnas.88.7.2830
https://doi.org/10.1038/jcbfm.2013.65
https://doi.org/10.1371/journal.pone.0021880
https://doi.org/10.4111/icu.2019.60.5.359

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-65378-2.

Correspondence and requests for materials should be addressed to S.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:8670 | https://doi.org/10.1038/s41598-020-65378-2


https://doi.org/10.1038/s41598-020-65378-2
https://doi.org/10.1038/s41598-020-65378-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A 3′UTR modification of the TNF-α mouse gene increases peripheral TNF-α and modulates the Alzheimer-like phenotype in 5XFAD ...
	Results

	5ΧFAD/TNFΔARE/+ mice have elevated TNF-α protein levels in the periphery only and not in the brain. 
	Amyloid deposits and plaque load are reduced in the 5XFAD/TNFΔARE/+ mouse brains. 
	Modification of the muTNF-α endogenous gene does not alter APP processing enzymes in 5XFAD/TNFΔARE/+ mice. 
	5ΧFAD/TNFΔARE/+ and TNFΔARE/+ mice have activated microglia but not activated astrocytes. 
	5XFAD/TNFΔARE/+ mice display increased CD45 infiltrating leukocytes and CD68-positive phagocytic microglia as well as eleva ...
	5ΧFAD/TNFΔARE/+ mice show increased CD206-positive leptomeningeal and perivascular macrophages. 
	5ΧFAD/TNFΔARE/+ mice display significant synaptic degeneration. 

	Discussion

	Methods

	Animals. 
	Tissue collection. 
	Tissue processing for protein extraction. 
	Western blot analysis. 
	Enzyme-linked immunosorbent assays (ELISA). 
	Thioflavine-s staining. 
	Αβ immunohistochemistry. 
	Immunofluorescence. 
	Image analysis, quantitation and statistics. 

	Acknowledgements

	Figure 1 Peripheral muTNF-α is increased in 5XFAD/TNFΔARE/+ mice, whereas brain muTNF-α remains unchanged.
	Figure 2 Genetic modification of the muTNF-α gene significantly reduces amyloid plaque load and Aβ deposition in 5XFAD/TNFΔARE/+ mice.
	Figure 3 Genetic modification of the muTNF-α gene has no effect on APP processing enzymes.
	Figure 4 Microglia but not astrocytes are activated in 5XFAD/TNFΔARE/+ mice.
	Figure 5 CD45 infiltrating leukocytes are increased while CD68-positive phagocytic microglia and LC3II levels show a trend towards increase in the 5XFAD/TNFΔARE/+ brains.
	Figure 6 5XFAD/TNFΔARE/+ mice display increased CD206-positive meningeal and perivascular macrophages (arrows).
	Figure 7 5XFAD/TNFΔARE/+ mice show extensive loss of MAP2 and synapsin immunoreactivity.




