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Peripheral Tumor Necrosis Factor-Alpha (TNF-�) Modulates
Amyloid Pathology by Regulating Blood-Derived Immune Cells
and Glial Response in the Brain of AD/TNF Transgenic Mice
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Laboratory of Cellular Neurobiology, Center of Basic Research, Biomedical Research Foundation, Academy of Athens, 11527, Athens, Greece

Increasing evidence has suggested that systemic inflammation along with local brain inflammation can play a significant role in Alzhei-
mer’s disease (AD) pathogenesis. Identifying key molecules that regulate the crosstalk between the immune and the CNS can provide
potential therapeutic targets. TNF-� is a proinflammatory cytokine implicated in the pathogenesis of systemic inflammatory and neu-
rodegenerative diseases, such as rheumatoid arthritis (RA) and AD. Recent studies have reported that anti-TNF-� therapy or RA itself can
modulate AD pathology, although the underlying mechanism is unclear. To investigate the role of peripheral TNF-� as a mediator of RA
in the pathogenesis of AD, we generated double-transgenic 5XFAD/Tg197 AD/TNF mice that develop amyloid deposits and inflammatory
arthritis induced by human TNF-� (huTNF-�) expression. We found that 5XFAD/Tg197 mice display decreased amyloid deposition,
compromised neuronal integrity, and robust brain inflammation characterized by extensive gliosis and elevated blood-derived immune
cell populations, including phagocytic macrophages and microglia. To evaluate the contribution of peripheral huTNF-� in the observed
brain phenotype, we treated 5XFAD/Tg197 mice systemically with infliximab, an anti-huTNF-� antibody that does not penetrate the
blood– brain barrier and prevents arthritis. Peripheral inhibition of huTNF-� increases amyloid deposition, rescues neuronal impair-
ment, and suppresses gliosis and recruitment of blood-derived immune cells, without affecting brain huTNF-� levels. Our data report, for
the first time, a distinctive role for peripheral TNF-� in the modulation of the amyloid phenotype in mice by regulating blood-derived and
local brain inflammatory cell populations involved in �-amyloid clearance.
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
ease characterized by severe memory loss and cognitive impair-

ment (Selkoe et al., 2012). Although �-amyloid (��) aggregation
is traditionally accepted to be the primary initiator of the disease,
mounting evidence supports the active involvement of neuro-
inflammation (Heneka et al., 2015; Heppner et al., 2015). Mi-
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Significance Statement

Mounting evidence supports the active involvement of systemic inflammation, in addition to local brain inflammation, in Alzhei-
mer’s disease (AD) progression. TNF-� is a pluripotent cytokine that has been independently involved in the pathogenesis of
systemic inflammatory rheumatoid arthritis (RA) and AD. Here we first demonstrate that manipulation of peripheral TNF-� in
the context of arthritis modulates the amyloid phenotype by regulating immune cell trafficking in the mouse brain. Our study
suggests that additionally to its local actions in the AD brain, TNF-� can also indirectly modulate amyloid pathology as a regulator
of peripheral inflammation. Our findings may have significant implications in the treatment of RA patients with anti-TNF-� drugs
and in the potential use of TNF-targeted therapies for AD.
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croglia, the brain-resident immune cells, have been shown to
accumulate around amyloid plaques and contribute to A� clear-
ance (Cameron and Landreth, 2010; Lee and Landreth, 2010).
Experimental data suggest that other mononuclear phagocytes,
such as perivascular macrophages and peripheral monocytes, are
also involved in A� removal (Simard et al., 2006; Hawkes and
McLaurin, 2009). Recent work has suggested that systemic in-
flammation also affects the AD pathogenic process. Acute sys-
temic inflammation caused by bacterial infection exacerbates AD
pathology (O’Banion, 2014), whereas chronic systemic inflam-
mation occurring in autoimmune diseases such as rheumatoid
arthritis (RA) has also been reported to modify the amyloid phe-
notype of AD mice (Kyrkanides et al., 2011; Park et al., 2011).

Elevated production of proinflammatory molecules, such
as TNF-�, IL-1�, and IL-6, has been implicated in AD process
(Wyss-Coray and Rogers, 2012). TNF-� is a proinflammatory
cytokine involved in the pathogenesis of chronic autoimmune
diseases, such as RA, psoriasis, and Crohn’s disease (Van De-
venter, 1997; Choy and Panayi, 2001; Feldmann, 2002; Schottel-
ius et al., 2004). The central role of TNF-� in these diseases has led
to the development of anti-TNF-� therapeutics (Taylor and Feld-
mann, 2009; Blandizzi et al., 2014). Epidemiological studies have
demonstrated that the relative AD risk is significantly reduced
in RA patients receiving nonsteroidal anti-inflammatory drugs
(McGeer et al., 1996; Etminan et al., 2003) or anti-TNF-� agents
(Chou et al., 2016), suggesting that lowering inflammatory re-
sponse is beneficial for AD. Moreover, case studies have reported
that treatment of AD patients with the anti-TNF-� agents inflix-
imab or etanercept resulted in rapid cognitive improvement (To-
binick and Gross, 2008; Tobinick, 2009; Shi et al., 2011a). TNF-�
is increased in the serum and CSF of AD patients and has been
detected in colocalization with amyloid plaques (Fillit et al., 1991;
Dickson, 1997; Janelsins et al., 2005; Galimberti et al., 2008;
Montgomery and Bowers, 2012). Elevated TNF-� levels have
been also implicated in neurotoxicity (Perini et al., 2002; Takeu-
chi et al., 2006) and reflect disease severity (Paganelli et al., 2002),
further supporting that TNF-� contributes to AD pathogenesis.
Genetic ablation of TNF receptor-1 or administration of TNF-�
inhibitors in AD mice results in attenuation of the amyloid phe-
notype (He et al., 2007; McAlpine et al., 2009; Shi et al., 2011b;
Tweedie et al., 2012; Gabbita et al., 2015), suggesting that inhibi-
tion of TNF-� signaling confers a protective effect against ��-
related pathology. Meanwhile, transient hippocampal TNF-�
expression decreased amyloid deposition (Chakrabarty et al.,
2011), whereas chronic neuronal TNF-� expression exacerbated
�� pathology (Janelsins et al., 2008) in the mouse AD brain,
suggesting that TNF-� may exert either a beneficial or detrimental
role in AD probably depending on differences in the spatiotem-
poral TNF-� expression pattern. Although these studies point
toward a significant role for TNF-� in AD pathogenesis, it is not
clear whether inhibiting or enhancing TNF-� signaling could
serve as a therapeutic approach for AD.

Considering that both RA and TNF-� have been implicated in the
pathogenesis of AD, we investigated the role of TNF-� as a mediator of
systemic inflammatory arthritis in the progression of amyloid pathol-
ogy. We generated double-transgenic 5XFAD/Tg197 AD/TNF mice
that combine amyloid pathology (Oakley et al., 2006) and human
TNF-� (huTNF-�) expression resulting in inflammatory polyarthritis
(Keffer et al., 1991). As huTNF-� is expressed both peripherally and
centrally, we treated 5XFAD/Tg197 mice systemically with infliximab
anti-huTNF-� antibody, which inhibits the arthritic phenotype (Shealy
et al., 2002), to assess the impact of blocking only peripheral huTNF-�
on the amyloid phenotype. Analysis of 5XFAD/Tg197-treated and un-

treated mice revealed that peripheral huTNF-� can modulate the amy-
loid pathology by regulating blood-derived immune cell trafficking into
the brain.

Materials and Methods
Animals. 5XFAD mice were purchased from The Jackson Laboratory and
maintained on a C57BL/6J genetic background. 5XFAD is a well-
established AD mouse model that harbors 3 amyloid precursor protein
(APP) mutations and 2 presenilin 1 (PS1) mutations linked to familial
AD (FAD) (Oakley et al., 2006). Tg197 transgenic mice were kindly pro-
vided by Dr. G. Kollias (Biomedical Sciences Research Center “Alexander
Fleming”) and maintained on a C57BL/6J genetic background. Tg197
mice, carrying a 3�-modified human TNF-globin transgene, show dereg-
ulated patterns of huTNF-� gene expression and develop chronic in-
flammatory polyarthritis (Keffer et al., 1991). Both 5XFAD and Tg197
transgenic lines were maintained as hemizygotes. For the purposes of the
present study, we crossed 5XFAD mice with Tg197 mice to obtain 5XFAD/
Tg197 AD/TNF double-transgenic mice along with 5XFAD, Tg197, and
wild-type (C57BL/6) littermates. Only female mice were used in the anal-
ysis, as 5XFAD females develop the amyloid phenotype 2 months earlier
than 5XFAD males (Oakley et al., 2006; Sesele et al., 2013). Mouse geno-
typing was performed with PCR. 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 recommendations of the
European Communities Council Directive (86/609/EEC). The approved
procedures for animal care and treatment were according to institutional
guidelines following those of the Association for the Assessment and Accred-
itation of Laboratory Animal Care and the recommendations of Federation
of European Laboratory Animal Science Association.

Infliximab treatment. Infliximab (Remicade) anti-huTNF-� antibody
was purchased from a pharmaceutical supplier in a 100 mg vial contain-
ing the lyophilized drug, which was reconstituted in sterile 0.9% NaCl
(saline) before use. AD/TNF transgenic 5XFAD/Tg197 mice received
intraperitoneal injections of infliximab (10 mg/kg) or saline. 5XFAD
littermates were also treated with saline. Mice were subjected to periph-
eral infliximab or saline treatment once a week, starting at the age of 1
month until the age of 2.5 or 4 months, when they were killed for analysis.
Therefore, three mouse groups were analyzed at two different time points:
(1) 5XFAD/Tg197 mice treated with infliximab (�infl), (2) 5XFAD/Tg197
mice treated with saline, and (3) 5XFAD mice treated with saline. To exam-
ine for a potential effect of infliximab on the brain phenotype of 5XFAD
mice, 2 more mouse groups were generated: (1) 5XFAD mice treated with
infliximab (�infl) and (2) 5XFAD mice treated with isotype control human
IgG1 (R&D Systems) (�ctrl IgG), which were analyzed at the age of 2.5
months. Five to 7 mice per group were used for analysis.

Tissue collection. Mice were anesthetized and transcardially perfused
with ice-cold PBS. Immediately after death, the brains were removed and
cut along the sagittal midline. Left hemibrains were snap-frozen for pro-
tein analysis. Right hemibrains were immersion-fixed in PBS-buffered
4% PFA for 48 h and then cryoprotected in 20% sucrose in PBS for
histological analysis. Serum samples were collected from the right atrium
just before the perfusion step.

Tissue processing for protein extraction. Protein extraction from brains
was performed in three sequential steps. Tissues were homogenized in
ice-cold PBS, containing protease inhibitors (Complete Mini Protease
Inhibitor Cocktail Tablets; Roche Applied Science) with a Tissue homog-
enizer (Wheaton). The homogenate was centrifuged at 12,500 rpm for 45
min at 4°C. The supernatant (PBS fraction) was removed and used to
evaluate ionized calcium binding adaptor molecule 1 (Iba1) and CD206
protein levels. The pellets were resuspended in ice-cold lysis buffer (con-
taining 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 soluble ��, huTNF-�,
GFAP, and APP protein levels. The pellet from this step was finally solu-
bilized in 5 M guanidine-HCl (guanidine fraction) at room temperature
for 3 h with continuous rotation to evaluate insoluble plaque-associated
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A�. Brain tissue from all animals was extracted in an identical manner,
and all fractions were immediately frozen at �80°C until analysis.

Western blot analysis. Protein concentrations of all samples were de-
termined using the BCA Protein Assay Kit (Thermo Scientific). Equal
amounts of total protein from hemibrains were separated on SDS-PAGE
10% Tris-glycine gels (or 12% Tris-tricine gels for Iba1) and electropho-
retically transferred to nitrocellulose membranes (Protran, Whatman).
Membranes were blocked with 5% nonfat milk in TBS/Tween-20 0.05%
and then incubated with specific primary antibodies: mouse anti-GFAP
(1:3000; Sigma-Aldrich), rabbit anti-Iba1 (1:500; Wako), rat anti-CD206
(1:500; AbD Serotec), rabbit anti-APP (1:1500; Sigma-Aldrich), or mouse anti-
����-tubulin (1:500; Sigma-Aldrich). Membranes were then incubated
with the corresponding HRP-conjugated secondary antibody (1:3000 –
1:5000; Santa Cruz Biotechnology) and developed using enhanced
chemiluminescence. Densitometric analysis was performed using the
National Institutes of Health ImageJ software.

ELISAs. For �� species quantitation by ELISA, lysis (soluble ��) and
guanidine (insoluble ��) brain homogenates were diluted with the
ELISA sample buffer and sample duplicates were run on ��40- and
��42-specific sandwich colorimetric ELISAs (Invitrogen) according to
the manufacturer’s protocol. For huTNF-� ELISA, lysis brain homoge-
nates and serum samples were diluted with the ELISA assay diluent and
sample duplicates were run on huTNF-�-specific sandwich colorimetric
ELISA (R&D Systems) following the manufacturer’s protocol. Optical
densities at 450 nm of each well were read on a microplate reader (ELx800,
BioTek Instruments), and sample ��40, ��42 or huTNF-� concentra-
tions were determined by comparison with the respective standard
curves using the Gen5 software (BioTek Instruments). Brain sample val-
ues were normalized to total brain protein concentrations determined
using the BCA Protein Assay Kit (Thermo Scientific). The results were
calculated as mean � SEM for each mouse group.

Immunohistochemistry for total ��. Fixed hemibrains were cut in 40
�m sagittal free-floating sections from the genu of the corpus callosum to
the most caudal hippocampus using a vibratome (Leica VT1000S). Sec-
tions were permeabilized with TBS/Triton X-100 0.1% 3 times for 10 min
each, incubated for 30 min with 0.6% H2O2 in TBS, and washed 3 times
with TBS. Antigen retrieval was performed with 98% formic acid for 5
min, 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 h and incubated overnight at 4 �C with the mouse monoclonal biotin-
ylated 6E10 antibody (1:500, Covance) in 5% normal goat serum (Vector
Laboratories) in TBS/Triton X-100 0.1%. Sections were then washed four
times with TBS plus one final wash with PBS, and incubation in avidin-
biotinylated HRP complex (Vectastain Standard ABC kit, Vector Laborato-
ries) followed for 120 min at room temperature. Peroxidase labeling was
visualized with DAB/Ni (peroxidase substrate kit, Vector Laboratories). Af-
ter a 1–2 min incubation period, sections were washed with ddH2O,
mounted on polylysine-coated slides (Thermo Scientific), dehydrated in in-
creasing ethanol concentrations from 50% to 100% followed by xylene, and
coverslipped with DPX medium (BDH). Imaging was performed with a DM
LS2 Leica microscope, and image capture for �� load quantitation was
performed using the Leica Application Suite (version V4.6).

Thioflavine S staining. The 40 �m sagittal free-floating sections were in-
cubated for 9 min in 1% w/v Thioflavine S (Sigma-Aldrich) aqueous solu-
tion and then differentiated 2 times with 80% ethanol for 3 min each,
followed by another 3 min wash with 95% ethanol. Sections were rinsed
three times with ddH2O and coverslipped with mounting medium for fluo-
rescence (Vectashield, Vector Laboratories). Imaging for Thioflavine S was
performed on a Leica TCS SP5 confocal microscope, and image captivation
was performed using the Leica LAS AF Suite. Images for Thioflavine S load
quantitation were captured using HCImage software in a Leica DMRA 2
microscope.

Immunofluorescence. For immunofluorescent stainings, 40 �m sagittal
free-floating sections were first subjected to antigen retrieval in 10 mM

sodium citrate buffer, pH 6, for 30 min at 80°C, then washed with PBS,
blocked for 1 h in 10% FBS, 1% BSA in PBS/Triton X-100 0.3%, and
incubated overnight at 4°C with rabbit anti-Iba1 (1:500; Wako), rabbit
anti-CD31 (1:150; Abcam), rabbit anti-�-smooth muscle actin (�-SMA)
(1:250; GeneTech), rat anti-CD206 (1:250; AbD Serotec), rat anti-CD45

(1:200; ImmunoTools), rat anti-Ly6C (1:100; Santa Cruz Biotechnol-
ogy), rat anti-CD68 (1:250; AbD Serotec), rabbit anti-TMEM119 (1:3,
gift from Dr. BA Barres, Stanford University School of Medicine), and
mouse anti-synaptophysin (1:200; Santa Cruz Biotechnology) 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; The
Jackson Laboratory), anti-rat Alexa-633-conjugated (1:500; Invitrogen)
or anti-rat FITC-conjugated (1:250; Oxford Biotechnology) and anti-
mouse Alexa-546-conjugated (1:500; Invitrogen) secondary antibodies
for 1 h at room temperature.

For infliximab immunofluorescent detection, 40 �m sagittal brain sec-
tions from nonperfused infliximab-treated 5XFAD/Tg197 mice (n � 2),
already processed for CD31 and SMA immunostaining, were incubated with
an anti-huIgG FITC-conjugated secondary antibody (1:250; Santa Cruz Bio-
technology) for 1 h at room temperature. For Iba1 and Thioflavine S,
double-labeling sections were finally treated with 1% Thioflavine S aqueous
solution for 5 min, differentiated twice in 70% EtOH, and washed in PBS.

For GFAP and Thioflavine S double labeling, sections were blocked for
1 h in TBS/Triton X-100 0.4% supplemented with 5% normal goat serum
and immunolabeled with mouse anti-GFAP (1:500; Sigma-Aldrich) anti-
body in the blocking solution overnight at 4°C. Sections were washed with
TBS, developed with an anti-mouse Alexa-546-conjugated secondary anti-
body (1:500; Invitrogen) for 1 h at room temperature, and then processed for
Thioflavine S staining. Sections were treated with 1% Thioflavine S aqueous
solution for 5 min, differentiated twice in 70% EtOH, and washed in PBS.

For MAP-2 immunofluorescent detection, sections were permeabil-
ized for 1 h in PBS/Triton X-100 0.3%, blocked for 1 h in 10% FBS, 1%
BSA in PBS/Triton X-100 0.3%, and incubated overnight at 4°C with an
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 developed with an anti-rabbit Cy3-conjugated (1:500; The Jackson
Laboratory) secondary antibody for 1 h at room temperature.

All sections were finally mounted on polylysine-coated slides (Thermo
Scientific) and coverslipped with mounting medium for fluorescence
(Vectashield, Vector Laboratories). Imaging was performed on a Leica
TCS SP5 confocal microscope, and images were captured using the Leica
LAS AF Suite.

Image analysis and quantitation. All images were analyzed using the NIH
ImageJ software. For the estimation of Thioflavine S or A� load, six 40 �m
sagittal sections 240 �m apart from each other spanning all the hippocampal
formation were chosen for Thioflavine S staining or total �� immunohisto-
chemistry. After defining the region of interest (total hippocampal or cortical
area), images were thresholded within a linear range and the load was ex-
pressed as the percentage area covered by Thioflavine S-positive plaques or
A�-positive staining (% Thioflavine S or A� load).

For the quantitation of cortical CD45 high leukocytes, five or six 40 �m
sagittal sections 240 �m apart from each other per mouse brain were
immunostained for CD45 and 10	 magnification image stacks were
captured on a Leica TCS SP5 confocal microscope. Cell counting was
performed using the Cell Counter ImageJ plugin.

For the quantitation of cortical dendritic microtubule-associated pro-
tein 2 (MAP2) immunoreactivity, five or six 40 �m sagittal sections 240
�m apart from each other per mouse brain were immunostained for
MAP2 and 40	 magnification image stacks were captured on a Leica
TCS SP5 confocal microscope. Images were thresholded within a linear
range, and the percentage area covered by MAP2-positive dendrites was
measured (% of dendritic MAP2).

For the quantitation of cortical synaptophysin intensity, five or six 40
�m sagittal sections 240 �m apart from each other per mouse brain were
immunostained for synaptophysin and 40	 magnification image stacks
were captured on a Leica TCS SP5 confocal microscope. The Raw Inte-
grated Density of pixels was calculated for each image.

All the obtained measurements per section were then calculated as the
mean value for each mouse brain and used for statistical analysis.

Statistics. All data were analyzed using one-way ANOVA followed by
Tukey’s post hoc test. Statistical analyses were performed using GraphPad
Prism (version 5; GraphPad software for Science). Statistical significance
was defined as p 
 0.05. All data are expressed as mean � SEM.
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Results
Generation of 5XFAD/Tg197 AD/TNF transgenic mice
To examine the effects of peripheral huTNF-� as a mediator of
rheumatoid arthritis in AD pathogenesis, we crossed 5XFAD
transgenic mice, a well-established AD mouse model (Oakley et
al., 2006), with Tg197 mice, a huTNF-� expressing mouse model
of arthritis (Keffer et al., 1991). Tg197 mice express a human
TNF-� modified transgene, in which the 3�-untranslated region
of the human TNF-� gene has been replaced with the 3�-
untranslated region of the human �-globin gene, under the guid-
ance of the huTNF-� endogenous promoter. This modification
results in deregulated expression of human TNF-� in different
tissues, specifically in the joints, thymus, spleen, kidney, lung,
and brain (Keffer et al., 1991). As a result of huTNF-� expression,
Tg197 mice develop chronic inflammatory polyarthritis, starting
at �1 month of age, and show reduced weight gain (Keffer et al.,
1991), probably due to impaired movement and limited access to
food. Peripheral treatment of Tg197 mice with the anti-huTNF-�
neutralizing antibody infliximab, the first anti-TNF therapeutic
for RA to be successfully applied in the clinic, completely inhibits
the arthritic phenotype and allows Tg197 treated mice to develop nor-
mally (http://www.biomedcode.com/gr/en/content/human-tnf-
driven-polyarthritis-tg197) (Keffer et al., 1991; Shealy et al.,
2002).

For the purpose of the present study, three mouse groups
were generated and analyzed at the age of 2.5 and 4 months:
(1) 5XFAD/Tg197 mice treated with infliximab (5XFAD/Tg197�infl),
(2) 5XFAD/Tg197 mice treated with saline (5XFAD/Tg197), and
(3) 5XFAD mice treated with saline (5XFAD). To examine for
any potential effects of peripheral infliximab treatment on the
5XFAD amyloid phenotype, 2 more mouse groups were gener-
ated and analyzed at the age of 2.5 months: (1) 5XFAD mice
treated with infliximab (5XFAD�infl) and (2) 5XFAD mice
treated with isotype control human IgG1(5XFAD�ctrl IgG). All
mice received weekly intraperitoneal injections with infliximab
or saline or isotype control huIgG1, starting at 1 month of age,
before the onset of arthritis and amyloid deposition, until analy-
sis at the age of 2.5 or 4 months.

All 5XFAD/Tg197 mice treated with saline developed polyar-
thritis with visible swellings at the front and back limb joints and
showed reduced weight gain similar to Tg197 siblings. Overall,
5XFAD/Tg197 mice treated with saline showed a 20% survival
rate up to the age of 4 months, probably because of decreased
food intake due to the severely worsened arthritic phenotype by
this age. To extend the life span of 5XFAD/Tg197 mice used in the
current study up to the age of 4 months, wet mouse chow was
added into the cages to provide adequate access to food. Mice of
all genotypes, including treated mice, were housed together to
ensure similar feeding conditions. All 5XFAD/Tg197 mice treated
with infliximab did not develop the arthritic phenotype and reached
the age of analysis. Only female mice were used as female 5XFAD
transgenic mice develop the amyloid related phenotype 2 months
earlier compared with males (Oakley et al., 2006; Sesele et al., 2013).
Female 5XFAD mice start to develop amyloid deposits at 2 months,
and by 4 months of age amyloid plaques have been formed through-
out the hippocampus and the cortex.

5XFAD/Tg197 mice show a robust reduction in amyloid
plaque burden, whereas peripheral infliximab treatment
significantly restores the amyloid phenotype
To examine for differences in the amyloid phenotype among the
generated mouse groups, we applied Thioflavine S staining and
immunohistochemistry with 6E10 antibody on 40 �m sagittal

brain sections for the detection of plaques and �� deposits. We
also measured A�42 and A�40 peptide levels in brain protein ex-
tracts using specific ELISAs.

Image analysis and quantitation of Thioflavine S staining that
detects fibrillary deposits showed a significant decrease of amy-
loid plaques in the hippocampus and the cortex of 2.5 (Fig.
1A,D,E) and 4 (Fig. 1C,F,G) months old 5XFAD/Tg197 com-
pared with 5XFAD mice. Amyloid plaques are almost absent in
the cortex and strongly reduced in the hippocampus, mainly in
the subiculum, of 5XFAD/Tg197 mice compared with age-
matched 5XFAD mice (Fig. 1A,C). The reduction of Thioflavine
S-positive plaque load is more prominent in the 4-month-old
mice (Fig. 1C), with a 59% decrease in the hippocampal (Fig. 1F)
and a 95.4% decrease in the cortical (Fig. 1G) amyloid plaque
load. Infliximab-treated 5XFAD/Tg197 mice show a trend to-
ward elevated amyloid plaque burden in the hippocampus and
cortex at the age of 2.5 months (Fig. 1A,D,E) and statistically
significant increase at 4 months of age (Fig. 1C,F,G) compared
with age-matched 5XFAD/Tg197 mice. Specifically, 4-month-
old infliximab-treated 5XFAD/Tg197 mice show a 191.6% in-
crease in the hippocampal (Fig. 1F) and an 892.2% increase in the
cortical (Fig. 1G) amyloid plaque load compared with 5XFAD/
Tg197 mice. Overall, infliximab treatment in 5XFAD/Tg197 mice
reestablishes plaque burden in the hippocampus to the levels of
5XFAD mice, and significantly restores amyloid plaque load in
the cortex by the age of 4 months.

Infliximab antibody has been shown to specifically neutral-
ize huTNF-� and not to cross-react with murine TNF-� (http://www.
biomedcode.com/system/uploads/asset/data/115/Remicade-Tg197. p
d f) (Irani et al., 2016; Assas et al., 2017). However, to exclude any
potential effects of peripheral infliximab treatment in the 5XFAD
amyloid phenotype, 5XFAD mice treated with infliximab or iso-
type control huIgG1were also analyzed in comparison with
5XFAD mice at the age of 2.5 months. Image analysis and quan-
titation of Thioflavine S staining revealed no differences among
the 5XFAD, 5XFAD�infl, and 5XFAD�ctrl IgG brains in the
hippocampus and cortex (Fig. 1A,B,D,E), suggesting that inflix-
imab does not affect the 5XFAD amyloid phenotype. Because
amyloid plaque load showed no difference among these 3 groups
at the age of 2.5 months, we did not proceed to analysis of 4-month-
old 5XFAD�infl and 5XFAD�ctrl IgG mice. Thioflavine S-stained
brain sections from 2.5-month-old Tg197 mice were used as neg-
ative controls (Fig. 1B).

To further examine amyloid deposition, we performed im-
munohistochemistry using the 6E10 antibody that detects both
fibrillary and nonfibrillary A�. Similarly to the Thioflavine S
analysis, significantly reduced A� immunoreactivity is observed
in the hippocampus and cortex of 2.5-month-old (Fig. 2A,D,E)
and 4-month-old (Fig. 2C,F,G) 5XFAD/Tg197 compared with
5XFAD mice. The difference is more prominent at 4-month-old
5XFAD/Tg197 mice (Fig. 2C), which show a 68.4% decrease in
the hippocampal (Fig. 2F) and an 81% decrease in the cortical
(Fig. 2G) �� load. Infliximab-treated 5XFAD/Tg197 mice at 2.5
months of age show a trend toward increase in the hippocampal
and cortical �� immunoreactivity compared with 5XFAD/Tg197
mice (Fig. 2A,D,E), whereas at 4 months this increase is statisti-
cally significant (Fig. 2C,F,G), with a 238.9% increase in the hip-
pocampal (Fig. 2F) and a 263.5% increase in the cortical (Fig. 2G)
�� immunoreactivity compared with age-matched 5XFAD/
Tg197 mice. Therefore, infliximab treatment in 5XFAD/Tg197
mice reestablishes amyloid deposition in the hippocampus to the
levels of 5XFAD mice, and significantly restores �� load in the
cortex by the age of 4 months. Image analysis and quantitation of
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�� immunoreactivity in 2.5-month-old 5XFAD�infl and
5XFAD�ctrl IgG brains showed no difference compared with 5XFAD
mice (Fig. 2�,B,D,E). �� immunostained brain sections from 2.5-
month-old Tg197 mice were used as negative controls (Fig. 2B).

Next, we examined the levels of A�42 and A�40 peptides in the
guanidine (insoluble ��) and lysis (soluble ��) fractions of
brain protein extracts using ELISA. Total (insoluble and soluble)
A�42 and A�40 levels are reduced in 5XFAD/Tg197 compared
with 5XFAD brains both for the 2.5-month-old (Fig. 3A–C) and
4-month-old (Fig. 3D–G) mice. A statistically significant reduc-
tion in the levels of insoluble A�42 (Fig. 3A,D) and A�40 (Fig.
3C,F) was revealed in 5XFAD/Tg197 mice of both ages compared
with 5XFAD mice, which reflects the observed decrease in fibril-

lary amyloid deposits between the two groups. Soluble A�42

shows a trend toward reduction at 2.5-month-old 5XFAD/Tg197
mice (Fig. 3B), whereas soluble A�42 and A�40 levels are signifi-
cantly decreased at 4 months (Fig. 3E,G). In 2.5-month-old
infliximab-treated 5XFAD/Tg197 mice, total ��42 (Fig. 3A,B)
and insoluble ��40 (Fig. 3C) levels show a trend toward increase
compared with 5XFAD/Tg197 mice. At the age of 4 months,
5XFAD/Tg197�infl mice show significantly increased total ��42

(Fig. 3D,E) and insoluble ��40 (Fig. 3F) levels compared with
5XFAD/Tg197 mice. Soluble ��40 levels of 4-month-old infliximab-
treated 5XFAD/Tg197 mice showed only a trend toward increase
(Fig. 3G). Thus, peripheral infliximab treatment of 5XFAD/
Tg197 mice resulted in an increase of A� levels by the age of 4

Figure 1. huTNF-� expression strongly reduces Thioflavine S-positive plaques, whereas peripheral infliximab treatment significantly restores amyloid plaque burden in 5XFAD/Tg197 mice.
A–C, Thioflavine S staining of sagittal brain sections of 2.5-month-old (A) and 4-month-old (C) 5XFAD, 5XFAD/Tg197, and infliximab-treated (�infl) 5XFAD/Tg197 mice was performed to detect
fibrillary amyloid plaques. 5XFAD mice treated with isotype control huIgG1 (�ctrl IgG) or infliximab (�infl) were also analyzed at the age of 2.5 months (B). Brain sections of 2.5-month-old Tg197
mice were used as negative controls (B). Representative pictures of the subiculum of the hippocampus and the cortex are shown for each mouse group. Scale bars: subiculum, 100 �m; cortex,
250 �m. D, E, F, G, Quantitation of Thioflavine S-positive amyloid plaque load in the hippocampi and cortices of 2.5-month-old (D, E) and 4-month-old (F, G) mice is expressed as the percentage
area of positive staining. A significant reduction of plaque burden was revealed in 5XFAD/Tg197 mice of both ages compared with 5XFAD mice, whereas peripheral infliximab treatment of
5XFAD/Tg197 mice resulted in significantly increased Thioflavine S load by the age of 4 months both in the hippocampus and cortex. No difference was detected among the groups of 2.5-month-old
5XFAD�ctrl IgG, 5XFAD�infl, and 5XFAD mice. Analysis was performed using ImageJ software. Data are mean � SEM; n � 5–7 per group. *p 
 0.05 (one-way ANOVA followed by Tukey’s post
hoc test). **p 
 0.01 (one-way ANOVA followed by Tukey’s post hoc test). ***p 
 0.001 (one-way ANOVA followed by Tukey’s post hoc test).

Paouri et al. • Peripheral TNF Regulates Amyloid Pathology in Mice J. Neurosci., May 17, 2017 • 37(20):5155–5171 • 5159



months. In addition, total A�42 and A�40 levels in 2.5-month-old
5XFAD�infl and 5XFAD�ctrl IgG mice showed no difference
compared with 5XFAD mice (Fig. 3A–C). Soluble A�40 levels of
2.5-month-old mice are below the detection threshold and are not
shown.

Overall, these data provide evidence that huTNF-� expression
in 5XFAD/Tg197 mice protects against amyloid deposition,
whereas peripheral infliximab treatment reverses this effect and
significantly restores amyloid load by the age of 4 months. Inflix-
imab shows a huTNF-specific effect as it does not affect the am-
yloid phenotype of 5XFAD mice.

5XFAD/Tg197 mice display robust microglial and astrocytic
activation that is strongly reduced upon peripheral infliximab
treatment
5XFAD mice have been shown to have extended neuroinflamma-
tory responses displaying a significant increase in microglial and
astrocytic activation that is associated with age and amyloid de-

position (Oakley et al., 2006). To evaluate the potential effect of
huTNF-� expression and peripheral infliximab treatment in the
activation of glial cells, we analyzed 5XFAD/Tg197, infliximab-
treated 5XFAD/Tg197, and 5XFAD brains for microglial (Iba1)
and astrocytic (GFAP) markers. Single Tg197 transgenic as well
as wild-type C57BL/6 mice were also included in the analysis to
examine the consequences of huTNF-� expression on glial acti-
vation independently of amyloid deposition.

Confocal analysis of 40 �m sagittal brain sections double-
stained for Iba1 and Thioflavine S showed a significant increase of
reactive microglia in 2.5-month-old (Fig. 4A, top panels) and
4-month-old (Fig. 4A, bottom panels) 5XFAD/Tg197 mice, com-
pared with age-matched 5XFAD mice. In 5XFAD brains, acti-
vated microglia surround amyloid plaques (focal activation
pattern) and show amoeboid morphology (Fig. 4A). In contrast,
in 5XFAD/Tg197 brains, highly reactive microglial cells are scat-
tered throughout the brain parenchyma (diffused activation pat-
tern) and acquire an elongated morphology with short thick

Figure 2. 5XFAD/Tg197 mice display reduced��deposition that is significantly increased upon peripheral infliximab treatment. A–C, Immunohistochemistry for the detection of total�� (6E10 antibody)
in sagittal brain sections of 2.5-month-old (A) and 4-month-old (C) 5XFAD, 5XFAD/Tg197, and infliximab-treated (�infl) 5XFAD/Tg197 mice. 5XFAD mice treated with isotype control huIgG1 (�ctrl IgG) or
infliximab (�infl) were also analyzed at the age of 2.5 months (B). Brain sections of 2.5-month-old Tg197 mice were used as negative controls (B). Representative pictures of the hippocampus and cortex are
shown for each mouse group. Scale bars: hippocampus, 250 �m; cortex, 100 �m. D, E, F, G, Quantitation of �� immunoreactivity in the hippocampi and cortices of 2.5-month-old (D, E) and 4-month-old
(F, G) mice is expressed as the percentage area of positive staining. A significant reduction of�� load was revealed in 5XFAD/Tg197 mice of both ages compared with 5XFAD mice, whereas peripheral infliximab
treatment of 5XFAD/Tg197 mice resulted in significantly increased �� immunoreactivity by the age of 4 months both in the hippocampus and cortex. No difference was detected among the groups of
2.5-month-old5XFAD�ctrl IgG,5XFAD�infl,and5XFADmice.AnalysiswasperformedusingImageJsoftware.Dataaremean�SEM;n�5–7pergroup.*p
0.05(one-wayANOVAfollowedbyTukey’spost
hoc test). **p 
 0.01 (one-way ANOVA followed by Tukey’s post hoc test). ***p 
 0.001 (one-way ANOVA followed by Tukey’s post hoc test).
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processes, although they do not show amoeboid plaque-associated
morphology (Fig. 4A, arrowheads). To confirm that the robust
microglial activation in 5XFAD/Tg197 mice is caused by huTNF-�,
we performed Iba1 immunofluorescence in brain sections of 2.5-
month-old Tg197 mice and compared them with C57BL/6 mice.
Confocal analysis revealed that Tg197 mice show diffused pattern
of microglial activation that is similar to 5XFAD/Tg197 mice
(Fig. 5A). To evaluate whether microglial activation precedes the
onset of amyloid deposition and peripheral infliximab treatment we
analyzed young Tg197 brains and observed early activation of mi-
croglia at 1 month of age, compared with C57BL/6 mice (Fig. 5C). In
infliximab-treated 5XFAD/Tg197 mice, microglial activation is sig-
nificantly reduced compared with 5XFAD/Tg197 mice at 2.5 (Fig.
4A, top panels) and 4 (Fig. 4A, bottom panels) months of age. Mi-
croglia in infliximab-treated 5XFAD/Tg197 brains can be divided in
two categories: (1) microglia retaining the 5XFAD/Tg197 morphol-
ogy but showing notably reduced size and fluorescence intensity of
Iba1 staining; and (2) plaque-associated more amoeboid-like micro-
glia (Fig. 4A). To quantify the levels of Iba1, we performed Western
blot analysis on total brain protein extracts from 2.5-month-old
5XFAD, 5XFAD/Tg197, and infliximab-treated 5XFAD/Tg197
mice. Analysis of Iba1 protein levels confirmed the differences in
microglial activation observed with immunofluorescence among
the three mouse groups. 5XFAD/Tg197 brains show a statistically

significant increase of Iba1 levels that decrease upon peripheral inf-
liximab treatment (Fig. 4B).

Next, we examined astrocytic activation in the three studied
mouse groups. Confocal analysis of 40 �m sagittal brain sections
double-stained for GFAP and Thioflavine S revealed a significant
increase in reactive astrocytes in 5XFAD/Tg197 mice compared
with 5XFAD mice at 2.5 months (Fig. 4C, top panels) and 4
months (Fig. 4C, bottom panels) of age. A limited number of
hypertrophic activated astrocytes are detected around amyloid
plaques in 5XFAD mice, whereas in 5XFAD/Tg197 mice reactive
astrocytes are densely dispersed in the brain parenchyma (Fig.
4C) and appear to interact with the adjacent plaques (Fig. 4C,
arrowheads). To confirm that the robust astrocytic activation in
5XFAD/Tg197 mice is caused by huTNF-�, we performed GFAP
immunofluorescence in brain sections of 2.5-month-old Tg197
mice and compared them with C57BL/6 mice. Confocal analysis
showed that Tg197 mice display diffused astrocytosis that is sim-
ilar to 5XFAD/Tg197 mice (Fig. 5B). Consistent with the micro-
glial activation in young Tg197 brains, immunofluorescence
imaging for GFAP in 1-month-old Tg197 mice also revealed early
activation of astrocytes compared with C57BL/6 mice (Fig. 5D).
Upon peripheral infliximab treatment, astrocytic activation is
significantly decreased with fewer cells of reduced size and fluo-
rescent intensity detected, which still retain a diffused pattern in

Figure 3. Expression of huTNF-� in 5XFAD/Tg197 mice leads to decreased A�42 and A�40 levels that are elevated upon peripheral infliximab treatment. A–G, ELISA measurement of insoluble
and soluble A�42 (A, B, D, E) and A�40 (C, F, G) levels in the guanidine and lysis brain extracts of 2.5-month-old (A–C) and 4-month old (D–G) 5XFAD, 5XFAD/Tg197, and infliximab-treated (�infl)
5XFAD/Tg197 mice. 5XFAD mice treated with isotype control huIgG1 (�ctrl IgG) or infliximab (�infl) were also analyzed at the age of 2.5 months. Overall, quantitation revealed a significant
reduction of A�42 and A�40 levels in 5XFAD/Tg197 mice of both ages compared with 5XFAD mice (A–G), whereas peripheral infliximab treatment of the 5XFAD/Tg197 mice resulted in significantly
increased A�42 and A�40 levels by the age of 4 months (D–G). No difference was detected among the groups of 2.5-month-old 5XFAD�ctrl IgG, 5XFAD�infl, and 5XFAD mice (A–C). Soluble ��40

levels of 2.5-month-old mice were below detection limit and are not shown. Data are mean � SEM; n � 5 or 6 per group. *p 
 0.05 (one-way ANOVA followed by Tukey’s post hoc test). **p 
 0.01
(one-way ANOVA followed by Tukey’s post hoc test). ***p 
 0.001 (one-way ANOVA followed by Tukey’s post hoc test).
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the brain parenchyma similarly to the 5XFAD/Tg197 mice (Fig.
4C). In 5XFAD/Tg197�infl mice, plaque-associated astrocytes
that are less hypertrophic compared with the 5XFAD are also
observed (Fig. 4C). To quantify GFAP levels, we performed West-
ern blotting on total brain protein extracts from 2.5-month-old
5XFAD, 5XFAD/Tg197, and infliximab-treated 5XFAD/Tg197
mice. Subsequent analysis showed a statistically significant increase
of GFAP protein levels in 5XFAD/Tg197 mice that decrease substan-
tially upon peripheral infliximab treatment (Fig. 4D).

Interestingly, Western blot analysis for both Iba1 and GFAP
levels shows that peripheral infliximab treatment is able to reduce
glial activation to a great extent, close to the levels of 5XFAD
brains, despite the differences in cell morphology and distribu-
tion throughout the brain. Notably, no significant differences
were observed in Iba1 and GFAP protein levels between the 2.5-
and 4-month-old 5XFAD/Tg197 or infliximab-treated 5XFAD/
Tg197 mice, as well as between 2.5-month-old Tg197 and
5XFAD/Tg197 mice (data not shown). In summary, these data
demonstrate that huTNF-� expression in Tg197 and 5XFAD/
Tg197 mice induces robust gliosis. Microglial and astrocytic ac-
tivation is already observed by the early age of 1 month, just
before starting peripheral infliximab treatment, implying that

infliximab suppresses glial activation rather than prevents the
development of the neuroinflammatory phenotype.

Infliximab reduces only peripheral and not brain huTNF-�
levels in 5XFAD/Tg197 mice and is detected only in the
cerebral blood vessels and not into the brain parenchyma
Initial mRNA analysis in Tg197 mice had revealed that huTNF-� is
expressed, apart from the joints, in several other tissues including the
brain (Keffer et al., 1991). To examine whether the observed altera-
tions in the amyloid and neuroinflammatory phenotype of 5XFAD/
Tg197 and infliximab-treated 5XFAD/Tg197 mice correlate with
changes in the peripheral or brain huTNF-� levels, we measured
huTNF-� in the sera and brain protein extracts using a huTNF-�-
specific ELISA. Analysis confirmed huTNF-� expression in the se-
rum and brain of 2.5- and 4-month-old 5XFAD/Tg197 mice (Fig.
6A,B). Upon peripheral infliximab treatment, serum huTNF-� is
significantly reduced in infliximab-treated 5XFAD/Tg197 mice (Fig.
6A), whereas brain huTNF-� remains unchanged (Fig. 6B). Nota-
bly, serum or brain huTNF-� remains at the same levels within
5XFAD/Tg197 or infliximab-treated 5XFAD/Tg197 mice indepen-
dently of age. These results show that the neutralizing effect of inf-
liximab is restricted only in the periphery, suggesting that infliximab

Figure 4. huTNF-� expression in 5XFAD/Tg197 mice causes robust glial activation that is significantly decreased upon peripheral infliximab treatment. A, C, Immunofluorescent detection of
Iba1-positive microglia (A) and GFAP-positive astrocytes (C) in sagittal brain sections of 2.5- and 4-month-old 5XFAD, 5XFAD/Tg197, and infliximab-treated (�infl) 5XFAD/Tg197 mice. Sections
were also stained for amyloid plaques with Thioflavine S. 5XFAD mice display focal gliosis, with periplaque activation of microglia and astrocytes, whereas 5XFAD/Tg197 mice show diffused gliosis,
with dispersed pattern of glial activation. In infliximab-treated 5XFAD/Tg197 mice, although microglial and astrocytic activation appears similar to 5XFAD controls, the immunoreactivity pattern
remains diffused. Representative pictures of the cortex of 2.5- and 4-month-old mice are shown for each group. Scale bars, 50 �m. B, D, Western blot analysis of Iba1 (B) and GFAP (D) brain protein
levels in 2.5-month-old 5XFAD, 5XFAD/Tg197, and infliximab-treated (�infl) 5XFAD/Tg197 mice. 5XFAD/Tg197 mice show strongly increased levels of Iba1 and GFAP that are significantly reduced
upon peripheral infliximab treatment. Quantitation was performed with densitometric analysis using ImageJ software. Data are mean � SEM; n � 2 per group; experiment repeated 3 times using
different samples. **p 
 0.01 (one-way ANOVA followed by Tukey’s post hoc test). ***p 
 0.001 (one-way ANOVA followed by Tukey’s post hoc test).
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cannot reach the brain parenchyma, which is expected because high
molecular weight molecules such as antibodies cannot cross the
blood–brain barrier (BBB). To confirm this, we examined whether
infliximab can be detected in the brain of 5XFAD/Tg197 mice. For
this purpose, we immunostained 40 �m sagittal brain sections of
infliximab-treated 5XFAD/Tg197 mice using an FITC-labeled anti-
huIgG1 antibody. Double immunofluorescence for infliximab and
CD31 (platelet endothelial cell adhesion molecule 1) or �-SMA re-
vealed localization of infliximab inside brain blood vessels (Fig.
6C,D). This finding shows that infliximab is not able to cross the BBB
and is only detected inside the cerebral vessel lumen and not the
brain parenchyma of 5XFAD/Tg197 mice.

5XFAD/Tg197 mice show intensely increased CD206-positive
leptomeningeal and perivascular macrophages that are
significantly decreased upon peripheral huTNF-� inhibition
by infliximab
Our analysis has shown that, although peripheral infliximab treat-
ment does not affect huTNF-� levels in the 5XFAD/Tg197 brain, it
strongly reduces microglial and astrocytic activation and exacerbates
amyloid deposition. We hypothesized that changes in glial activation
may be mediated by BBB-associated cells that are located around
blood vessels and can be directly affected by peripheral huTNF-�
levels. It has been reported that microglia can respond to circulating
cytokines through several routes, including communication with
the stimulated endothelium and perivascular macrophages or the
circumventricular organs (Calsolaro and Edison, 2016). Moreover,
in peripheral inflammatory conditions, TNF-� has been reported to
be involved in the recruitment of peripheral monocytes in the brain
that can give rise to perivascular macrophages, a BBB-associated cell
population (Audoy-Rémus et al., 2008). To examine whether pe-
ripheral huTNF-� is able to regulate perivascular macrophages, we
immunostained brain sections of C57BL/6, Tg197, 5XFAD, 5XFAD/
Tg197, and infliximab-treated 5XFAD/Tg197 mice using a CD206-
specific antibody. CD206 is a mannose receptor used as a brain
perivascular macrophage marker (Hawkes and McLaurin, 2009;
Park et al., 2011). Double immunofluorescence was performed for
CD206 and the microglial marker Iba1 or the blood vessel markers

CD31 or �-SMA. Confocal analysis revealed an increase in CD206-
positive macrophages in the leptomeninges (Fig. 7A,B, arrowheads)
and the perivascular space (Fig. 7B,C, arrows) of 5XFAD/Tg197
brains compared with the 5XFAD. Similarly to 5XFAD/Tg197 mice,
single transgenic Tg197 mice show elevated CD206-positive macro-
phages compared with C57BL/6 mice (Fig. 7A–C), suggesting that
the increase of this cell population results from huTNF-� expres-
sion. Upon peripheral infliximab treatment in 5XFAD/Tg197 mice,
a strong decrease in CD206-positive macrophage numbers and flu-
orescence intensity is observed both in the leptomeninges (Fig.
7A,B, arrowheads) and brain blood vessels (Fig. 7B,C, arrows). No
colocalization was observed between CD206-positive macrophages
and Iba1-positive microglia (Fig. 7A), implying that CD206-positive
macrophages consist a discrete population from Iba1-positive mi-
croglia. To quantify the effect of peripheral huTNF-� on CD206-
positive macrophages, we also performed Western blot analysis of
CD206 levels in total brain protein extracts from C57BL/6, Tg197,
5XFAD, 5XFAD/Tg197, and infliximab-treated 5XFAD/Tg197
mice. Quantitation of CD206 levels revealed a robust increase in
Tg197 and 5XFAD/Tg197 mice compared with C57BL/6 and
5XFAD mice (Fig. 7D). Surprisingly, the presence of the 5XFAD
transgene in 5XFAD/Tg197 mice results in a statistically significant
increase of CD206 protein levels compared with Tg197 mice (Fig.
7D). Infliximab-treated 5XFAD/Tg197 mice showed a significant
reduction of CD206 toward the levels of 5XFAD mice (Fig. 7D). Our
results show that peripheral huTNF-� levels play a major role in
the regulation of leptomeningeal and perivascular macrophages.
Moreover, the further increase of CD206-positive macrophages in
5XFAD/Tg197 mice compared with the Tg197 suggests that this
immune cell population is involved in amyloid pathology, as it has
been also proposed by others (Lai and McLaurin, 2012; Meyer-
Luehmann and Prinz, 2015).

5XFAD/Tg197 brains display increased CD45 high microglia
and infiltrating leukocytes that are substantially reduced
upon peripheral inhibition of huTNF-� by infliximab
CD45-positive infiltrating leukocytes and periplaque activated
microglia have been detected in both human and mouse AD

Figure 5. Tg197micedisplayincreasedglialactivationcomparedwithC57BL/6mice,bytheageof1month.A–D, Immunofluorescentdetectionof Iba1-positivemicroglia(A, C)andGFAP-positiveastrocytes
(B, D) in sagittal brain sections of 2.5- and 1-month-old Tg197 and C57BL/6 control mice. Diffused patterns of glial activation observed in 5XFAD/Tg197 mice comprise a feature of the Tg197 phenotype that
develops as early as 1 month of age, before the onset of amyloid plaque formation or infliximab treatment. Representative pictures of the cortex are shown for each group. Scale bars, 250 �m.
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brains (Masliah et al., 1991; Cameron and
Landreth, 2010). Moreover, increased
CD45-positive monocytes/macrophages
have been detected in the brain of mice
with inflammatory liver injury or arthritis
(D’Mello et al., 2009; Park et al., 2011).
These studies suggest that recruitment of
CD45-positive cells in the mouse brain
can be triggered both in AD and peripheral
inflammation. To examine for a similar ef-
fect in our TNF transgenic mice either in
the presence or in the absence of amyloid
pathology, we performed immunofluores-
cence for CD45 (leukocyte common anti-
gen) in brain sections of C57BL/6, Tg197,
5XFAD, 5XFAD/Tg197, and infliximab-
treated 5XFAD/Tg197 mice. Because CD45
is also expressed by endogenous micro-
glia, we also double-labeled brain sections
for CD45/Iba1.

Confocal analysis revealed increased
CD45 expression (CD45 high) in reactive
Iba1-positive microglia of Tg197 and 5XFAD/
Tg197 mice compared with the C57BL/6
and 5XFAD (Fig. 8A,B). In C57BL/6 and
5XFAD mice, we observe CD45low resting
microglial cells with only few CD45high acti-
vated microglia detected in the 5XFAD
brain (Fig. 8A) that are associated with
Thioflavine S-positive plaques (Fig. 8E,
arrowheads). Infliximab-treated 5XFAD/
Tg197 mice display decreased CD45 high

Iba1-positive reactive microglia compared
with 5XFAD/Tg197 mice (Fig. 8A,B).

Importantly, we detected dramatically
increased CD45 high round-shaped leuko-
cytes that are Iba1-negative in the cortex
and leptomeninges of Tg197 and 5XFAD/
Tg197 brains compared with C57BL/6
and 5XFAD mice (Fig. 8A,B, arrow-
heads), implying that recruitment of these
peripherally derived immune cells in the
brain is caused by huTNF-� expression.
To confirm that CD45 high leukocytes in-
filtrate the brain of the analyzed mouse
groups, we performed double immunoflu-
orescence for CD45 and CD31 blood vessel marker. Indeed, Tg197
and 5XFAD/Tg197 mice show increased infiltration of CD45high leu-
kocytes, detected inside or in close proximity to blood vessels (Fig. 8C,
arrows) and in the brain parenchyma (Fig. 8C, arrowheads), compared
with C57BL/6 and 5XFAD mice. Peripheral infliximab treatment of
5XFAD/Tg197 mice results in significantly decreased CD45high leuko-
cytesinthecortexandleptomeninges(Fig.8A,B,arrowheads),aswellas
decreased infiltration of CD45high leukocytes in the brain parenchyma
(Fig.8C).QuantitationofCD45high leukocytes in thecortexof thestud-
ied mouse groups using ImageJ software revealed a remarkable increase
in Tg197 and 5XFAD/Tg197 mice compared with the C57BL/6 and
5XFAD (Fig. 8D). Notably, the presence of the 5XFAD transgene in
5XFAD/Tg197 mice results in a statistically significant 107% increase
of infiltrating CD45high leukocytes compared with Tg197 mice (Fig.
8D). Infliximab-treated 5XFAD/Tg197 mice display significantly de-
creased CD45high leukocytes compared with 5XFAD/Tg197 mice
(Fig. 8D).

Overall, these results show that peripheral huTNF-� is able to
regulate the activation and CD45 expression of microglia and the
recruitment of CD45 high leukocytes in the brain. In addition, the
enhanced increase of infiltrating CD45 high leukocytes in 5XFAD/
Tg197 mice compared with the Tg197 suggests that amyloid pa-
thology further induces recruitment of peripheral immune cells.

5XFAD/Tg197 mice show increased Ly6C-positive monocytes
and CD68-positive phagocytic macrophages/microglia in the
brain, which are reduced upon peripheral huTNF-�
inhibition by infliximab
To further elucidate the identity of peripherally derived immune
cells in the brain of 5XFAD/Tg197 mice, we examined for the
presence of monocytes/macrophages because these myeloid
subsets have been implicated in amyloid pathology (Meyer-
Luehmann and Prinz, 2015). To examine whether peripheral
huTNF-� is able to regulate the recruitment of monocytes in the

Figure 6. Infliximab reduces only peripheral and not brain huTNF-� levels in 5XFAD/Tg197�infl mice and is detectable only in
the brain blood vessels and not in the parenchyma. A, B, ELISA measurement of huTNF-� levels in the serum (A) and brain (B) of
2.5- and 4-month-old 5XFAD/Tg197 and infliximab-treated (�infl) 5XFAD/Tg197 mice. Infliximab-treated 5XFAD/Tg197 mice
show significantly reduced serum huTNF-� (A), whereas their brain huTNF-� levels remain unaltered (B). Data are mean � SEM;
n � 5 per group. *p 
 0.05 (one-way ANOVA followed by Tukey’s post hoc test). **p 
 0.01 (one-way ANOVA followed by Tukey’s
post hoc test). C, D, Immunofluorescent detection of infliximab in sagittal brain sections of nonperfused infliximab-treated (�infl)
5XFAD/Tg197 mice using an FITC-labeled anti-huIgG antibody. Sections were double-stained for infliximab and blood vessel
markers: (C) CD31 and (D) �-SMA. Immunodetection of infliximab is restricted inside the vessel lumen. Representative pictures of
the cortex of 5XFAD/Tg197�infl mice are shown. Scale bars, 25 �m.
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brain, we performed immunofluorescence for the monocytic
marker Ly6C in brain sections of C57BL/6, Tg197, 5XFAD,
5XFAD/Tg197, and infliximab-treated 5XFAD/Tg197 mice. Sec-
tions were also counterstained with DAPI. Confocal analysis re-
vealed an increase of Ly6C� patrolling monocytes along the
blood vessels of Tg197 and 5XFAD/Tg197 brains compared with
the C57BL/6 and 5XFAD, whereas peripheral huTNF-� inhibi-
tion by infliximab reduces Ly6C� monocytic cells in 5XFAD/
Tg197�infl mice (Fig. 9A, arrowheads). Furthermore, double-
labeling for Ly6C/Iba1 showed that the robustly activated Iba1�

microglia of Tg197 and 5XFAD/Tg197 mice is closely associated
with increased Ly6C� monocytes (Fig. 9B, arrowheads), indicat-
ing that Tg197 and 5XFAD/Tg197 microglia acquire the charac-
teristic elongated morphology likely due to their interaction with
Ly6C� monocytic cells along the cerebral vessels. C57BL/6 and
5XFAD mice do not display any interaction between Iba1� mi-
croglia and Ly6C� monocytes (Fig. 9B). In accordance with the
reduction of Ly6C� monocytes, activation of microglia along the

blood vessels is decreased in infliximab-treated 5XFAD/Tg197
mice (Fig. 9B). These results suggest that peripheral huTNF-�
regulates the recruitment of blood monocytes in the brain vascu-
lature that in turn contribute to the activation of parenchymal
microglia.

The increased inflammatory cell populations observed in
5XFAD/Tg197 brains in combination with the strongly sup-
pressed amyloid deposition suggest for the potential involvement
of cell-mediated �� clearance mechanisms. Based on this hy-
pothesis, we immunostained brain sections of C57BL/6, Tg197,
5XFAD, 5XFAD/Tg197, and infliximab-treated 5XFAD/Tg197
mice for CD68, a lysosomal marker associated with phagocytic
cells (da Silva and Gordon, 1999) that is expressed by macro-
phages, microglia, dendritic cells, and osteoclasts (Martinez-
Pomares et al., 1996; Greaves and Gordon, 2002) and has been
recently implicated in AD (Matsumura et al., 2015; Minett et al.,
2016). To distinguish between resident microglia and possible
peripherally derived macrophages, we performed double im-

Figure 7. 5XFAD/Tg197 mice display increased CD206-positive meningeal and perivascular macrophages that are reduced upon peripheral huTNF-� inhibition by infliximab. Elevated CD206-
positive macrophages represent a phenotypic characteristic of Tg197 mice, whereas the presence of the 5XFAD transgene confers an additive effect. A–C, Double immunofluorescence for CD206/Iba1
(A), CD206/CD31 (B), and CD206/�-SMA (C) in sagittal brain sections of 2.5-month-old C57BL/6, Tg197, 5XFAD, 5XFAD/Tg197, and infliximab-treated (�infl) 5XFAD/Tg197 mice. Arrowheads
indicate meningeal macrophages. Arrows indicate perivascular CD206-positive macrophages. Representative pictures of the cortex and cortical vessels are shown for each group. Scale bars: A, C, 25
�m; B, 50 �m. D, Western blot analysis of CD206 brain protein levels in 2.5-month-old C57BL/6, Tg197, 5XFAD, 5XFAD/Tg197, and infliximab-treated (�infl) 5XFAD/Tg197 mice revealed an
increase in Tg197 and 5XFAD/Tg197 mice compared with the C57BL/6 and 5XFAD. Notably, 5XFAD/Tg197 mice show significantly increased CD206 levels compared with the Tg197. Infliximab-
treated 5XFAD/Tg197 mice display reduced CD206 levels compared with the 5XFAD/Tg197. Quantitation was performed with densitometric analysis using ImageJ software. Data are mean � SEM;
n � 2 mice per group; experiment repeated 3 times. *p 
 0.05 (one-way ANOVA followed by Tukey’s post hoc test). ***p 
 0.001 (one-way ANOVA followed by Tukey’s post hoc test).
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munofluorescence for CD68 and the recently identified
microglia-specific marker TMEM119, a transmembrane protein
of unknown function (Bennett et al., 2016; Satoh et al., 2016).
Confocal analysis revealed a diffused pattern of robustly in-
creased CD68 immunoreactivity in Tg197 and 5XFAD/Tg197
mice compared with the C57BL/6 and 5XFAD (Fig. 9C), suggest-
ing for increased phagocytic activity as a result of huTNF-�
expression. CD68� cells are scattered throughout the brain paren-
chyma in Tg197 and 5XFAD/Tg197 mice, whereas in 5XFAD mice
CD68� cells are restricted around Thioflavine S-positive plaques
(Fig. 9C). C57BL/6 brains showed minimal CD68 immunoreactiv-
ity. Peripheral infliximab treatment of 5XFAD/Tg197 mice results in
significantly reduced CD68� cells, whereas the immunoreactivity

pattern remains diffused (Fig. 9C). Confocal imaging also showed
extensive reduction of TMEM119 immunoreactivity in Tg197
and 5XFAD/Tg197 mice compared with C57BL/6 and 5XFAD
mice (Fig. 9C). 5XFAD brains display similar TMEM119 im-
munoreactivity pattern to C57BL/6 brains. Upon peripheral
inhibition of huTNF-� by infliximab, TMEM119 immunore-
activity is partially restored in 5XFAD/Tg197�infl mice (Fig.
9C), implying that peripheral huTNF-� strongly affects the
microglial phenotype. Additionally, both CD68�TMEM119�

(Fig. 9C, arrowheads) and CD68�TMEM119� (Fig. 9C, arrows)
cellsaredetectedinthebrainofTg197and5XFAD/Tg197mice,whereas
in the 5XFAD/Tg197�infl brain parenchyma we observed mostly
CD68 �TMEM119 � cells. Interestingly, 5XFAD and 5XFAD/

Figure 8. 5XFAD/Tg197 brains show increased CD45 high microglia and infiltrating leukocytes that are reduced upon peripheral huTNF-� inhibition by infliximab. Elevated CD45 high leukocytes
comprise a feature of Tg197 mice, whereas the presence of the 5XFAD transgene further enhances leukocyte infiltration. A–C, Immunofluorescent detection of CD45 (A) and double-labeling for
CD45/Iba1 (B) and CD45/CD31 (C) in sagittal brain sections of 2.5-month-old C57BL/6, Tg197, 5XFAD, 5XFAD/Tg197, and infliximab-treated (�infl) 5XFAD/Tg197 mice. A, CD45 identifies both
resting (CD45 low) and activated (CD45 high) microglia and CD45 high round-shaped leukocytes (arrowheads). B, CD45 high round-shaped leukocytes are Iba1-negative. C, Arrowheads indicate
CD45 high leukocytes in the parenchyma. Arrows indicate CD45 high leukocytes in close association with blood vessels. Representative pictures of the cortex (A, B) and corpus callosum (C) are shown
for each group. Scale bars: A, 100 �m; B, C, 50 �m. D, Quantitation of CD45 high leukocytes in the cortex of 2.5-month-old C57BL/6, Tg197, 5XFAD, 5XFAD/Tg197, and infliximab-treated (�infl)
5XFAD/Tg197 mice revealed an increase in Tg197 and 5XFAD/Tg197 mice compared with the C57BL/6 and 5XFAD. Importantly, 5XFAD/Tg197 mice show significantly increased CD45 high leukocytes
compared with the Tg197. Infliximab-treated 5XFAD/Tg197 mice display reduced number of CD45 high leukocytes compared with the 5XFAD/Tg197. Analysis was performed using ImageJ software.
Data are mean � SEM; n � 5 per group. *p 
 0.05 (one-way ANOVA followed by Tukey’s post hoc test). **p 
 0.01 (one-way ANOVA followed by Tukey’s post hoc test). ***p 
 0.001 (one-way
ANOVA followed by Tukey’s post hoc test). E, Immunofluorescent staining for CD45 and Thioflavine S in sagittal brain sections of 2.5-month-old 5XFAD mice. CD45 high activated microglial cells
observed in 5XFAD mice are plaque-associated. A representative picture of the cortical area is shown. Scale bar, 100 �m.
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Tg197�infl mice display CD68 �TMEM119 � cells surround-
ing Thioflavine S-positive amyloid plaques (Fig. 9C, arrowheads),
whereas 5XFAD/Tg197 exhibit CD68�TMEM119� plaque-associated
cells (Fig. 9C, arrows). These data propose that peripheral huTNF-�
induces upregulation of phagocytic macrophages other than resident
microglia that seem to contribute to the restriction of amyloid deposits
in 5XFAD/Tg197 mice.

5XFAD/Tg197 mice display significant neuronal damage and
synaptic loss that is markedly restored upon peripheral
huTNF-� inhibition by infliximab
Several studies support for a concentration-dependent role of
TNF-� in neuronal function and synaptic plasticity (for review,
see Santello and Volterra, 2012). Moreover, studies during the
last decade have shown that microglia constitutively contact syn-
apses in the normal brain and affect neural networks by phago-
cytosis of cellular elements or by releasing various neuroactive
factors, including TNF-�, that mediate neuron-microglia cross-
talk (Kettenmann et al., 2013). Taking these studies into consid-
eration, we hypothesized that increased brain huTNF-� levels
and/or microglial activation in Tg197 and 5XFAD/Tg197 mice
could affect neuronal and synaptic integrity. To address this
possibility, we performed immunofluorescence for MAP2 and
synaptophysin (a presynaptic protein found in the synaptic vesi-
cle membrane) in brain sections of C57BL/6, Tg197, 5XFAD,
5XFAD/Tg197, and infliximab-treated 5XFAD/Tg197 mice. Sub-

sequent confocal analysis confirmed extensive loss of MAP2 and
synaptophysin in Tg197 and 5XFAD/Tg197 mice compared with
C57BL/6 and 5XFAD mice (Fig. 10A,B), indicating that distur-
bance of neuronal and synaptic integrity is caused by huTNF-�
expression. Interestingly, peripheral huTNF-� inhibition by
infliximab markedly increased MAP2 and synaptophysin immu-
noreactivity (Fig. 10A,B). Quantitation of dendritic MAP2 im-
munoreactivity and synaptophysin intensity in the cortex of the
studied mouse groups using ImageJ software confirmed a signif-
icant decrease in Tg197 and 5XFAD/Tg197 mice compared with
the C57BL/6 and 5XFAD (Fig. 10C,D). Importantly, the presence
of the 5XFAD transgene in 5XFAD/Tg197 mice results in a
statistically significant reduction of dendritic MAP2 immunore-
activity compared with Tg197 mice (Fig. 10C), whereas synapto-
physin intensity showed no difference between these 2 mouse
groups (Fig. 10D). The enhanced MAP2 loss observed in 5XFAD/
Tg197 brains compared with the Tg197 leads to the conclusion that
the inflammatory Tg197 and amyloid 5XFAD phenotypes synergis-
tically affect neuronal integrity. Infliximab-treated 5XFAD/Tg197
mice display significantly restored dendritic MAP2 and synapto-
physin immunoreactivity close to the levels of 5XFAD mice (Fig.
10C,D), suggesting that neuronal damage and synaptic degener-
ation in 5XFAD/Tg197 mice are mostly attributed to peripheral
huTNF-�.

The observed neuronal damage and synaptic loss in 5XFAD/
Tg197 mice could potentially result in a reduction of APP levels

Figure 9. 5XFAD/Tg197 brains display increased Ly6C � monocytes and CD68 � phagocytic macrophages/microglia that are reduced upon peripheral huTNF-� inhibition by infliximab. Elevated
Ly6C and CD68 immunoreactivity represents a phenotypic characteristic of Tg197 mice. A, B, Ly6C/DAPI (A) and Ly6C/Iba1 (B) fluorescent staining in sagittal brain sections of 2.5-month-old C57BL/6,
Tg197, 5XFAD, 5XFAD/Tg197, and infliximab-treated (�infl) 5XFAD/Tg197 mice. Increased Ly6C � patrolling monocytes along the blood vessels can be detected in Tg197 and 5XFAD/Tg197 brains
compared with the C57BL/6 and 5XFAD, whereas peripheral infliximab treatment of 5XFAD/Tg197 mice reduces Ly6C � monocytes (A, arrowheads). Double Ly6C/Iba1immunostaining revealed that
activated microglial cells with elongated morphology are detected in close association with Ly6C � monocytes in the brain blood vasculature of Tg197 and 5XFAD/Tg197 mice (B, arrowheads).
Microglial activation along the blood vessels is decreased in infliximab-treated 5XFAD/Tg197 mice (B, arrowheads). C, Immunofluorescent detection of CD68/TMEM119 in sagittal brain sections of
2.5-month-old C57BL/6, Tg197, 5XFAD, 5XFAD/Tg197, and infliximab-treated (�infl) 5XFAD/Tg197 mice. Sections were also stained for amyloid plaques with Thioflavine S. Microglia-specific
TMEM119 immunoreactivity is decreased in Tg197 and 5XFAD/Tg197 brains and partially restored upon peripheral infliximab treatment of 5XFAD/Tg197 mice, although the pattern of expression
remains abnormal. Tg197 and 5XFAD/Tg197 brains show increased phagocytic CD68 �TMEM119 � microglia (arrows) and CD68 �TMEM119 � macrophages (arrowheads) that are significantly
reduced upon peripheral infliximab treatment of 5XFAD/Tg197 mice. CD68 �TMEM119 � macrophages surrounding amyloid deposits are detected in 5XFAD/Tg197 brains compared with plaque-
associated CD68 �TMEM119 � microglia in 5XFAD and infliximab-treated 5XFAD/Tg197 brains. Representative pictures of the cortex are shown for each group. Scale bars, 50 �m.

Paouri et al. • Peripheral TNF Regulates Amyloid Pathology in Mice J. Neurosci., May 17, 2017 • 37(20):5155–5171 • 5167



and accordingly in decreased �� production and amyloid plaque
formation. To test this hypothesis, we evaluated the levels of full-
length APP in total brain protein extracts from 5XFAD, 5XFAD/
Tg197, and infliximab-treated 5XFAD/Tg197 mice by Western
blotting. Subsequent analysis showed no significant difference of
full-length APP protein levels among the 3 mouse groups (Fig. 10E),
suggesting that the remarkable reduction of amyloid burden in
5XFAD/Tg197 mice is not caused by decreased production of APP.

Discussion
The aim of our study was to elucidate the role of TNF-� as a
mediator of systemic inflammatory arthritis in the pathogenic
process of AD. We report that 5XFAD/Tg197 AD/TNF transgenic
mice, which express huTNF-� both in the periphery and the
brain and develop arthritis, show significantly decreased amyloid
deposition, robust glial activation, and compromised neuronal

integrity. Further analysis revealed a strong upregulation of blood-
derived immune cell populations in the 5XFAD/Tg197 brain. To
evaluate whether the 5XFAD/Tg197 brain phenotype is attributed to
peripheral or brain huTNF-�, we treated 5XFAD/Tg197 mice
peripherally with infliximab anti-huTNF-specific antibody that in-
hibits arthritis and does not penetrate the BBB. Infliximab inhibits
only peripheral huTNF-� and attenuates neuronal damage but
significantly enhances �� deposition in 5XFAD/Tg197�infl
mice. Infliximab treatment also reduces recruitment of blood-
derived mononuclear cells in the brain and suppresses glial acti-
vation. Our findings demonstrate that the brain phenotype of
5XFAD/Tg197 mice is substantially regulated by peripheral
huTNF-�.

Although neuroinflammation has been established as a prom-
inent feature in AD pathogenesis (Heppner et al., 2015), evidence

Figure 10. 5XFAD/Tg197 mice show extensive loss of MAP2 and synaptophysin immunoreactivity that is markedly restored upon peripheral huTNF-� inhibition by infliximab. Reduced MAP2 and
synaptophysin comprise a feature of Tg197 mice, whereas the presence of the 5XFAD transgene further enhances MAP2 loss. A, B, Immunofluorescence for MAP2 (A) and synaptophysin (B) in sagittal
brain sections of 2.5-month-old C57BL/6, Tg197, 5XFAD, 5XFAD/Tg197, and infliximab-treated (�infl) 5XFAD/Tg197 mice. Representative pictures of the cortex are shown for each group. Scale
bars, 50 �m. C, D, Quantitation of dendritic MAP2 staining and synaptophysin immunoreactivity in the cortex of 2.5-month-old C57BL/6, Tg197, 5XFAD, 5XFAD/Tg197, and infliximab-treated
(�infl) 5XFAD/Tg197 mice revealed a decrease in Tg197 and 5XFAD/Tg197 mice compared with the C57BL/6 and 5XFAD. Notably, 5XFAD/Tg197 mice show significantly reduced dendritic MAP2
immunoreactivity compared with the Tg197 (C). Infliximab-treated 5XFAD/Tg197 mice display increased dendritic MAP2 (C) and synaptophysin (D) immunoreactivity compared with the 5XFAD/
Tg197. Analysis was performed using ImageJ software. Data are mean � SEM; n � 5 mice per group. *p 
 0.05 (one-way ANOVA followed by Tukey’s post hoc test). **p 
 0.01 (one-way ANOVA
followed by Tukey’s post hoc test). ***p 
 0.001 (one-way ANOVA followed by Tukey’s post hoc test). E, Western blot analysis of full-length APP brain protein levels in 2.5-month-old 5XFAD,
5XFAD/Tg197, and infliximab-treated (�infl) 5XFAD/Tg197 mice showed no difference among the three analyzed groups. Quantitation was performed with densitometric analysis using ImageJ
software. Data are mean � SEM; n � 3 mice per group; experiment repeated 2 times using different samples. For statistical analyses, one-way ANOVA followed by Tukey’s post hoc test was used.
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suggests that systemic inflammation associated with infection,
injury, or obesity also contributes to AD progression and local
brain inflammatory response (Perry, 2004; O’Banion, 2014; Cal-
solaro and Edison, 2016). Systemic inflammation also occurs in
RA, a chronic autoimmune disease driven by TNF-� (Feldmann,
2002). RA patients receiving anti-TNF-� drugs (infliximab, etan-
ercept, adalimumab) show reduced risk of developing AD (Chou
et al., 2016), raising questions about the role of RA and/or anti-
TNF-� therapy in AD. Collagen-induced arthritis in the APP/PS1
mouse model results in reduced amyloid pathology and activated
microglia (Park et al., 2011). On the contrary, exacerbated amy-
loid deposition was observed in APP/PS1 mice with IL-1� in-
duced osteoarthritis even though microglia and astrocytes also
show increased activation (Kyrkanides et al., 2011). Considering
that TNF-� is a key mediator of RA pathogenesis that has been
implicated in AD (Montgomery and Bowers, 2012), we com-
bined Tg197 and 5XFAD mouse models to investigate the impact
of huTNF-induced arthritis in amyloid pathology. huTNF-� ex-
pression in 5XFAD/Tg197 AD/TNF transgenic mice results in
reduced amyloid deposition and �� levels and robust microglial
and astrocytic activation, in agreement with the study by Park et
al. (2011). To determine whether peripheral or brain huTNF-�
independently or synergistically contributes to the activation of
glial cells and the reduction of amyloid pathology, we treated
5XFAD/Tg197 mice systemically with infliximab anti-huTNF-
specific antibody to block peripheral huTNF-�. Peripheral inflix-
imab treatment significantly restores amyloid deposition by the
age of 4 months, attenuates glial activation, and reduces circulat-
ing huTNF-� without affecting brain huTNF-�, suggesting that
the observed alterations in the 5XFAD/Tg197 brain are mediated
primarily by peripheral huTNF-�. huTNF-induced glial activa-
tion is already observed by the age of 1 month in Tg197 mice,
before starting infliximab treatment, suggesting that peripheral
huTNF-� inhibition in 5XFAD/Tg197�infl mice suppresses
rather than prevents glial activation.

To elucidate the mechanisms by which peripheral huTNF-�
regulates the glial response and amyloid phenotype in 5XFAD/
Tg197 mice, we expanded our analysis to blood-derived immune
cell populations, as TNF-dependent recruitment of blood-derived
mononuclear cells in the brain has been observed during periph-
eral inflammation. In mice with endotoxemia, peripheral CD45�

monocytes are attracted to the brain vasculature and give rise to
perivascular macrophages in response to TNF-�, IL-1�, and
angiopoietin-2 (Audoy-Rémus et al., 2008). Moreover, peripheral
TNF-� signaling appears to be required for microglial activation and
subsequent recruitment of Ly6C� and CD11b�CD45high monocytes
into the brain in a mouse model of peripheral hepatic inflamma-
tion (D’Mello et al., 2009). Evidence suggests that recruitment of
peripheral mononuclear cells also occurs in the AD mouse brain,
playing a major role in restricting amyloid plaques (Simard et al.,
2006). Genetic ablation of the chemokine receptor CCR2 in the
Tg2576 AD mouse model resulted in decreased brain infiltration
of blood-derived mononuclear cells and increased amyloid depo-
sition (El Khoury et al., 2007), whereas a subsequent study con-
cluded that perivascular macrophages are able to modulate A�
deposition in a CCR2-dependent manner (Mildner et al., 2011).
Perivascular macrophages have been also involved in �� clear-
ance in a mouse model of cerebral amyloid angiopathy (Hawkes
and McLaurin, 2009). Our present study revealed robust infiltra-
tion of CD45 high leukocytes and significant increase of CD206-
positive meningeal/perivascular macrophages in the Tg197 and
5XFAD/Tg197 mouse brain compared with the C57BL/6 and
5XFAD. Similarly to 5XFAD/Tg197, an increase of CD206-

positive macrophages in leptomeningeal and perivascular re-
gions has been reported in AD mice with collagen-induced
arthritis (Park et al., 2011), indicating that inflammatory arthritis
modulates this cell population in the brain. In infliximab-treated
5XFAD/Tg197 mice, peripheral huTNF-� inhibition substan-
tially reduced infiltrating leukocytes and meningeal/perivascu-
lar macrophages, implying that peripheral huTNF-� regulates
their recruitment in the brain. Interestingly, 5XFAD/Tg197 mice
showed a further enhancement of CD45 high leukocytes and
CD206-positive macrophages compared with Tg197, suggesting
that these immune cell populations are actively involved in the
modulation of �� pathology. Furthermore, we detected in-
creased Ly6C� monocytes patrolling the blood vessels of Tg197
and 5XFAD/Tg197 brains, whereas peripheral huTNF-� inhibition
reduces Ly6C� monocytic cells in infliximab-treated 5XFAD/
Tg197 brains, indicating that peripheral huTNF-� regulates the
recruitment of blood monocytes in the cerebral vasculature. In-
terestingly, Ly6C� monocytes appear to contribute to the activa-
tion and morphological changes of parenchymal microglia, as
activated microglia are observed in close association with in-
creased Ly6C� monocytes in Tg197 and 5XFAD/Tg197 cerebral
blood vessels, an effect that is suppressed upon peripheral huTNF-�
inhibition by infliximab.

CD68 is a lysosomal protein indicative of phagocytic macro-
phages/microglia and has been associated with AD in patients
and animal models (Matsumura et al., 2015; Minett et al., 2016).
TMEM119 is a recently identified microglia-specific marker that
can be used to distinguish resident microglia from blood-derived
macrophages in the brain (Bennett et al., 2016; Satoh et al., 2016).
Analysis of CD68/TMEM119 immunostaining in Tg197 and
5XFAD/Tg197brainsrevealedastrongincreaseofCD68�TMEM119�

macrophages and CD68�TMEM119� microglia, which are sig-
nificantly reduced upon peripheral huTNF-� inhibition in
infliximab-treated 5XFAD/Tg197 mice, suggesting that periph-
eral huTNF-� regulates blood-derived phagocytic macrophages
as well as phagocytic microglia in the brain. The presence of
CD68�TMEM119� macrophages surrounding amyloid depos-
its in 5XFAD/Tg197 brains compared with plaque-associated
CD68�TMEM119� microglia in 5XFAD and infliximab-treated
5XFAD/Tg197 brains suggests that blood-derived phagocytic
macrophages other than resident microglia are significantly in-
volved in the restriction of amyloid deposits in 5XFAD/Tg197
brains. Notably, the differential TMEM119 pattern observed in
Tg197 and 5XFAD/Tg197 brains, which is partially reversed
upon infliximab treatment, is indicative of a huTNF-induced
modification of the microglial phenotype, although we cannot
explain at this point its significance for microglial function as
TMEM119 role remains unknown.

Several lines of evidence have suggested that TNF-� regulates
neuronal and synaptic function both in the normal and diseased
brain (Santello and Volterra, 2012). Recently, it was also shown
that peripheral TNF-� impacts synaptic stability (Yang et al.,
2013). Interestingly, neuron-specific TNF-� expression in AD
mice results in neuronal death and extensive microglial activation
(Janelsins et al., 2008), whereas in vitro data support that TNF-
induced neuronal loss is mediated by microglial phagocytosis
(Neniskyte et al., 2014). Furthermore, microglia have been
shown to mediate synaptic loss in AD mice (Hong et al., 2016).
These studies suggest microglia as a significant modulator of neu-
ronal and synaptic integrity. Here we show that Tg197 and
5XFAD/Tg197 mice display intense MAP2 and synaptophysin
reduction combined with robust microglial activation, pheno-
types that are significantly reversed upon peripheral huTNF-�
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inhibition, although infliximab does not affect brain huTNF-�
levels. Our findings suggest that peripheral huTNF-induced
neuronal and synaptic alterations are more likely a result of mi-
croglial activation rather than a direct effect of huTNF-� on neu-
rons. These neuronal alterations do not affect APP protein levels;
thus, they do not contribute to the changes in amyloid deposi-
tion. Importantly, 5XFAD/Tg197 mice display enhanced MAP2
loss compared with the Tg197, suggesting for a synergistic effect
of huTNF-induced inflammation and �� production on neuro-
nal damage. This could be explained by the rapid accumulation of
intraneuronal ��42 starting at 1.5 months of age in 5XFAD mice
(Oakley et al., 2006), considering that intraneuronal ��42 corre-
lates with MAP2 reduction in another AD model (Takahashi et
al., 2013).

This is the first study examining the effect of peripheral
TNF-� as a mediator of systemic inflammatory arthritis on the
amyloid pathology of AD mice, by using an anti-TNF-� drug that
has been proved effective in RA therapy and does not cross the
BBB. Our findings support an unexpected role for peripheral
TNF-� in modulating amyloid pathology and neuronal integrity
by regulating the cerebral inflammatory milieu. We propose en-
hanced �� clearance by blood-derived cell populations and acti-
vated microglia as the underlying mechanism that mediates the
substantial reduction of amyloid deposition in 5XFAD/Tg197
mice. Importantly, our study provides new insights into the role
of TNF-� in AD as additionally to its local actions in the AD
brain, TNF-� also indirectly impacts the progression of amyloid
pathology and neuronal damage as a regulator of peripheral in-
flammation. Finally, it suggests that future therapeutic ap-
proaches targeting TNF-� in AD should involve peripheral
TNF-� and that the potential effects of peripheral TNF-� mod-
ulation in the brain should be taken into consideration in the
treatment of RA patients with anti-TNF-� drugs.
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