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The role of inflammatory mechanisms in
the pathogenesis of Alzheimer disease
(AD) is increasingly being recognized.
Genome-wide association studies have
identified several single nucleotide poly-
morphisms in immune-related genes as
risk factors for AD development (Naj et
al., 2011). AD pathology is modulated not
only by activation of microglia and increases
in cytokines like tumor necrosis factor-�
(TNF-�) in the brain (Wyss-Coray and
Rogers, 2012; Heneka et al., 2015), but also
by components of the peripheral immune
system. In fact, peripheral monocyte-
derived cells were suggested to be more
capable of clearing �-amyloid (A�) plaques
than resident microglia (Simard et al., 2006).
However, peripheral immune cells are not
recruited to the brain in AD mouse mod-
els without further interventions, such as
head irradiation (Prinz and Priller, 2017).
Peripheral inflammation might also en-
able monocytes to infiltrate the brain in
AD. Indeed, inhibition of the immune
checkpoint protein programmed death-1,
a negative regulator of inflammation, was
reported to induce systemic inflammation
mediated by interferon-gamma (Baruch
et al., 2016), and this led to brain invasion

of monocyte-derived macrophages ac-
companied by increased A� clearance and
improved memory in mice carrying five
mutations causing familial AD (5XFAD
mice; Baruch et al., 2016).

To investigate the influence of chronic
peripheral inflammation on AD pathol-
ogy, several studies have combined mouse
models of rheumatoid arthritis (RA) with
models of neurodegeneration. These ap-
proaches have produced considerably vari-
able effects on neuropathology, depending
on the particular kind of peripheral inflam-
mation. Collagen-induced arthritis induced
monocyte infiltration and reduced tau de-
position in the brains of tau transgenic mice
(Lang et al., 2017), and it decreased amy-
loid plaque load in APP/PS1 mice (Park et
al., 2011). In contrast, osteoarthritis trig-
gered by interleukin-1� expression exac-
erbated plaque load in APP/PS1 mice
(Kyrkanides et al., 2011). Despite the in-
volvement of TNF-� in the pathogenesis
of both RA and AD, the role of peripheral
TNF-� in the interplay of chronic periph-
eral inflammation and neurodegeneration
has not yet been thoroughly investigated. Of
note, RA patients receiving anti-TNF-�
therapy have a reduced risk of developing
AD in later life (Chou et al., 2016).

In a study recently published in The
Journal of Neuroscience, Paouri et al. (2017)
demonstrated differing effects of peri-
pheral human TNF-� expression on am-
yloid plaque load, glial activation, and
synaptic integrity in the brain of 5XFAD

mice. The authors crossed 5XFAD mice
(Oakley et al., 2006) with Tg197 mice,
which express human TNF-� modified in
its 3�-untranslated region to yield consti-
tutive overexpression and serve as a model
of RA (Keffer et al., 1991). They found that
5XFAD/Tg197 (5XTg197) mice had re-
duced amyloid deposition in the hippocam-
pus and cortex compared with 5XFAD
controls at the ages of 2.5 and 4 months
(Paouri et al., 2017, their Figs. 1, 2). Inhi-
bition of human TNF-� with the mono-
clonal antibody infliximab had no effect
on plaque load in 5XFAD mice, but par-
tially restored A� deposition in 5XTg197
mice (Paouri et al., 2017, their Figs. 1, 2).
Expression of human TNF-� also pro-
moted microglial activation in mice. Al-
though several plaque-associated Iba1 �

microglia with morphological signs of
activation were detected in the cortex of
5XFAD mice, 5XTg197 mice showed a
diffuse and pronounced increase in Iba1
immunoreactivity, which was reversed by
infliximab treatment (Paouri et al., 2017,
their Fig. 4A). Interestingly, Tg197 mice
also had diffuse cortical microgliosis at the
age of 1 month, when infliximab treat-
ment of 5XTg197 mice was initiated
(Paouri et al., 2017, their Fig. 5C). This
suggests that infliximab treatment not
only prevented the activation of micro-
glia, but also rescued pre-existing gliosis.

Compared with in the serum, the levels
of human TNF-� were low in the brain of
5XTg197 mice, and they might have been
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restricted to small blood residues within
brain homogenates. Moreover, brain lev-
els of human TNF-�, unlike serum levels,
were not reduced by infliximab treatment
(Paouri et al., 2017, their Fig. 6A,B). These
observations, together with the findings that
neither infliximab (Paouri et al., 2017, their
Fig. 6C,D) nor human TNF-� itself (Banks
et al., 1998) cross the murine blood–brain
barrier, led the authors to attribute the ob-
served effects on A� pathology and glial re-
sponse in 5XTg197 mice to peripheral human
TNF-�.

To dissect the roles of microglia and
blood-derived leukocytes in the modula-
tion of amyloid pathology and glial activa-
tion in 5XTg197 mice, Paouri et al. (2017)
performed immunofluorescence analyses
using various leukocyte and myeloid cell
markers. In the cortex and corpus callo-
sum, there was increased immunoreactiv-
ity for CD45 in ramified parenchymal
microglia as well as in what were most
likely infiltrating CD45� leukocytes in the
parenchyma and in association with blood
vessels (Paouri et al., 2017, their Fig. 8A–
C). The density of all CD45� cells in the
brain was increased in Tg197 mice and
even further augmented in 5XTg197 mice.
Infliximab treatment reduced CD45� cell
density in 5XTg197 mice (Paouri et al.,
2017, their Fig. 8D). Further characteriza-
tion of immune cell populations showed
recruitment of Ly6C� monocytes in the
cerebral vasculature of Tg197 and 5XTg197
mice (Paouri et al., 2017, their Fig. 9A,B).
Staining for the recently discovered mi-
croglial marker TMEM119 (Bennett et al.,
2016), which distinguishes resident micro-
glia from infiltrating monocyte-derived
macrophages, revealed that TMEM119�

CD68� phagocytic microglia were gro-
uped around amyloid depositions in
5XFAD mice and in 5XTg197 mice treated
with infliximab. In contrast, CD68� pha-
gocytes in the brains of Tg197 and 5XTg197
mice were predominantly TMEM119�, sug-
gesting that these cells were monocyte-
derived (Paouri et al., 2017, their Fig. 9C).
Infliximab treatment significantly re-
duced the recruitment of Ly6C� cells and
TMEM119� cells in 5XTg197 mice (Paouri
et al., 2017, their Fig. 9A–C). These data
show that peripheral human TNF-� can di-
rect CD45� leukocytes, including Ly6C�

monocytesandTMEM119�CD68�mono-
cyte-derived phagocytes, to the brain vascu-
lature and parenchyma and affect the
phagocytic activation of microglia and infil-
trating cells.

Finally, the authors examined the ef-
fect of peripheral human TNF-� on neu-
ronal integrity in 5XTg197 mice. Intensity

of staining for the synaptic vesicle protein
synaptophysin was reduced in the cortex
of Tg197 and 5XTg197 mice and restored
by infliximab treatment (Paouri et al.,
2017, their Fig. 10B,D). This suggests that
peripheral human TNF-� disrupts synap-
tic integrity.

In summary, the study by Paouri et al.
(2017) identifies peripheral TNF-� as an
important modulator of AD pathology.
Whether peripheral TNF-� is primarily
beneficial or detrimental in AD remains
unclear, however. Although increased plaque
clearance in 5XTg197 mice appears benefi-
cial at first sight, the degradation of A�
plaques might lead to the release of the more
synaptotoxic A� oligomers (Selkoe and
Hardy, 2016), thereby accelerating synaptic
loss in 5XTg197 mice. In addition, microglia
contribute to synaptic impairment in AD in
a complement-dependent fashion (Hong et
al., 2016). Interestingly, Paouri et al. (2017)
detect CD68� phagocytic microglia and
macrophages in proximity to A� deposi-
tions (Paouri et al., 2017, their Fig. 9C).
These cells might phagocytose A� or syn-
aptic structures. Future studies will be
required to visualize the internalization
of these potential phagocytic targets by
CD68� cells in 5XTg197 mice and to elu-
cidate signals downstream of peripheral
TNF-� that direct phagocytes to their re-
spective destination.

The findings by Paouri et al. (2017)
also shed light on the differential roles of
resident microglia and circulatory myeloid
cells in the modulation of AD pathology
(Meyer-Luehmann and Prinz, 2015) and
they clearly demonstrate that these cell pop-
ulations can be influenced by peripheral
TNF-� or its inhibition. This corroborates
previous findings that boosting peripheral
inflammation can alleviate A� pathology
by enabling myeloid cells to infiltrate the
brain (Baruch et al., 2016). In addition to
myeloidcells,however,Paourietal. (2017)de-
tect round-shaped CD45�Iba1� leukocytes
in the brain parenchyma (Paouri et al.,
2017, their Fig. 8B). Based on their mor-
phology and marker expression, these
cells could represent lymphocytes. Inter-
estingly, a recent study reported increased
T cell infiltration in the brains of 12-
month-old 5XFAD mice, and this infil-
tration, along with improved synaptic
long-term potentiation, was reduced by
TNF-� inhibition (MacPherson et al.,
2017). Although the presence of T cells in
the brain parenchyma and their contribu-
tion to the pathophysiology of AD is still
controversial, these findings suggest that T
cells might be an additional target of periph-
eral TNF-� and contribute to the modula-

tion of AD-related pathology in 5XTg197
mice.

As Paouri et al. (2017) emphasize, the
effects of TNF-� on AD depend on the
spatiotemporal activity of TNF-� itself and
the signals it induces. Of note, the Tg197
mouse model was recently reported to lack
signs of microglia activation in the hippo-
campus (Süß et al., 2015), whereas Paouri et
al. (2017) detect robust gliosis in the cortex
(Paouri et al., 2017, their Fig. 5). It is there-
fore conceivable that peripheral TNF-�
differentially affects different brain re-
gions. This is in line with the finding that
A� deposition is more effectively reduced
in the cortex than in the hippocampus of
5XTg197 mice (Paouri et al., 2017, their
Figs. 1D,E, 2D,E), as this reduction re-
quires local leukocyte recruitment and ac-
tivation of microglia. These observations
call for future studies addressing regional
differences in the effects of peripheral in-
flammation on the brain.

Given that the effects of chronic pe-
ripheral expression of human TNF-� on
AD pathology in 5XTg197 mice include
both reduction of A� load and accelera-
tion of synaptic impairment and that
these effects might vary across brain areas,
it is important to consider the effects of
peripheral TNF-� on a behavioral level.
Unfortunately, however, the severe in-
flammation in Tg197 and 5XTg197 mice
reduces lifespan to 4 months (Keffer et al.,
1991; Paouri et al., 2017). Because an age
of 4 months is too young to observe ro-
bust behavioral alterations in most mouse
models of AD and cognitive impairment
in 5XFAD mice develops at 4 –5 months
(Oakley et al., 2006), cognitive perfor-
mance cannot be appropriately compared
in 5XTg197 and 5XFAD mice. Due to the
reduced life expectancy of 5XTg197 mice,
the effects of peripheral TNF-� reported
by Paouri et al. (2017) are only applicable
to the early phase of AD-related pathology
in 5XFAD mice and might differ from ef-
fects at later disease stages. To address the
role of peripheral TNF-� during further
AD progression and to investigate altera-
tions on the behavioral level, an inducible
TNF-� transgenic mouse model as the
one described recently (Retser et al., 2013)
could be used.

In summary, Paouri et al. (2017) dem-
onstrate that chronic overexpression of
peripheral human TNF-� efficiently modu-
lates early AD-related pathology in 5XFAD
mice by activating microglia and recruiting
peripheral immune cells into the brain.
These effects are accompanied by reduced
A� load, but they might also accelerate syn-
aptic loss. The prominent and diverse effects
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of peripheral TNF-� and its inhibition on
the brain must be evaluated thoroughly in
the context of neurodegeneration, as well as
in chronic inflammatory diseases like RA.
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