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Abstract
The hypothesis that accumulation of beta-amyloid (Aβ) species in the brain represents a major event in Alzheimer’s disease (AD)
pathogenesis still prevails; nevertheless, an array of additional pathological processes contributes to clinical presentation and
disease progression. We sought to identify novel targets for AD within genes related to amyloid precursor protein (APP)
processing, innate immune responses, and the catecholamine system. Through a series of bioinformatics analyses, we identified
TLR5 and other genes involved in toll-like receptor (TLR) signaling as potential AD targets. It is believed that Aβ species induce
activation of microglia and astrocytes in AD, with a negative impact on disease progression. The TAM (Tyro3, Axl, Mer) family
of receptor tyrosine kinases plays pivotal roles in limiting inflammatory responses upon TLR stimulation, for which we further
studied their implication in the TLR5 alterations observed in AD. We validated the up-regulation of TLR5 in the frontal cortex of
moderate AD cases. In addition, we observed up-regulation of the TAM ligands protein S (PROS1), galectin-3 (LGALS3), and
Tulp-1. Furthermore, we identified an association of the TAM ligandGAS6with AD progression. In THP-1 cells, co-stimulation
with Aβ and flagellin for 24 h induced up-regulation of TYRO3 andGAS6, which could be prevented by neutralization of TLR5.
Our results underscore the role of TLR dysregulations in AD, suggesting the presence of an immunosuppressive response during
moderate disease stages, and implicate TAM signaling in AD immune dysregulation.
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Introduction

Abnormalities of β-amyloid (Aβ) metabolism are still be-
lieved to function as central elements in Alzheimer’s disease
(AD) pathogenesis, triggering a cascade of events that ulti-
mately lead to neuronal cell damage and death. Nevertheless,
current evidence points to a scenario where amyloid

pathology is likely to be the result of a different initiating
pathological event, such as a response to certain stressors
[1]. Dysregulation of amyloid processing protein (APP)-
interacting proteins may affect Aβ production. Among the
various functions of APP, it has been suggested to have a
role in stress responses mediated by catecholamines.
Moreover, prolonged inflammatory responses in the brain
can lead to a loss of catecholaminergic neurons, influenced
by age and duration of the pro-inflammatory stimulus [2].
The role of inflammatory processes in a number of psychi-
atric and neurodegenerative disorders has gained much at-
tention in recent years [3, 4]. Neuroinflammation is likely to
contribute to the pathogenesis of AD by the activation of
microglia in response to Aβ accumulation through sensing
molecules, including complement receptors, toll-like recep-
tors (TLRs), and NOD-like receptors (NLRs) [5–7].
Moreover, the APOEε4 allele, the major genetic risk factor
identified to date for AD [8], has recently been implicated in
the innate immune response to TLR ligands in humans [9].
Similarly, several other genes conferring AD susceptibility
seem to play roles in innate immune responses [10, 11].
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TLRs can activate microglia and astrocytes, and mediate an
array of different pathways resulting in both neuroprotective/
anti-inflammatory and neurotoxic/pro-inflammatory pheno-
types [12]. Consecutively, even though TLR activation trig-
gers or amplifies immune responses in the central nervous
system (CNS), evidence suggests that TLR signaling also
plays critical roles in neuroprotective and restorative processes
in response to various insults [13]. Because prolonged im-
mune responses are detrimental to normal brain functions,
mechanisms that restrict neuroinflammation exist. One such
mechanism involves the TAM receptors (Tyro3, Axl and
Mer), a family of widely expressed receptor tyrosine kinases
that inhibit the propagation of pro-inflammatory signals
resulting from TLR stimulation, by dampening the production
of pro-inflammatory and inducing that of anti-inflammatory
mediators [14]. Many factors define the downstream effects of
TAM activation, including cell type-specific activation by the
main (Protein S and Gas6) or additional (Tubby, Tulp-1, and
Galectin-3) ligands, and patterns of co-expression [15–19]. In
the CNS, the biological activities of the members of the TAM
system have not yet been widely studied. Moreover, even
though a number of abnormalities observed in TAM-
deficient mice and microglia are also neuropathological fea-
tures of AD [20–22], the TAM system has been scarcely stud-
ied in the context of this disorder.

In the present study, we sought to investigate the expres-
sion changes implicating APP processing, and the catechol-
amine and innate immune systems in AD, and performed a
series of computational analyses to identify novel molecular
targets. We further focused on our resulting top target, TLR5,
and investigated the potential implication of a TLR5-TAM
system interaction in the pathobiology and clinical progres-
sion of AD using human frontal cortex and a cellular model of
microglia-like cells.

Short Methods

Bioinformatics Analyses for Target Identification Briefly, we
used microarray expression data corresponding to entorhinal
cortex (EC), hippocampus (HIP), and superior frontal gyrus
(SFG) of AD and control brains from a publicly available data
set (EMBL-EBI ArrayExpress ID: E-GEOD-48350 [23]) to
analyze the region-specific expression changes and interac-
tions, non-attributable to aging, in four gene sets (color within
figures): APP-related (dark red), GWAS-identified AD candi-
dates (lilac), catecholamine system-involved (brown), and in-
nate immunity genes (gray blue). For this, we performed sta-
tistical comparisons, correlation tests, and classification tasks.
We further assessed dysregulations of the differentially
expressed (DE) genes in peripheral blood of mild cognitive
impairment (MCI), AD, and control individuals from the
AddNeuroMed cohort (Gene Expression Omnibus (GEO)

accessions: GSE63060 and GSE63061 [24]). By a point-
based system, including results from the different analyses,
we assigned scores to each gene and ranked them to identify
the strongest AD targets. Finally, we built a protein-protein
interaction (PPI) network with the top 10 targets, and included
APP and microtubule-associated protein tau (MAPT), as the
pivotal AD players, to shed some light into potential molecu-
lar links with, or mechanisms implicating the identified genes
in, AD pathophysiology. Detailed methods for all bioinfor-
matics analyses can be found in the Supplementary Methods.

Biological Material Total RNA extracts from frontal cortex
homogenates of 35 cognitively healthy controls (CTRL), 35
MCI, and 34 AD (13 in moderate and 21 in advanced disease
stages) cases were used for validation of TLR5 up-regulation
and further experiments on the potential involvement of the
TAM system. Approval to work with human tissues is granted
to Michael T. Heneka by the Ethics Committee of the
University Hospital Bonn. The THP-1 cell line was used for
the in vitro assessment of the effects of Aβ exposure, and co-
stimulation with the natural ligand for TLR5, flagellin (FliC).
Basic sample description and detailed methods for all experi-
ments can be found in the Supplementary Methods.

RT-qPCR Gene expression levels were analyzed by the com-
parative ΔΔCt method through one-step RT-PCR using the
QuantiTect SYBR green RT-PCR Kit (QIAGEN), following
manufacturer’s instructions. Pre-validated QuantiTect Primer
Assays (QIAGEN) were used to amplify the following:
TYRO3 (QT00055482), AXL (QT00067725), MERTK
(QT00031017 ) , PROS1 (QT00011746 ) , GAS6
(QT00 0 49 1 2 6 ) , TULP1 (QT000 8 0 5 28 ) , TUB
(QT00037149), LGALS3 (QT00094052), CX3CR1
(QT00203434 ) , A IF1 (QT00013279 ) , TREM2
(QT00 0 63 8 6 8 ) , GFAP (QT00 0 811 51 ) , NEFL
( QT 00 0 9 6 3 6 9 ) , TLR5 ( QT 0 1 6 8 2 0 7 9 ) , EGR1
(QT00218505), and GAPDH (QT00079247). Ct values ob-
tained for target genes were normalized using GAPDH as
the reference gene.

ELISATLR5 activation was assessed by measuring interleukin
(IL)-8 and tumor necrosis factor (TNF)-α in cell culture su-
pernatants by ELISA (DuoSet ELISA Development Systems,
R&D Systems), following manufacturer’s instructions.
Optical density was determined at 450 nm, with 570 nmwave-
length correction.

In Vitro Aβ42 Uptake Proteins from THP-1 cells were extracted
by cell lysis using 2× RIPA buffer. Replicates from the same
experiment were pooled and proteins were extracted and pre-
cipitated. The uptake of Aβ was assessed by its intracellular
relative contents, detected by western blot with the 6E10 anti-
body (#SIG-39320, Covance, 1:1000), normalized to β-actin.
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Statistical Analysis Significance levels were set to p < 0.05.
For all analyses, we used STATISTICA 7 (StatSoft),
GraphPad Prism 7, and MeV software. Detailed methods for
all performed analyses can be found in the Supplementary
Methods.

Flagellin–β-Amyloid Sequence Alignment and TLR5–β-
Amyloid Docking Simulations The possibility of sequence
similarities between FliC and Aβ42 was investigated by
performing an alignment of their sequences using Jalview
2.9.0b2 [25]. Docking simulations to explore the ability of
Aβ species to interact with TLR5 were performed through
the GRAMM-X (Global RAnge Molecular Matching)
Protein-Protein Docking Web Server v.1.2.0 [26] and images
were created with Swiss-PdbViewer v4.1 [27]. FASTA se-
quences used for alignment and PDB files used for docking
simulations were obtained from the RCSB Protein Data Bank
[28]. Detailed methods can be found in the Supplementary
Methods.

Results

Identification of TLR5 as a Relevant Target Gene
for AD

Expression changes between AD and control brains were ob-
tained controlling for the effects of age and gender. In total,
over 130 genes were investigated: 11 related to, and including,
APP, 46 involved in the development and function of the
catecholamine system, 28 AD candidates identified through
large GWA studies, and over 50 genes participating specifi-
cally in innate immune responses. We identified 43 of these
genes showing non-age-related altered expression levels in
AD (Fig. 1a), in at least one brain region: 19 DE in EC, 17
in HIP, and 15 in SFG, with CLEC7A (p = 0.00013, adjusted
p = 0.0009), CHGB (p = 0.00026, adjusted p = 0.0015), and
TLR5 (p = 9.9 × 10−7, adjusted p = 2.1 × 10−5) presenting the
highest significance, respectively. Analysis results of all sig-
nificant genes for the comparisons between AD and controls,
and between young and aged controls, can be found in
Table S1. From these 43 DE genes, 9 were also found to be
up-regulated in peripheral blood in AD (Fig. S1), compared to
controls, where TLR5 (p = 0.000303, adjusted p = 0.003032)
and APBB3 (p = 0.000315, adjusted p = 0.002836) were the
most significantly changed in AD that remained unchanged in
MCI.

Partial correlation coefficients for each brain region were
calculated, while controlling for age and gender, to observe
associations of APP and its related genes with the GWAS
candidates and those genes involved in the catecholamine
and innate immune systems, and to identify relations with
clinicopathological variables in AD cases, namely APOE

genotype, Braak stage, and Mini-Mental State Examination
(MMSE) test score. Broadly, the larger number of correlations
was observed in EC, particularly for genes of the APBA fam-
ily. However, more correlations with APP were observed in
HIP and SFG (Fig. 1b). Outside the APBA and APBB family
members, CHGB and TLR5 were the genes correlating with
the larger number of APP-related gene set members. TLR5
and IFIH1 expression showed correlations with disease status
in all brain regions, particularly in SFG (Table S2). Moreover,
immune-related genes negatively correlated with APOE geno-
type, while three genes (MOXD1, APLP2, and FCGR1A/C)
positively correlated with MMSE score. No gene’s expression
correlated with Braak staging of AD cases (Fig. S2).

We further used classification and regression trees
(C&RTs) as a means to study the relative importance of re-
gional changes in gene expression for AD. In all brain regions,
good classification accuracy was observed, although control
membership was predicted more accurately than ADmember-
ship (sensitivity<specificity), particularly in EC and SFG,
where most genes used in the classifier were immune-related
and included TLR5 (Fig. S3). However, for predictions of the
clinicopathological features, it was the catecholamine system
set the one contributing in the largest proportion (Table S3).
We speculate that these observations might reflect, on one
hand, that the innate immune system activates in response to
the occurrence of neuropathology early in the disease while,
on the other hand, the catecholamine system might contribute
to the clinical progression of AD.

By integration of these results, we found our 43 targets were
grouped in 19 subsets of 1 to 6 genes (Table S4), where TLR5
showed the highest ranking. We took the top 10 genes (TLR5,
SORL1, TLR1, TBK1, IFIH1, C3, APLP2, ECSIT, APBB1IP,
and APBB3) to build a PPI network that allowed the visualiza-
tion of the relationships between these top targets with APP
andMAPT (Fig. 2a). We discuss these genes in all detail in the
Supplementary material. Network nodes were found grouped
in four clusters corresponding to APP processing-related pro-
teins and MAPT (yellow), complement system proteins
(green), TLR signaling proteins (red), and mitochondrial pro-
teins (blue). We observed that the complement response is
linked in our network to APP processing and tau by a connec-
tion between C3 and APP and that, furthermore, the comple-
ment links the TLR signaling with these AD molecules
through a connection between C3 and TLR1/TLR5. More in-
formation on our top targets can be found in the complemen-
tary discussion (Supplementary Material).

To follow-up on our top target, we validated the dysregu-
lation of TLR5 using RT-qPCR in a subset of our independent
sample (Fig. 2b), where we observed increased levels
(Bonferroni post-hoc p < 0.001 for all comparisons) of TLR5
mRNA in the frontal cortex of moderate AD cases (n = 4), but
not MCI (n = 10) or advanced AD (n = 5). Moreover, there
was a modest correlation of TLR5 mRNA levels with the
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expression of the constitutive microglial cell marker AIF1 (Iba1,
p = 0.023, r = 0.5324, Fig. 2b), but not with markers for activat-
ed microglia, neuronal, or astroglial cells. TLR5 also correlated
with themRNA levels of the neuronal transcription factorEGR1
(p = 0.013, r = 0.4439). This suggests that TLR5 was likely
expressed by microglial cells. However, the regulation of
TLR5 by EGR1, although possible, is not clear from our data.

Characterization of TAM System Alterations in AD

To investigate whether the TAM system, an important limiting
mechanism of TLR signaling, is involved in AD pathobiolo-
gy, in general, and in the alterations we observed of TLR5 in
AD, in particular, we first characterized the gene expression

patterns of the TAM receptors and ligands in the AD frontal
cortex. We observed no change in gene expression of the
TAM receptors. Nevertheless, mRNA levels showed a slight
tendency towards increases during moderate and/or advanced
AD, depending on the receptor (Fig. 3a), which may reflect
their different functionalities. We included in our study all five
reported TAM ligands and found that PROS1 (protein S) and
LGALS3 (galectin-3) showed a similar pattern of expression,
with increases during moderate stages of AD but not in ad-
vanced stages of the disease (Fig. 3b). On the other hand,
GAS6 presented progressive slight increases in gene expres-
sion from normal cognition through AD-type pathology, to
finally reach significance, when compared to control and
MCI brains, at the advanced AD stage.

Fig. 1 Identification of AD target genes in the E-GEOD-48350 dataset. a
Mean expression levels in Alzheimer’s disease, all cognitively normal
controls, young controls, and aged controls, in entorhinal cortex, hippo-
campus, and superior frontal gyrus. Genes were considered differentially
expressed in a given region when the Benjamini-Hochberg-adjusted p-
values for the comparison between AD and all controls were significant,
while those corresponding to the comparison between young and aged
controls were not significant. All comparisons were adjusted for age and

gender. Hierarchical clustering was performed by Euclidean distance with
complete linkage. b Region-specific correlation coefficients of the corre-
sponding regional significant genes with APP-related genes in AD and
control brains. Partial correlations were obtained while controlling for the
effects of age and gender. Gray squares represent non-significant corre-
lations. Gene sets: APP-related (dark red), GWAS-identified AD candi-
dates (lilac), catecholamine system-involved (brown), and innate immu-
nity genes (gray blue)
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We explored the potential relationships between TAM sys-
tem elements using correlation matrices and hierarchical clus-
tering (Fig. 3c, d), both of which revealed that AXLmay more
likely relate to GAS6, and MERTK (Mer) with TUB (Tubby);
however, both pairs could be seen as what we called a Blate
subsystem,^ affected only at late AD stages. On the other
hand, TYRO3 appeared to form an Bearly subsystem^ with
the potential to affect moderate stages of AD. This latter
would also comprise PROS1, LGALS3, and TULP1.

Because gene expression was measured from brain tissue
homogenates, which include all cell types present in the tissue,
our approach to try to elucidate the cell type-specific expression
patterns of the TAM system elements was tomeasure themRNA
levels of markers for microglia (AIF1,CX3CR1, TREM2), astro-
cytes (GFAP), and neurons (NEFL), and test how these correlat-
ed with the gene expression of TAM system elements.We found
that not all three microglial markers we used showed a common
expression pattern: the levels of AIF1 remained stable over the
different disease stages, while levels of CX3CR1 showed a non-

significant tendency to increase, in a progressive manner, along
with disease progression. TREM2 was, however, increased in
advanced AD cases (Fig. 4a). Similarly, GFAP expression
showed increases only in those cases with advanced AD. This
might suggest that micro- and astrogliosis are present in the
frontal cortex in AD only at late disease stages.

Considering the results from our correlation tests, we sug-
gest that, in our study, the TAM system elements might have
been expressed by activated microglia and astrocytes in dif-
ferential patterns (Fig. 4b). Furthermore, the ratios between
TYRO3 (p < 0.01) and AXL (p < 0.001) to TREM2 were in-
creased in moderate AD cases. Although the ratios of all three
TAM receptors to GFAP showed significant changes in the
ANCOVA results (p < 0.0001), pairwise comparisons were
not significant by the Bonferroni post-hoc tests (Fig. S4).
However, as the interactions between microglia and astroglia
are complex and thus difficult to interpret by our simplistic
approach to try to resolve the cell type-specificity issue, we
should not draw strong conclusions out of this analysis.

Fig. 2 a Protein-protein interaction network of the top 10 targets identi-
fied in our study, after systematic integration of results, with incorporation
of APP and MAPT. The network was created using STRING v.11, ex-
panded by 10 interactions in the Confidence view, and clustered with the
MCL algorithm. b Validation of TLR5 dysregulation in AD. The gene

expression of TLR5 was up-regulated in frontal cortex of moderate AD
cases in an independent sample (N = 28). ***p < 0.001. c TLR5 mRNA
levels positively correlated with those of AIF1 (when adjusted for age,
gender, and PMI) and EGR1. Gene expression levels measured by RT-
qPCR are presented as the mean values of the 2−ΔCt transformation
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Next, we attempted to elucidate the potential clinical rele-
vance of the TAM system through correlation and linear re-
gression tests. First, to corroborate the relationships between
the clinicopathological parameters we had available, we
showed that all parameters were highly correlated to each
other, that the MMSE test scores were highly associated with
the neuropathological findings, and that cognitive decline, as
measured by the MMSE scores, was slightly more associated
with tau pathology than with the amount and density of amy-
loid plaques. Interestingly, however, the APOE genotype
showed no relationship with these parameters in our sample
(Fig. S5-A/C), which can be likely attributed to the small
sample size. Although some negative correlations were ob-
served between TAM ligands and the MMSE scores, the only
targets whose expression appeared to importantly correlate

with the neuropathological features were GAS6 and the cell
markers TREM2 and GFAP (Fig. S5-B/C). Nevertheless, only
GAS6 (p = 0.014, Beta = 0.47) and GFAP (p = 0.037, Beta =
0.26) were associated with disease progression, considered as
the continuous coding of Bdisease status,^ by linear regression,
suggesting a detrimental effect of GAS6 and GFAP in AD.

Investigation of the Relationship Between TLR5
Signaling and the TAM System in AD

In our independent sample, the expression of TLR5 correlated
with that of the TAM ligand PROS1 (p = 0.025, r = 0.5266) in
AD brains, but not with that of the other TAM elements part of
the Bearly subsystem.^ This might be partly explained by the
observation that TLR5 and PROS1 were both associated with

Fig. 3 Expression of the TAM system elements in frontal cortex. Gene
expression of the TAM receptors (a) and the reported TAM ligands (b)
was measured by RT-qPCR in frontal cortex of 104 frozen brain samples.

Correlation tests (c) and gene hierarchical clustering (d) were applied to
explore the associations between the system elements
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the expression of AIF1, but no other cell type-specific marker
in this sample.

In an attempt to investigate whether Aβ species can direct-
ly stimulate TLR5 receptors and its potential implications for
the expression of TAM system elements, we used PMA-
differentiated THP-1 cells as a model of macrophage/
microglia-like cells. TLR5 involvement was assessed through
treatment with human anti-TLR5 neutralizing antibody, prior

to main stimulations. Cells were stimulated for 24 h with
either FliC, the natural ligand for TLR5, a preparation of olig-
omeric Aβ (which may also contain amyloid fibrils), or both,
to assess the delayed response to these compounds.
Treatments did not affect cell viability/metabolism, as
assessed by the XTT assay. To determine cell activation in
response to treatments, we measured IL-8 and TNFα secreted
in the culture supernatants by ELISA (Fig. 5a, b).

As expected, stimulation with FliC caused an increase in
the concentration of both inflammatory molecules, prevented
by the neutralization of TLR5. However, surprisingly, we
found that exposure to our Aβ preparation showed anti-
inflammatory effects after 24 h, significantly reducing the
levels of IL-8 and TNFα secreted by THP-1 cells. This effect
appeared to be inhibited by neutralization of TLR5 in the case
of IL-8, but not TNFα, suggesting that IL-8 secretion may be
more dependent on TLR5 than that of TNFα. Furthermore,
the presence of Aβ in the culture medium inhibited IL-8 in-
creases in response to FliC in a manner similar to that ob-
served for the TLR5 neutralizing antibody, while the effect
on TNFα was the same as that observed for the stimulation
with Aβ alone. Neutralization of TLR5 did not appear to
further potentiate the effects of Aβ (Fig. 5b).

Gene expression of TLR5 was not affected by the different
treatments in THP-1 cells. However, we observed a non-
significant tendency for TLR5 mRNA levels to decrease in
response to FliC, which was not observed upon TLR5 neu-
tralization, while the opposite was observed for the treatment
with Aβ alone. The presence of Aβ also prevented the slight
decrease in TLR5 expression observed for FliC when cells
were co-stimulated (Fig. 5c). Moreover, TLR5 expression at
24 h was inversely correlated to the levels of secreted IL-8 and
TNFα (Fig. 5d). Together, these observations suggest that,
contrary to our initial beliefs, increased levels of TLR5
mRNA are actually indicative of an impaired response to im-
mune stimuli, and that prolonged stimulation of TLR5 by Aβ
species might result in deficient immune responses.

Gene expression of TYRO3 and GAS6 at 24 h was not
affected by Aβ treatment alone, but their expression was in-
duced when FliC and Aβ species were present together in the
culture medium. This effect was completely inhibited by
TLR5 neutralization in the case of TYRO3 while, for GAS6,
the induction did not reach significant levels when TLR5 was
neutralized (Fig. 6a). Although showing non-significant
changes, PROS1 had a tendency to increase in the presence
of both stimuli when TLR5was neutralized, while Aβ slightly
increased LGALS3, effect inhibited by TLR5 neutralization;
when both stimuli were present in the medium and TLR5 was
neutralized, LGALS3 also presented a tendency towards in-
creases and thus, to some extent, LGALS3 expression may
be dependent on TLR5 activity. TULP1 appeared to not be
expressed in THP-1 cells. Together, these observations sug-
gest that Aβ stimulation or TLR5 activation alone does not

Fig. 4 Relationships between the TAM system elements and cell
markers. Gene expression of cell markers for microglia (AIF1,
CX3CR1, TREM2), astrocytes (GFAP), and neurons (NEFL) was
measured by RT-qPCR in frontal cortex (a) and correlated with the ex-
pression of elements of the TAM system (b)
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affect the expression of TAM system elements; nevertheless,
when a chronic immune stimulus exists and Aβ species are
present in the environment, there may be an up-regulation of
certain components of the system that might abolish the re-
sponse to the immune stimulus and potentially impact the
uptake of Aβ (Fig. 6b, c). However, further experiments are
required to see if the non-significant tendencies we observed
in the present study, such as for the expression of TLR5,
PROS1, and LGALS3, as well as for Aβ uptake, can reach
significant levels.

That Aβ was able to prevent the inflammatory response
to FliC made us wonder about the possibility of a TLR5–
Aβ interaction given in such a way that, instead of activat-
ing the receptor, Aβ could be blocking its ligand binding
capacity. In an initial attempt to explore this idea, we made
use of sequence alignment to identify any similarities be-
tween FliC and Aβ that might be recognized by TLR5
(Supplementary Methods). We found some alignment
within residues 333-373 of FliC with Aβ42 (Fig. S6) that,
even if not falling within the TLR5 recognition domain,

may open the possibility for a TLR5–Aβ interaction. We
further created protein-protein docking simulations be-
tween the human TLR5 model structure in its biological
assembly, and three different Aβ species: Aβ 1-40 and Aβ
1-42 monomeric structures, an Aβ fibril-like structure that
we termed Boligomer,^ and fibrillar Aβ. Moreover, to sim-
plify the receptor’s structure, we also created docking sim-
ulations for the zebrafish TLR5 with monomeric and fibril-
lar Aβ (Fig. S7). From the docking simulations with hu-
man TLR5, we did not observe great potential for Aβ
monomers to bind to TLR5 in a manner relevant for the
inhibition of ligand binding. However, we believe the pos-
sibility may exist of interference for the interactions with
adapters (outside of the FliC recognition domain) to initi-
ate signaling. Moreover, for the zebrafish TLR5 structure,
we observed several possibilities for Aβ monomers to in-
teract with the receptor and potentially block FliC recog-
nition. Aβ aggregates, on the other hand, showed a clearer
potential to interact with TLR5 in a manner that would
obstruct ligand recognition.

Fig. 5 Effects of amyloid stimulation on TLR5 gene expression.
Differentiated THP-1 cells were stimulated with FliC and/or an oligomer-
ic Aβ preparation for 24 h. Concentrations of IL-8 and TNFα were
measured in culture supernatants by ELISA (a) and TLR5 gene

expression was measured by RT-qPCR (b). IL-8 and TNFα concentra-
tions correlated positively (c), while TLR5 expression correlated negative-
ly with the concentrations of secreted IL-8 and TNFα (d)
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Fig. 6 Effects of amyloid stimulation on the expression of TAM system
elements. Differentiated THP-1 cells were treated as before, and the ex-
pression of the TAM receptors and ligands was measured by RT-qPCR
(a). The functional implications of TAM system dysregulation were
assessed for the uptake of Aβ from the culture medium through western

blot using the 6E10 antibody (b). Relative intracellular concentrations of
Aβ (c) were normalized to the reference band (β-actin). The different
treatments from each gel were normalized to the reference condition (Aβ
treatment alone)
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Discussion

Our study provides evidence supporting that dysregulations in
the catecholamine and innate immune systems contribute to
AD neuropathology with a regional specificity that may re-
flect the propagation of the disorder from EC to HIP and SFG,
and underscores the involvement of abnormalities in TLR
signaling and complement system molecules, such as TLR5,
TBK1, ECSIT, and C3. We propose these and other genes as
relevant AD targets. Moreover, we chose to focus on our top
target and, by characterizing TLR5 and the TLR signaling-
limiting TAM system in AD frontal cortex and a cellular mod-
el, we showed in this study evidence of the presence of an
immunosuppressive response in moderate AD cases, arguably
mediated through the TAM system, and the potential implica-
tion of TLR5 signaling, upon prolonged immune stimulation
in the presence of Aβ. Furthermore, we showed that the latter
finding may drive the up-regulation of GAS6 we observed in
AD brains, which proved to exert a negative impact on disease
progression (worsening of the neuropathology and cognitive
decline) in our study.

TLRs have been proposed to contribute to AD pathology
by different mechanisms activated by Aβ in microglial cells
[29], and increases in mRNA levels have been observed in
tissue associated to plaques in mice [30]. However, even when
dysregulations in TLR signaling have been widely implicated
in AD, most studies have focused on TLRs 2 and 4 [30–35].
TLR5 recognizes FliC from Gram-positive and Gram-
negative bacteria in a specific manner, and bacterial infection
has been associated with increased occurrence of AD [36–38].
Moreover, TLR5-deficient mice develop hyperlipidemia, hy-
pertension, insulin resistance, and increased adiposity, among
other metabolic features [39], all of which have been exten-
sively proposed as factors increasing the risk to develop AD.
Consistent reports of increased TLR5 expression in animal
models of not only AD but also Parkinson’s disease and de-
mentia with Lewy bodies [30, 40, 41] have been made.
Herein, we showed that TLR5 is up-regulated in the frontal
cortex of moderate AD cases, with evidence of its expression
by microglial cells.

In our study, we found that FliC and Aβ can exert opposite
effects on the TLR5 delayed response, which leads to an in-
hibition of TLR5’s response to FliC by Aβ species. Our
docking simulations suggest that Aβ is unlikely to bind to
TLR5 in its FliC recognition site, but we do not discard the
possibility of some sort or TLR5-Aβ interaction that might
block TLR5 signaling, which is of interest for future studies.
Furthermore, our experiments suggest a transcriptional induc-
tion of TLR5 indicates an anti-inflammatory or impaired im-
mune response that can result from prolonged Aβ exposure,
which might then point to an immunosuppression in frontal
cortex of moderate AD cases, according to our findings.
Consistent with our observations, Chakrabarty et al. [42] have

recently reported an interaction of the TLR5 ectodomain with
Aβ species that modulates the activation of TLR5 signaling
and ameliorates Aβ toxicity, further suggesting a TLR5-based
therapeutical approach to target Aβ aggregation. From our
study, we believe that overproduction of Aβ might initially
serve as a defense mechanism against brain insult. For exam-
ple, most DE genes in EC were innate immune genes and
showed stronger correlations with APP-related genes in this
brain region, while dysregulation of APP-related genes be-
came more prominent in brain regions known to be affected
at later AD stages. However, the chronic co-occurrence of the
insult and Aβ species may lead to immune impairments that
result detrimental for disease progression. In this context, we
also add to the mounting evidence that infection could repre-
sent an important risk factor in the pathogenesis of AD [38,
43], although the brain insult we refer to here might or not be
of an infectious nature.

Our initial observations on the TAM system in AD
reflected disease-dependent changes in associations between
different elements of the system, without actual gene expres-
sion dysregulations, that implicated subtle changes in the ex-
pression patterns and interactions between TAM receptors and
their ligands early in AD neuropathology (unpublished data
[44]). Based on these and our current observations, we pro-
pose the existence of two TAM subsystems in the human AD
brain, with each of them differentially participating in its neu-
ropathology. We speculate that the first of such subsystems,
possibly conformed by protein S, galectin-3 and Tulp-1,
through activation of Tyro3, could be involved in the genera-
tion of an enhanced immunosuppressive response to the pro-
inflammatory activity triggered by ongoing neuropathological
processes in moderate stages of AD and, perhaps, participate
as well in the transition to chronic inflammation, while the
second subsystem, probably conformed by Gas6 and Tubby
acting through Axl and Mer, respectively, might be involved
in chronic inflammatory processes and the phagocytosis of an
increasing number of apoptotic neurons as disease progresses.
We found evidence to suggest that TLR5 may be partially
involved in these processes and contribute to the regulation
of the expression of TAM system elements.

Further evidence implicating the TAM receptors in AD
comes from studies showing that Axl levels associate with
the concentrations of Aβ42 in the cerebrospinal fluid (CSF)
of cognitively healthy individuals [45], and its plasma levels
with brain amyloid burden—measured by positron emission
tomography (PET)—in the Alzheimer’s disease Neuroimaging
Initiative (ADNI) cohort [46]. Moreover, our observations
from both human brain and THP-1 cells highlight a potential
implication of Gas6 in the pathophysiology of AD, which
should be investigated in more depth. In humans, Gas6 levels
were previously found increased in the CSF of AD patients and
correlating with disease duration and MMSE scores [47].
Experimentally, it has been shown that activation of Tyro3 by
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Gas6 protects cortical neurons in vitro from the apoptosis in-
duced by Aβ, and reduces Aβ production and the ratio Aβ40/
Aβ42, as well as affects Aβ deposition, plaque formation pat-
terns, and astrogliosis in a positive manner in animal models of
AD [20]. However, increasing concentrations of Gas6 showed
the ability to inhibit these effects, which might be in agreement
with our observations of increases in GAS6 mRNA levels in
human frontal cortex as AD progresses. Whether alterations in
TLR5 expression and signaling actually affect Aβ uptake
through the TAM system, contributing to Aβ aggregation
and plaque formation, remains unclear from our study due to
important sample size limitations and is a target of future
exploration.

Even when the small sample sizes from our study are an
important limitation for the interpretability of our observations
and further experiments would be required to validate these,
we believe our work provides valuable evidence in support of
less-explored genes associated with AD pathology that will
open interesting avenues for research in this field.

Authors’ Contributions MHR: Conceived and designed the study, per-
formed the bioinformatics analyses and lab experiments, analyzed and
interpreted the data, and prepared the manuscript.

FS: Performed the cell culture experiments.
FB: Helped with the design of cell culture experiments.
MPK: Provided support and advice for the cell culture experiments,

and contributed with critical revisions to the manuscript.
MTH: Conceived and designed the study, helped with manuscript

preparation, and approved the final version of the manuscript.

Funding Information Financial support for this study was obtained
through the EU/EFPIA Innovative Medicines Initiative Joint
Undertaking AETIONOMY (grant #115568) and the INMiND Project
of the European Union to MTH.

Compliance with Ethical Standards

Conflict of Interests The authors declare that they have no conflicts of
interest.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

References

1. Castello MA, Soriano S (2014) On the origin of Alzheimer’s dis-
ease. Trials and tribulations of the amyloid hypothesis. Ageing Res
Rev 13:10–12

2. Bardou I, Kaercher RM, Brothers HM, Hopp SC, Royer S, Wenk
GL (2014) Age and duration of inflammatory environment differ-
entially affect the neuroimmune response and catecholaminergic
neurons in the midbrain and brainstem. Neurobiol Aging 35(5):
1065–1073

3. Najjar S, Pearlman DM, Alper K, Najjar A, Devinsky O (2013)
Neuroinflammation and psychiatric illness. J Neuroinflammation
10:43

4. Heneka MT, Kummer MP, Latz E (2014) Innate immune activation
in neurodegenerative disease. Nat Rev Immunol 14(7):463–477

5. Sastre M, Klockgether T, Heneka MT (2006) Contribution of in-
flammatory processes to Alzheimer’s disease: molecular mecha-
nisms. Int J Dev Neurosci 24(2–3):167–176

6. Doens D, Fernández PL (2014) Microglia receptors and their im-
plications in the response to amyloid β for Alzheimer’s disease
pathogenesis. J Neuroinflammation 11:48

7. Heneka MT, Golenbock DT, Latz E (2015) Innate immunity in
Alzheimer’s disease. Nat Immunol 16(3):229–236

8. Chouraki V, Seshadri S (2014) Genetics of Alzheimer’s disease.
Adv Genet 87:245–294

9. Gale SC, Gao L, Mikacenic C, Coyle SM, Rafaels N, Murray
Dudenkov T, Madenspacher JH, Draper DW et al (2014) APOε4
is associated with enhanced in vivo innate immune responses in
human subjects. J Allergy Clin Immunol 134(1):127–134

10. Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R,
Bellenguez C et al (2013)Meta-analysis of 74,046 individuals iden-
tifies 11 new susceptibility loci for Alzheimer’s disease. Nat Genet
45(12):1452–1458

11. International Genomics of Alzheimer’s Disease Consortium
(IGAP) (2015) Convergent genetic and expression data implicate
immunity in Alzheimer’s disease. Alzheimers Dement 11(6):658–
671

12. Trudler D, Farfara D, Frenkel D (2010) Toll-like receptors expres-
sion and signaling in glia cells in neuro-amyloidogenic diseases:
towards future therapeutic application. Mediators Inflamm 2010:
497987. https://doi.org/10.1155/2010/497987

13. Hanisch UK, Johnson TV, Kipnis J (2008) Toll-like receptors: roles
in neuroprotection? Trends Neurosci 31(4):176–182

14. Rothlin CV, Ghosh S, Zuniga EI, Oldstone MB, Lemke G (2007)
TAM receptors are pleiotropic inhibitors of the innate immune re-
sponse. Cell 131(6):1124–1136

15. Lemke G (2013) Biology of the TAM receptors. Cold Spring Harb
Perspect Biol 5(11):a009076

16. Linger RM, Keating AK, Earp HS, Graham DK (2008) TAM re-
ceptor tyrosine kinases: biologic functions, signaling, and potential
therapeutic targeting in human cancer. Adv Cancer Res 100:35–83

17. Brown JE, Krodel M, Pazos M, Lai C, Prieto AL (2012) Cross-
phosphorylation, signaling and proliferative functions of the Tyro3
and Axl receptors in Rat2 cells. PLoS One 7(5):e36800

18. Tsou WI, Nguyen KQ, Calarese DA, Garforth SJ, Antes AL,
Smirnov SV et al (2014) Receptor tyrosine kinases, TYRO3,
AXL and MER, demonstrate distinct patterns and complex regula-
tion of ligand-induced activation. J Biol Chem 289(37):25750–
25763

19. Pierce AM, Keating AK (2014) TAM receptor tyrosine kinases:
expression, disease and oncogenesis in the central nervous system.
Brain Res 1542:206–220

20. Zheng Y, Wang Q, Xiao B, Lu Q, Wang Y, Wang X (2012)
Involvement of receptor tyrosine kinase Tyro3 in amyloidogenic
APP processing and β-amyloid deposition in Alzheimer’s disease
models. PLoS One 7(6):e39035

21. Li Q, Lu Q, Lu H, Tian S, Lu Q (2013) Systemic autoimmunity in
TAM triple knockout mice causes inflammatory brain damage and
cell death. PLoS One 8(6):e64812

22. Ji R, Tian S, Lu HJ, Lu Q, Zheng Y, Wang X, Ding J, Li Q et al
(2013) TAM receptors affect adult brain neurogenesis by negative
regulation of microglial cell activation. J Immunol 191(12):6165–
6177

23. Cribbs DH, Berchtold NC, Perreau V, Coleman PD, Rogers J,
Tenner AJ, Corman CW (2012) Extensive innate immune gene
activation accompanies brain aging, increasing vulnerability to cog-
nitive decline and neurodegeneration: a microarray study. J
Neuroinflammation 9:179

Mol Neurobiol (2019) 56:6539–6550 6549

https://doi.org/10.1155/2010/497987


24. Voyle N, Keohane A, Newhouse S, Lunnon K, Johnston C,
Soininen H,Kloszewska I, Mecocci P et al (2016) A pathway based
classification method for analyzing gene expression for
Alzheimer’s disease diagnosis. J Alzheimers Dis 49(3):659–669

25. Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ
(2009) Jalview version 2—a multiple sequence alignment editor
and analysis workbench. Bioinformatics 25(9):1189–1191

26. Tovchigrechko A, Vakser IA (2006) GRAMM-X public web server
for protein-protein docking. Nucleic Acids Res 34(Web Server is-
sue:W310–W314

27. Guex N, Peitsch MC (1997) SWISS-MODEL and the Swiss-
PdbViewer: an environment for comparative protein modeling.
Electrophoresis 18(15):2714–2723

28. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig
H, Shindyalov IN, Bourne PE (2000) The Protein Data Bank.
Nucleic Acids Res 28(1):235–242. www.rcsb.org

29. ArroyoDS, Soria JA, Gaviglio EA, Rodriguez-GalanMC, Iribarren
P (2011) Toll-like receptors are key players in neurodegeneration.
Int Immunopharmacol 11(10):1415–1421

30. Frank S, Copanaki E, Burbach GJ, Müller UC, Deller T (2009)
Differential regulation of toll-like receptor mRNAs in amyloid
plaque-associated brain tissue of aged APP23 transgenic mice.
Neurosci Lett 453(1):41–44

31. Tahara K, Kim HD, Jin JJ, Maxwell JA, Li L, Fukuchi K (2006)
Role of toll-like receptor signalling in Abeta uptake and clearance.
Brain 129(Pt 11:3006–3019

32. Jin JJ, Kim HD, Maxwell JA, Li L, Fukuchi K (2008) Toll-like
receptor 4-dependent upregulation of cytokines in a transgenic
mouse model of Alzheimer’s disease. J Neuroinflammation 5:23

33. Tang SC, Lathia JD, Selvaraj PK, Jo DG, Mughal MR, Cheng A,
Siler DA, Markesbery WR et al (2008) Toll-like receptor-4 medi-
ates neuronal apoptosis induced by amyloid beta-peptide and the
membrane lipid peroxidation product 4-hydroxynonenal. Exp
Neurol 213(1):114–121

34. Landreth GE, Reed-Geaghan EG (2009) Toll-like receptors in
Alzheimer’s disease. Curr Top Microbiol Immunol 336:137–153

35. Liu S, Liu Y, Hao W, Wolf L, Kiliaan AJ, Penke B, Rube CE,
Walter J et al (2012) TLR2 is a primary receptor for Alzheimer’s
amyloid β peptide to trigger neuroinflammatory activation. J
Immunol 188(3):1098–1107

36. Honjo K, van Reekum R, Verhoeff NP (2009) Alzheimer’s disease
and infection: do infectious agents contribute to progression of
Alzheimer’s disease? Alzheimers Dement 5(4):348–360

37. Miklossy J (2011) Alzheimer’s disease—a neurospirochetosis.
Analysis of the evidence following Koch’s and Hill’s criteria. J
Neuroinflammation 8:90

38. Maheshwari P, Eslick GD (2015) Bacterial infection and
Alzheimer’s disease: a meta-analysis. J Alzheimers Dis 43(3):
957–966

39. Vijay-Kumar M, Aitken JD, Carvalho FA, Cullender TC, Mwangi
S, Srinivasan S, Sitaraman SV, Knight R et al (2010) Metabolic
syndrome and altered gut microbiota in mice lacking Toll-like re-
ceptor 5. Science 328(5975):228–231

40. LetiembreM, Liu Y,Walter S, HaoW, Pfander T,Wrede A, Schulz-
Schaeffer W, Fassbender K (2009) Screening of innate immune
receptors in neurodegenerative diseases: a similar pattern.
Neurobiol Aging 30(5):759–768

41. Downer EJ (2013) Toll-like receptor signaling in Alzheimer’s dis-
ease progression. J Alzheimers Dis Parkinsonism S10:006. https://
doi.org/10.4172/2161-0460.S10-006

42. Chakrabarty P, Li A, Ladd TB, Strickland MR, Koller EJ, Burgess
JD, Funk CC, Cruz PE et al (2018) TLR5 decoy receptor as a novel
anti-amyloid therapeutic for Alzheimer’s disease. J Exp Med
215(9):2247–2264

43. Lim SL, Rodriguez-Ortiz CJ, KitazawaM (2015) Infection, system-
ic inflammation, and Alzheimer’s disease. Microbes Infect 17(8):
549–556

44. Herrera-Rivero M, Heneka MT (2016) Expression of the TAM
system in frontal cortex of Alzheimer’s disease in early stages.
(Conference) Degeneration and Regeneration in Musculoskeletal
and Neurodegenerative Diseases. Trelleborg, Sweden. https://doi.
org/10.13140/RG.2.1.1826.8561

45. Mattsson N, Insel P, Nosheny R, Zetterberg H, Trojanowski JQ,
Shaw LM et al (2013) CSF protein biomarkers predicting longitu-
dinal reduction of CSF β-amyloid42 in cognitively healthy elders.
Transl Psychiatry 3:e293

46. Kiddle SJ, Thambisetty M, Simmons A, Riddoch-Contreras J, Hye
A, Westman E, Pike I, Ward M et al (2012) Plasma based markers
of [11C] PiB-PET brain amyloid burden. PLoS One 7(9):e44260

47. Sainaghi PP, Bellan M, Lombino F, Alciato F, Carecchio M,
Galimberti D, Fenoglio C, Scarpini E et al (2017) Growth arrest
specific 6 concentration is increased in the cerebrospinal fluid of
patients with Alzheimer’s disease. J Alzheimers Dis 55(1):59–65

6550 Mol Neurobiol (2019) 56:6539–6550

http://www.rcsb.org
https://doi.org/10.4172/2161-0460.S10-006
https://doi.org/10.4172/2161-0460.S10-006
https://doi.org/10.13140/RG.2.1.1826.8561
https://doi.org/10.13140/RG.2.1.1826.8561

	Dysregulation of TLR5 and TAM Ligands in the Alzheimer’s Brain as Contributors to Disease Progression
	Abstract
	Introduction
	Short Methods
	Results
	Identification of TLR5 as a Relevant Target Gene for AD
	Characterization of TAM System Alterations in AD
	Investigation of the Relationship Between TLR5 Signaling and the TAM System in AD

	Discussion
	References


