
www.nrronline.orgNEURAL REGENERATION RESEARCH 

1144

Choroid plexus tumor necrosis factor receptor 1: 
a new neuroinflammatory piece of the complex 
Alzheimer’s disease puzzle

Alzheimer’s Disease Is One of the Largest 
Unmet Medical Needs With the Highest 
Clinical Trial Failure Rate Among All 
Therapeutic Areas
The devastating neurodegenerative disorder Alzheimer’s 
disease is the leading cause of dementia in patients older 
than 65 years. Due to the aging of the population, it is ex-
pected that the number of Alzheimer’s disease patients will 
triple by 2050. Moreover, despite the scientific efforts, there 
is currently no preventive, delaying or curative therapy. 
Neuroinflammation is a typical hallmark of Alzheimer’s dis-
ease and is now recognized as being a key player that drives 
the onset and progression of the disease (Ransohoff, 2016). 
Tumor necrosis factor is one of the best studied pro-inflam-
matory cytokines in systemic, inflammatory disorders, how-
ever, its pleiotropic actions in the brain have only recently 
begun to be acknowledged (Steeland et al., 2018a). It was 
found that tumor necrosis factor, a cytokine that signals via 
tumor necrosis factor receptor (TNFR)-1 and TNFR2, regu-
lates brain function in health and disease. Generally, TNFR1 
is considered to be the mediator of tumor necrosis factor’s 
pro-inflammatory and apoptotic activities, whereas signal-

ing via TNFR2 controls regenerative and homeostatic pro-
cesses (Steeland et al., 2018a). Also, TNFR1 is constitutively 
expressed by most cells, including brain cells in for example 
the hippocampus, while the expression of TNFR2 is more 
restricted to primarily immune cells, including microglia, 
endothelial cells, and some neuronal populations (Probert, 
2015). In Alzheimer’s disease, a central role has been at-
tributed to tumor necrosis factor due to its importance in 
synaptic (dys)functioning and memory formation, its co-lo-
calization with amyloid beta plaques in Alzheimer’s disease 
brains and its contribution to amyloidogenesis (Steeland et 
al., 2018a). Epidemiologic studies linked the use of anti-in-
flammatory medication to a lower incidence of Alzheimer’s 
disease but unfortunately, strategies targeting these inflam-
matory pathways have not been successful until so far. Also 
attempts to inhibit tumor necrosis factor in clinical trials led 
to inconclusive results (Tobinick, 2009). A novel approach 
that has been put forward only focuses on the pro-inflam-
matory arm of tumor necrosis factor by selectively antag-
onizing TNFR1 (Steeland et al., 2018a). Our own work 
adds to that as we identified tumor necrosis factor/TNFR1 
signaling as the main upstream activated cytokine in the 
choroid plexus of Alzheimer’s disease patients (Steeland et 
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al., 2018b). Importantly, we confirmed this detrimental role 
in two Alzheimer’s disease mouse models, and therapeutic 
abrogation of this pathway impedes the memory decline as-
sociated with this disorder. Our study further confirms the 
harmful effects of inflammation in Alzheimer’s disease and 
encourages the development of new drugs directed against 
the early inflammatory stage of the disease. We have per-
formed a PubMed literature search of articles published in 
the period of 2009 – September 2018 on neuroinflammation 
and the involvement of tumor necrosis factor/TNFR1 in 
Alzheimer’s disease.

Observations in Human and Mouse 
Alzheimer’s Disease Highlight the Importance 
of Choroidal Tumor Necrosis Factor Receptor 1 
In our study, we stress the importance of the choroid plex-
us, which is an often neglected brain structure. The choroid 
plexus contains the blood-cerebrospinal fluid barrier con-
sisting of choroid plexus epithelial cells. Apart from secret-
ing cerebrospinal fluid, the choroid plexus is also involved 
in cerebrospinal fluid dynamics and growth factor secretion. 
This epithelial monolayer that is uniquely positioned at the 
interface between the periphery and the brain, is believed to 
operate as an important sensor of peripheral inflammation, 
and forms a selective gateway to the brain for circulating im-
mune cells (Demeestere et al., 2015; Balusu et al., 2016). As 
the importance of the choroid plexus in Alzheimer’s disease 
has already been highlighted in numerous publications (re-
viewed by Balusu et al. (2016)), we performed an ingenuity 
pathway analysis on choroid plexus tissue of late-stage Alz-
heimer’s disease patients. This analysis revealed that tumor 
necrosis factor is the most upstream activated cytokine in 
Alzheimer’s disease patients compared to healthy subjects 
and that a long list of NF-κB-dependent genes downstream 
tumor necrosis factor/TNFR1 signaling were activated (Stee-
land et al., 2018b). Based on these results, we focused our 
subsequent analyses on choroid plexus-mediated neuroin-
flammation while other Alzheimer’s disease processes were 
not studied. To investigate the importance of tumor necrosis 
factor/TNFR1 signaling at the choroid plexus in Alzheimer’s 
disease, we used two different amyloid beta-driven Alzhei-
mer’s disease mouse models: the acute model of intracere-
broventricular injection of amyloid beta oligomers and the 
transgenic amyloid precursor protein (APP)/presenilin-1 
(PS1)tg/wt mouse model (Radde et al., 2006; Brkic et al., 2015). 
In both models, several pro-inflammatory genes were sig-
nificantly induced in the choroid plexus and hippocampus, 
although the effects were more pronounced upon amyloid 
beta oligomers injection in wild type (WT) mice compared 
to late-stage APP/PS1tg/wt mice. Crossing these mouse mod-
els into a TNFR1-deficient background resulted in a clear 
reduction of some prominent inflammatory mediators in 
the choroid plexus and hippocampus (Steeland et al., 2018b) 
(Figure 1A–D). To link the importance of tumor necrosis 
factor/TNFR1 signaling in Alzheimer’s disease-associated 
neuroinflammation with the choroid plexus, we examined 
the latter more closely in both Alzheimer’s disease mouse 
models. It was previously reported that the typical mor-
phology and functions of the choroid plexus are disturbed 

in Alzheimer’s disease patients (Balusu et al., 2016). Indeed, 
Chalbot et al. already suggested in 2011 that choroid plex-
us epithelial damage is one of the first signs of Alzheimer’s 
disease (Chalbot et al., 2011) and former research of our 
group pointed towards the destructive effects of amyloid 
beta oligomers on the choroid plexus epithelial architec-
ture (Brkic et al., 2015). Consequently, we investigated this 
using transmission and scanning electron microscopy and 
confirmed the loss of the typical cuboidal structure of cho-
roid plexus epithelial cells upon intracerebroventricular 
injection of amyloid beta oligomers. Intriguingly, we found 
that the choroid plexus epithelial morphology in TNFR1–/– 
mice was completely preserved. Choroid plexus epithelial 
cells of 18-week-old APP/PS1tg/wt mice displayed a profound 
transformation to a more degenerative state with irregular 
nuclei and signs of cellular degradation, whereas these of 
non-transgenic age-matched littermates exhibit a complete-
ly normal morphology. In a TNFR1-deficient background, 
these signs of cellular degradation were less obvious and the 
cuboidal shape of the cells was maintained (Figure 2). 

Genetic Abrogation of Tumor Necrosis 
Factor Receptor 1 Prevents Amyloidogenesis 
and Reduces Neuroinflammation 
We previously highlighted the importance of the blood-ce-
rebrospinal fluid barrier integrity in Alzheimer’s disease. 
In the same study, we reported that the pro-inflammatory 
matrix metalloproteinase-3 was responsible for blood-ce-
rebrospinal fluid barrier breakdown (Brkic et al., 2015). In 
our most recent study, we found that the permeability of the 
blood-cerebrospinal fluid barrier was maintained in amyloid 
beta oligomers-injected TNFR1–/– mice thanks to lower cho-
roidal expression of matrix metalloproteinase-3 and -8 (Fig-
ure 1E and F) (Steeland et al., 2018b). Matrix metallopro-
teinases are known to cleave tight junction proteins that are 
essential to keep the barrier integrity intact. Because changes 
in the choroid plexus morphology and loss of barrier integri-
ty might favor leukocyte extravasation into the brain paren-
chyma, culminating in more central nervous system inflam-
mation (Brkic et al., 2015), it has been suggested to consider 
matrix metalloproteinase-3 as a potential druggable target to 
protect barrier integrity (Brkic et al., 2015). However, despite 
the great efforts made by pharmaceutical companies, most 
developed matrix metalloproteinase inhibitors lack specific-
ity and are broad-spectrum antagonists with unwanted side 
effects after prolonged treatments. Additionally, the broad 
spectrum of biological activities of matrix metalloprotein-
ases hampers their inhibition: in some conditions, they can 
be harmful whereas they are antitargets in other conditions 
(Vandenbroucke and Libert, 2014). Our approach, namely 
targeting tumor necrosis factor/TNFR1 signaling upstream 
of matrix metalloproteinase activation, has the benefit that 
it is very selective. Moreover, our study revealed that inhib-
iting TNFR1 has broader therapeutic effects in Alzheimer’s 
disease compared to matrix metalloproteinase-3 inhibition. 
Indeed, blocking this pathway not only prevents the Alzhei-
mer’s disease-associated inflammation and loss of barrier 
integrity but it also reduces the amyloidogenesis. To address 
this, we investigated Alzheimer’s disease pathology in APP/
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Figure 1 Neuroinflammatory effects of tumor necrosis factor receptor 1 (TNFR1) in Alzheimer’s disease pathology in two Alzheimer’s disease mouse models. 
(A–H) In the acute Alzheimer’s disease mouse model, TNFR1+/+ and TNFR1–/– mice were intracerebroventricularly injected with amyloid beta oligomers 
(AβO) (A, B, E, F). In the transgenic mouse model amyloid precursor protein (APP)/presenilin-1 (PS1) transgenic (tg) mice in a TNFR1+/+ or TNFR1–/– 
background were used (C, D, G, H). (A–D, F) Relative mRNA gene expression was determined by quantitative polymerase chain reaction in the choroid 
plexus (A, C, F) and hippocampus (b, d) 6 h after AβO injection (A, B, F) and in late-stage APP/PS1 transgenic mice (C, D). (E) Six hours after AβO injec-
tion, the blood-cerebrospinal fluid (CSF) barrier permeability was determined in wild type (WT) and TNFR1–/– mice. (G) Brain sections of late-stage APP/
PS1 mice were stained with Thioflavin-S to detect Aβ disposition in the whole brain, and a morphometric analysis was performed. (H) Whole-brain sec-
tions of APP/PS1 mice were stained with ionized calcium binding adapter molecule 1 (IBA-1) for microglia activation and the IBA-1+ cells were quantified 
by determining the brown staining. All graphs are adapted from Steeland et al. (2018b). Il6: Interleukin 6; Il1β: interleukin 1β; Tnf: tumor necrosis factor; 
Mmp8: matrix metalloproteinase-8; ns: no significance.

PS1tg/wt mice in a WT and TNFR1-deficient background. This 
transgenic mouse model displays several typical pathological 
features of Alzheimer’s disease such as the presence of am-
yloid plaques and microglia activation in the brain (Radde 
et al., 2006; Steeland et al., 2018b). Strikingly, we observed 
reduced amyloid beta pathology in APP/PS1tg/wtTNFR1–/– 
mice reflected by less amyloid plaques in the brain and lower 
levels of soluble Aβ42 in the cortex compared to transgenic 
mice in a WT background (Figure 1G). One explanation for 
the latter is a reduced expression of the enzyme responsible 
for the generation of toxic amyloid peptides, beta-secretase 
(BACE1), that we observed in the transgenic TNFR1–/– mice. 
In line with the above observations in transgenic TNFR1–/– 
mice, there was also less microglia activation in their brains 
compared to transgenic WT mice, indicative for less inflam-
mation and consequent neuronal cell loss (Figure 1H). Im-
portantly, a recent study recognized a positive relationship 
between microglia activation and amyloid deposition which 
was stronger in individuals with mild cognitive impairments 
(Dani et al., 2018). Altogether, this argues for the importance 
of neuroinflammation in early phases of the disease and 
supports our approach that tackles these early, inflammatory 
events to treat Alzheimer’s disease.
 
Genetic and Pharmacological Ablation of 
Tumor Necrosis Factor Receptor 1 Prevents 
Against Alzheimer’s Disease-Induced Memory 
Decline
Cognitive impairment is one of the most prominent symp-
toms of Alzheimer’s disease and is also reported in APP/
PS1tg/wt mice (Radde et al., 2006). In our study, we evaluated 
cognitive behavior by assessing the working memory with 
the novel object recognition test. Both short-term and long-
term memory declined in APP/PS1tg/wt mice compared to 
non-transgenic age-matched controls, and in WT mice upon 

intracerebroventricular injection of amyloid beta oligomers. 
Strikingly, TNFR1 deficiency improved the novel object 
preference and thus the working memory in both mouse 
models. Because all these results are promising and indi-
cate that TNFR1 might be a potential therapeutic target, we 
provided proof-of-concept for therapeutic TNFR1 targeting 
(Steeland et al., 2018b). For this experiment, we used an in-
house generated and validated trivalent Nanobody called 
TROS that is able to selectively bind and block TNFR1 signal-
ing. Co-administration of amyloid beta oligomers with this 
inhibitor led to encouraging results. Indeed, TROS partially 
prevented the amyloid beta oligomers-induced reduction in 
both short-term and long-term memory. These data support 
the idea that TNFR1 is a valuable new drug target to prevent 
Alzheimer’s disease-associated memory decline (Figure 2).  

The Beta Amyloid Hypothesis into Question 
Alzheimer’s disease is a complex multifactorial disorder 
and many hypotheses about the main cause of Alzheimer’s 
disease exist, including the amyloid cascade, the Tau and the 
inflammatory hypothesis. The last few years, large advanced 
Phase 3 trials in Alzheimer’s disease with drugs that were 
developed guided by the amyloid hypothesis consistently 
failed. Examples are the clinical trials with solanezumab 
developed by Eli Lilly and targeting soluble amyloid beta, 
and with verubecestat (Merck) that inhibits BACE1. Sup-
porters of this hypothesis argue that Alzheimer’s disease 
patients need to be treated earlier in the disease course but 
there is a growing consensus to rethink this popular amy-
loid hypothesis (Ransohoff, 2016). Although we used mouse 
models driven by amyloid beta and identified TNFR1 as a 
downstream effect of amyloid beta, we mainly focused on 
the effects that toxic soluble amyloid beta oligomers spe-
cies exert early in the pathogenesis of Alzheimer’s disease 
(Figure 2). In the acute model, we inject soluble amyloid 
beta oligomers directly into the ventricles, representing the 
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Figure 2 Schematic overview of the effects of 
choroid plexus TNFR1 in the pathology of 
Alzheimer’s disease. 
In the presence of toxic soluble amyloid beta 
oligomers (AβO), the choroid plexus gets in-
flamed and loses its morphologic characteristics. 
Activated TNF/TNFR1 signaling in the choroid 
plexus epithelial (CPE) cells results in the induction 
of inflammatory cytokines and matrix metallopro-
teinases, which is associated with disruption of the 
tight junction between the CPE cells. The inflam-
matory environment activates the microglia, which 
in turn also start secreting inflammatory mediators. 
Later in the pathology, amyloid beta (Aβ) plaques 
are found in the brain parenchyma, of which the 
formation is facilitated via TNF/TNFR1, and also 
the neurons get affected. Ultimately, these events 
lead to the typical memory decline. Both genetic 
(TNFR1–/–) and pharmacological TNFR1 blockage 
(Nanobody TROS) can prevent these events and 
may form a new therapeutic in early Alzheimer’s 
disease. BBB: Blood-brain barrier; CSF: cerebro-
spinal fluid; MMP: matrix metalloproteinase; TNF: 
tumor necrosis factor; TNFR1: TNF receptor 1.

early phases of Alzheimer’s disease in which no plaques are 
formed yet. Nevertheless, also the other Alzheimer’s disease 
hypotheses should be taken into account. Indeed, compel-
ling research indicates that inflammation is the initiator of 
Alzheimer’s disease instead of a simple consequence of the 
damage caused by accumulated amyloid beta plaques (Ran-
sohoff, 2016). Another argument that favors this hypothesis 
is the contribution of lifestyle factors such as diet and exer-
cise to Alzheimer’s disease. Obesity and diabetes are asso-
ciated with a higher inflammatory status, which promotes 
the formation of amyloid plaques (Sohn, 2018). Altogether, 
this indicates that prodromal Alzheimer’s disease patients 
might benefit from therapeutics that target the inflamma-
tory component of the disease. Cutting the inflammation 
mediated by tumor necrosis factor/TNFR1 has the advan-
tage that it will interfere with the complex amyloidogenesis 
process, in addition to its direct anti-inflammatory effects. 
Furthermore, the normal choroid plexus morphology will be 
maintained and blood-cerebrospinal fluid barrier integrity 
ensured, limiting the contribution of the peripheral immune 
compartment. Thus early blockage of this pathway might 
possibly overcome the neurodegenerative progression and 
prevent memory deterioration. In future research, efforts 
should be put to gain insights in the exact role of the cho-
roid plexus in this complex pathology, and whether selective 
blockage of choroidal TNFR1 is sufficient to overcome the 
pathological features in Alzheimer’s disease. This would be 
interesting from a therapeutic perspective, as the choroid 
plexus is easily accessible for peripheral drugs via its fenes-
trated stromal capillaries, and thus could form the basis for 
new anti-inflammatory Alzheimer’s disease drugs.
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