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Aging brings about a myriad of degenerative processes throughout the body. A decrease
in cognitive abilities is one of the hallmark phenotypes of aging, underpinned by neuroin-
flammation and neurodegeneration occurring in the brain. This review focuses on the role
of different immune receptors expressed in cells of the central and peripheral nervous sys-
tems. We will discuss how immune receptors in the brain act as sentinels and effectors
of the age-dependent shift in ligand composition. Within this ‘old-age-ligand soup,’ some
immune receptors contribute directly to excessive synaptic weakening from within the neu-
ronal compartment, while others amplify the damaging inflammatory environment in the
brain. Ultimately, chronic inflammation sets up a positive feedback loop that increases the
impact of immune ligand–receptor interactions in the brain, leading to permanent synaptic
and neuronal loss.

Immune receptors are nervous system receptors
The involvement of diverse immune receptors in brain ontogeny has been a subject of vigorous investi-
gation for the past two decades. Their role in brain function has been clearly demonstrated from early
developmental periods, through healthy adulthood, to aging, as well as pathological changes associated
with these life stages [1–4]. Together with the discoveries of a number of other immune-related pathways
in the central nervous system (CNS) function, the body of work on immune receptors in the brain con-
tributed to a re-evaluation of the dogma that the brain is an ‘immune-privileged’ organ [5]. This review
aims to outline the emerging understanding of how immune receptors in the brain collectively contribute
to synapse elimination, neurite dystrophy, and the propagation of inflammation, leading to inflammaging
of the brain and ultimately neurodegeneration [6]. For in-depth discussions on specific immune receptors,
readers are directed to detailed reviews available elsewhere [7–11].

A number of immune-related pathways are now known to be a part of normal CNS function. These
pathways encompass class I major histocompatibility complex (MHC-I) [12,13], class II major histo-
compatibility complex (MHC-II) [14,15], immunoglobulin-like (Ig-like) [1,12,16,17] receptors, Toll-like
receptors (TLRs) [18–20], and various complement components [2,4,21,22]. Although some of these
molecules participate in the adaptive immune response, all these pathways are integral to the innate im-
mune response system [10,18,23,24], which in various forms exists since early in evolution [25,26]. In fact,
some of the innate immune receptors, like TLRs, are part of evolutionarily primitive neuroimmune cells
responsible for both sensing pathogens and mounting defensive response of an early organism [25,27,28].
Given what we now know about various neuroimmune systems in early invertebrates (reviewed in [29]),
it is likely that neuro-specific function of various innate immune receptors in mammalian brain reflects
their atavistic function. Thus, labeling these molecules as ‘immune,’ derived from their initial discovery
in the immune system, might be misleading; these genes exhibit functional pleiotropy, and their roles de-
pend on a set of ligands and downstream signaling cascades specific to the cellular context in which they
are found [3,30,31].

Immune receptors are transmembrane molecules that mediate the response of target cells in which they
are expressed. The effects of binding of cognate ligands to immune receptors can be grouped into three
major categories: (1) triggering of direct cell–cell contacts via ligand-receptor interactions; e.g. T-cells and
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antigen presenting cells form immunological synapse via interaction between T-cell receptors (TCR) and
peptide–MHC complex; (2) promote cytokine or chemokine release by target cells (e.g. binding of pathogen peptides
to TLRs in macrophages); (3) control the release of neuropeptides and neurotransmitters [32,33]. In the brain, some
receptors function akin to their roles in the immune system, such as initiating cytokine and chemokine release, and
phagocytosis [2,9,21]. However, some of the receptors have an unexpected, direct, involvement in regulating synaptic
structure and function by virtue of their expression in neuronal compartment [1,16,33,34]. It is also of great conse-
quence that most of the immune receptors have affinity for multiple ligands, which emerge at different times during
organismal ontogeny [9,35]. The multi-ligand affinity of these receptors positions them in the brain as sentinels mon-
itoring the changing extracellular milieu, switching their function from normative roles during brain development
and healthy adulthood to promoting and reacting to the neuroinflammatory/pathological environment in the aging
brain.

Function of immune receptors in the brain reflects their
primordial function
Before the evolution of mammalian immune receptors participating in both innate and adaptive immune systems,
immune receptors were part of the environment-sensing mechanism; they bound pathogens but were also deployed
in defense as part of primitive integrated neuroimmune systems [29]. The oldest immune receptors in evolution
are innate immune pattern-recognition receptors (PRRs), such as TLRs, with extracellular recognition domains that
bind stereotypical pathogen-associated molecular patterns (PAMPs) [27]. PRR/TLR-like receptors can be found as
far back as Porifera [26,27]; in these early metazoans one of the roles of these receptors is triggering the release of
neuropeptides to initiate defense from invading pathogens [26,27,29]. In Hydra, released neuropeptides exhibit a
direct antibacterial effect and play a role in shaping its microbiome, which in turn regulates Hydra’s spontaneous
contractility [36,37]; this bidirectional interaction is reminiscent of the regulation of the gut–brain axis, including
gut motility, in vertebrates by the microbiome [38,39]. Mammalian TLRs function similarly to their counterparts
in early metazoans, as they mediate cytokine and chemokine release from immune cells, including microglia in the
brain, resulting in the recruitment of other cellular components of the immune system to the site of damage, as well
as inflammation that activates adaptive immune system [32,40]. In the brain, TLRs promote microglial phagocytosis
[41,42] but also neuroinflammation [43].

Receptors belonging to the immunoglobulin superfamily (IgSF), known as Ig-like receptors, contribute to ei-
ther innate or adaptive immunity, and some of them have dual function in both immune and nervous system
[1,16,17,30,44,45]. In general, Ig-like molecules are characterized by one (e.g. CD3) or multiple copies of Ig-like do-
mains (IgM, TCR, etc.) [46]. Each Ig-like domain consists of an Ig fold, antiparallelβ-strands arranged into two sheets
linked by a disulfide bond [46]. Despite Ig-like domains forming the basis of adaptive immunity in jawed vertebrates
(e.g. MHCs and β2M, TCRs) [47], they are also building blocks of extracellular domains of innate immune receptors
(e.g. LILRs), as well as other immune antigens abundant in the brain like Thy-1 [48]. In fact, Ig-fold evolutionarily
predates the rearranging receptors of the adaptive immune system, and is frequently deployed for cell–surface inter-
actions [48,49]. The inclination of Ig-like proteins, including MHCs, β2M, and Ig-like domain receptors, for cell–cell
and cell–surface interactions is particularly evident in their role in nervous system development, patterning, synaptic
formation and pruning, and even pathological protein aggregation [1,13,16,17,30,33,50–57].

The complement cascade, another component of the innate immune system, plays a role in the nervous system.
It comprises a canonic set of ligands and receptors recruited in a stereotypical cascade [10]. Complement cascade
appeared as early as deuterostome invertebrates and pre-jawed vertebrates, like lamprey [58]. In the CNS, similar
to its role in the immune system, the complement cascade is responsible for protecting against invading pathogens
[59,60]. However, overlapping mechanisms within the complement cascade are also needed for synaptic pruning
during activity-dependent development of thalamic areas [2,21,61,62], as well as increased maturation and migration
of progenitors in neurogenic niches of subventricular zone and dentate gyrus [63]. Recent work implicated multiple
complement proteins, both early and late in the cascade, as pivotal in promoting neuroinflammation with aging and
mediating early synapse loss in Alzheimer’s disease (AD) [64–68].

Numerous genome-wide association studies (GWAS) have linked immune ligands and receptors to aging and
age-related neurodegenerative diseases like Alzheimer’s and Parkinson’s [69–72], suggesting their role in etiology
or modulation of age-related risk for these diseases. To initiate the discussion, we will first review the role of Ig-like
receptors in the aging brain due to their direct involvement in regulating synaptic function and stability [16,33,52].
The role of complement receptors (CRs) and TLRs will be reviewed next in the context of age-related neuroinflam-
mation and neurodegeneration [68,73–76]. A notable characteristic of all three groups of receptors is their affinity for
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Table 1 Immune receptors in the nervous system: cell expression and function

Immune receptor
Cellular expression in
nervous system

Function in pathological
conditions Ligands References

LILRBs PIRB Neurons, endothelial cells Modulating threshold for
excitatory synapse plasticity;
synapse weakening and
elimination

MHC-I, NOGO-A, Aβ, C4d,
ANGPTL, OMgp, MAG, MOG,
MPZ

[3,16,30,33,35,82,89]

KIR Neurons? ? MHC-I [45]

Ly49 Neurons? ? MHC-I [122]

TCRs (CD3ζ) Neurons Modulating threshold for
excitatory synapse plasticity

MHC-I [12]

CR3 Microglia, astrocytes Engulfment of synaptic material
in early stages of AD; opposes
release of tPA from microglia
needed for Aβ degradation

iC3b [68,73]

C3aR1 Neurons, microglia, endothelial
cells

Promote proinflammatory
secretome in microglia and
astrocytes; neurite dystrophy;
vascular inflammation and BBB
permeability

C3a [64,143,144]

C5aR1 Microglia, astrocytes Promote proinflammatory
secretome in microglia and
astrocytes

C5a [66,67,136]

C5aR2 Neurons Promote neurite distrophy C5a [138]

TLR[1-10] Microglia, astrocytes, neurons,
NPCs, oligodendrocytes

Autophagy or release of
pro-inflammatory cytokines

DAMPs, PAMPs, Aβ [9,20,40,100]

TLR2 Microglia Release of proinflammatory
cytokines (AD, ALS); infiltrating
perivascular phagocytes (ALS)

Aβ, LTA [41,43,169,173,176,181,182]

TLR4 Microglia, astrocytes,
nociceptors

Release of proinflammatory
cytokines (AD, PD, ALS, stroke);
blocks anti-inflammatory action
of microglial TREM2 (AD);
production of NLRP3
inflammasome (PD);
HMGB1-induced activation in
stroke; modulation of allodynia
(AD)

Aβ, α-synuclein, HMGB1, HSP,
LPS, Gal-3

[41,42,74,75,76,158,168,173,174,
175,185,196]

TLR5 Microglia Release of proinflammatory
cytokines (AD)

Aβ, HMGB1, HSP, flagellin [166]

binding misfolded proteins such as amyloid-β and α-synuclein, sometimes with higher affinity than their ‘classical’
ligands [3]. These binding events provide a mechanism for misfolded and aggregated proteins to drive both synaptic
loss and inflammation in aging brain [3,9,77].

Ig-like receptors in neurons promote synaptic elimination in
the aging brain
In the elderly, cognitive decline is associated with both a reduced capacity to form new synapses and an intensi-
fied elimination of existing synapses. Supporting this notion, recent research indicates that the aging human brain
exhibits larger, more stable excitatory synaptic structures, whereas younger brains feature smaller and more abun-
dant plastic synapses [78]. Ig-like receptors are expressed in neurons and play a crucial role in the neuronal cascade
responsible for synaptic weakening, activity-dependent pruning, and synaptic elimination [16,33,34,79]. In healthy
brains, these receptors facilitate synaptic pruning during activity-dependent stages of brain development and con-
tribute to the essential weakening of synapses in learning and memory mechanisms in adults [33,34]. However, with
aging, they are ‘commandeered’ by high-affinity ligands associated with neuroinflammatory, neurodegenerative, and
immunosenescent conditions. As a result, their normal function in synaptic weakening and pruning, believed to de-
pend on low-affinity ligands (MHC-I), shifts toward pathological synaptic elimination due to overstimulation with
high-affinity ligands (Figure 1 and Table 1).
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Figure 1. PIRB/LILRB2 receptors’ functional changes across life stages

Top panel: Illustration of PIRB/LILRB2 ligands present in the brain during different life stages: prenatal/early postnatal development,

critical periods of development, adulthood, and aging. Second panel: Depiction of the relative amounts of the PIRB/LILRB2 recep-

tor and its ligands throughout the four life stages. Third panel: Illustration of different combinations of ligand–receptor pairs and

functional outcomes of the binding events for the four life stages. During early brain development: PIRB/LILRB2 binds myelin-asso-

ciated ligands such as MAG, OMgp, and NOGO-A. Functional Outcome: Negative control of axonal outgrowth towards the target

cells. During critical periods of development: PIRB/LILRB2 promotes synaptic pruning via MHC-I ligands. Functional Outcome:

Facilitation of synaptic pruning. In adulthood: PIRB/LILRB2 maintains the capacity for plasticity and learning via MHC-I and OMgp.

Functional outcome: Support for synaptic plasticity and learning. In aging: PIRB/LILRB2 binds a multitude of ligands with high affin-

ity: oligomeric Aβ, complement proteins, NOGO-A, and viruses (not shown). Functional outcome: Pathological permanent synaptic

loss. Expression of LILRB2 receptor and its ligands (MHC-I, Aβ, complement proteins, NOGO-A) increases during life and plateaus

at high levels in old age, further amplifying the negative effect of PIRB/LILRB2 activation on synaptic integrity. When the expression

of ligands is detected, but the role in plasticity and aging via PIRB/LILRB2 is still unresolved, a ‘?’ next to the ligand denotes this

ambiguity.
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Leukocyte immunoglobulin-like receptors (LILRs)
Leukocyte immunoglobulin-like receptors (LILRs), located in the neuronal compartment of the central nervous sys-
tem (CNS), play crucial roles in various functions from axonal guidance in early development to age-related and
pathological changes affecting synaptic strength [1,3,16,30,80]. The LILR genes are part of the leukocyte receptor
complex region on human chromosome 19, which contains several receptors related to the immunoglobulin (Ig)
superfamily, including killer Ig-like receptors [81].

In humans, the LILR family comprises 11 functional genes, including five activating (LILRA1, 2, 4–6),
five inhibitory (LILRB1–5), and one soluble form (LILRA3) [7]. Activating receptors contain immunoreceptor
tyrosine-based activating motif (ITAM), while inhibitory receptors carry immunoreceptor tyrosine-based inhibitory
motif (ITIM); ITIMs recruit SH2-domain-containing phosphatases, which inhibit immune cell activation [82].
LILRA3 and LILRA6 exhibit copy-number variations, while the rest are conserved among individuals [83,84]. The
LILR genes are showing large interspecies differences as they are rapidly evolving [85], making function analysis chal-
lenging using animal models. In rhesus macaques, there are eight LILR orthologs, five activating and three inhibiting
receptors [86]. In mice, there are approximately eight genes coding for activating receptors (Pira1-8), and only one
gene codes for an inhibitory receptor (PIRB), which is the most likely murine homolog of human LILRB2 [7]. In the
immune system, human LILRB2 is expressed on myeloid cells and hematopoietic stem cells [87–89]. In mice, PIRB
has a wider expression in the immune system, and is found on the surface of B-cells, granulocytes, macrophages, and
mast cells [8,23,82]. Paired expression of activating and inhibitory receptors on immune cells is responsible for self-
versus non-self-epitope recognition [82,90].

Function and signaling
The function of LILRB2 in the brain has been particularly well explored via its mouse homologue, PIRB
[1,3,16,33,52,80]. In mouse brains, PIRB is found in neurons in cerebral cortex, hippocampus, cerebellum, olfac-
tory bulbs, retina [1,30,33,34,44,52,91–96]. PIRB protein levels, detectable from postnatal day 5 (P5) into adulthood
[1], increase with aging [97] and in response to stroke [44,91]. PIRB protein is enriched in synaptosome preparations,
suggesting it functions in a synaptic locale [1].

Furthermore, in line with its synaptic localization, PIRB’s synaptic functions have been consistently demonstrated.
In a range of experiments using germline and neuron-specific genetic deletions of Pirb, as well as pharmacological
blockade of the receptor, it was found that PIRB constrains excessive excitatory synapse strengthening, and nega-
tively affects stability and density of dendritic spines [16,33,34,52]. Congruent with its synaptic effects, PIRB also
negatively regulates learning and memory [1,3,16,30,33,34,44,52,79]. From within the postsynaptic side of excitatory
synapses, PIRB maintains the threshold for NMDA receptor-dependent synaptic plasticity in a manner that allows
the synapse to undergo not just strengthening but also activity-dependent weakening; this is observed as a pres-
ence of both synaptic long-term potentiation (LTP) and long-term depression (LTD) [3,16,31,33,52]. Without PIRB,
only LTP is detected [16,33,52]. PIRB engages NMDAR signaling to promote retrograde release of endocannabinoids
(eCB), which in turn decrease presynaptic glutamate release probability in activity-dependent manner [33,34]. PIRB
is also found to negatively affect density and stability of dendritic spines, structures that house postsynaptic excita-
tory machinery [16,34,79]. Recent evidence suggests that PIRB engages non-ionotropic NMDAR function to promote
downstream cofilin dephosphorylation and actin disassembly, thus leading to spine shrinkage concurrently with LTD
[52,98]. Finally, consistent with negative regulation of synaptic strength and spine stability, PIRB also negatively in-
fluences learning and memory as seen in behavioral learning tasks, like delayed matching to place task, reaching task,
and rotarod [33,44,52].

Ligands and implications for aging and neurodegeneration
It is assumed that normative function of LILRB2/PIRB in the brain depends, at least in part, on low affinity binding
of its cognate ligands, MHC-I molecules (Kd = 1.9–5.6 × 10−7 M) [8]. Experiments on various MHC class I mutant
mice suggest that the interaction between MHC-I and PIRB at synapses activates downstream PIRB signaling, leading
to synaptic pruning in healthy developing and adult brains [1,12,44,51,54]. For example, effects of Mhc-I and Pirb
genetic deletions on ocular-dominance plasticity are phenocopies of each other [1,12,54,79], both have similar effect
on LTP and LTD threshold, and synaptic pruning [51,55,99]. Moreover, soluble PIRB-AP construct binds endogenous
neuronal MHC-I on L5 pyramidal neurons with a Kd similar to that measured in the immune system [1,82].

Microglia become senescent with age and, together with astrocytes [9,100], they increase the release of
pro-inflammatory cytokines, like IFN-γ and TNF-α [9,101]. This results in increase in MHC-I expression in both as-
trocytes and neurons [101,102], tracking with an overall increase of MHC-I in aged brain [103]. Therefore, aging and
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inflammatory context could exacerbate LILRB2/PIRB-dependent synaptic elimination just by increasing the amount
of its cognate ligand MHC-I.

However, there is a number of non-MHC ligands in the brain that bind to LILRB2/PIRB [3,30,31]. In the context
of aging, binding of oligomeric amyloid-β (Aβ), a soluble synaptotoxic and neurotoxic protein species, is potentially
of great consequence [3,104]. Binding of oligomeric Aβ to PIRB and LILRB2 is saturable, with Kd of ∼180 nM;
this makes Aβ-PIRB interaction >10-fold stronger that MHC-I-PIRB interaction [3,104]. Functional significance
of oligomeric Aβ-PIRB interaction has been demonstrated in animal and in vitro models of AD [3]. In APP/PS1
transgenic mouse model of AD, diminished performance on novel object test is rescued back to normal when mice
are also null for Pirb [3]. In acute model of AD, when oligomeric Aβ is superfused over acute hippocampal slice
preparation from WT brains, LTP is abolished; however, hippocampal slices from Pirb-/- mice exhibit normal LTP,
suggesting that lack of PIRB confers functional resistance in the presence of oligomeric Aβ [3]. The first two Ig-like
domains (D1D2) of PIRB and LILRB2 are identified as a binding site for oligomeric Aβ [3,104]. Small molecule
inhibitors, identified through structure-guided selection, prevented binding of oligomeric Aβ to D1D2 of LILRB2,
and reduced Aβ cytotoxicity in vitro [104]. Together, evidence so far suggests that LILRB2/PIRB receptor is one of
the neuronal effectors of synaptotoxic and neurotoxic soluble oligomeric Aβ [3,104].

Other known ligands for LILRB2/PIRB are myelin-associated proteins NOGO-A, OMgp (oligodendrocyte myelin
glycoprotein), MAG (myelin-associated glycoprotein), MOG (myelin oligodendrocyte glycoprotein), and MPZ
(myelin protein zero) [30,35]. During development, in vitro and in vivo assays suggest that NOGO-A, OMgp,
and MAG oppose axonal guidance, extension, and regeneration via PIRB [30,105] (Figure 1 and Table 1). In
adult, OMgp–PIRB interaction has been implicated in regulating threshold for LTP in hippocampal synapses
[31]. NOGO-A itself has been implicated in negatively regulating synaptic turnover and learning in adult animals
[106,107], and inhibition of NOGO-A signaling rescues LTP in aged APP/PS1 mouse model of AD [108]. In ad-
dition, an endogenous antagonist of NOGO-A–PIRB interaction, lateral olfactory tract usher substance (LOTUS),
was discovered [109,110]: LOTUS rescues axonal outgrowth in vitro in a NOGO-A–PIRB-dependent manner [110].
However, it appears that LOTUS also inhibits Aβ–PIRB interaction, reversing excessive spine loss seen in primary
cortical neuronal cultures in the presence of Aβ [109]. However, additional work would be necessary to establish
whether and how NOGO-A, OMgp, MAG, and LOTUS, affect LILRB2/PIRB function in vivo in the context of aging
and AD (Figure 1). It is of note that disease-associated oligodendrocytes (DOLs) are found near amyloid plaques in
AD, potentially ‘concentrating’ myelin-associated ligands of PIRB in the area of high synapse loss [111]. Moreover,
transcriptome of DOLs in various neurodegenerative diseases, including AD, is characterized by increased expression
of MHC-I, β2M, and complement component C4 (see the next paragraph); these are all genes coding for ligands of
LILRB2/PIRB [111,112]. C4 gene expression in the brain is up-regulated in an age-dependent and region-dependent
manner, with corpus callosum showing the fastest ‘aging’ in terms of its immune transcriptome [111,113].

Aging and inflammation lead to increased expression of complement component C4 throughout cortex [97]. C4 is a
part of the classical complement cascade; it undergoes a series of cleavage events, generating opsonins, and eventually
terminal cleavage product, C4d. In vitro binding assays demonstrated saturable high-affinity binding of C4d for
both LILRB2 and PIRB at ∼0.63 μM [112]. It is known that C4d increase is pronounced in the context of AD [114].
However, it remains to be seen if C4d–PIRB interaction results in synapse elimination in aged mice and mouse models
of AD.

In addition to aging and AD leading to increase in protein levels of both LILRB2 receptor [97] and its ligands
[97,103], many pathological conditions further exacerbate this process, raising the probability of excessive exci-
tatory synaptic weakening and removal via LILRB2 [1,3,80,91,95,96,111,115–118] (Figure 1). In MCAO mouse
model of stroke, the expression of PIRB and its MHC-I ligands (H2-K and H2-D), go up and peak at around 7-day
post-reperfusion [44,91]; the elevation in all three proteins appears to be neuronal [91], suggesting that previously
described role for MHC-I and PIRB in promoting LTD [12,16,33,52] can contribute to the pathological synapse loss
in the ischemic penumbra around the infarct zone. Genetic removal, or acute blockade of PIRB speeds up the mo-
tor recovery post-MCAO [44,91]. Epileptic seizures, one of the co-morbidities of AD, also raise levels of neuronal
and astrocytic LILRB2 and PIRB [115]; in pilocarpine-induced epilepsy model, PIRB levels go up more than 2-fold,
peak at 7 days post seizure but remain at stably elevated level for at least 60 days [115]. Sleep-related disorders are
another set of age-related co-morbidities; in chronic sleep restriction mouse model, up-regulation of hippocampal
PIRB coincides with synaptic loss and cognitive impairments; knockdown of neuronal PIRB or blockade of down-
stream ROCK2 (Rho associated coiled-coil containing protein kinase 2) with fasudil alleviates synaptic dysfunction
and cognitive impairments [118]. Diabetes Type 2, an age-related metabolic disorder, is also characterized by cogni-
tive problems and synapse injury. In leptin receptor-deficiency mouse model of diabetes, synapses are smaller and less
numerous, and performance on Morris Water Maze impaired [117]. In this mouse model, as well as in vitro neuronal
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cultures exposed to high glucose treatment, PIRB protein levels are elevated [117]; knockdown of PIRB with lentiviral
shRNA rescued synaptic density in hippocampus, pyramidal neuron dendritic complexity, and Morris Water Maze
performance [117].

Considering the implication of PIRB in various CNS pathologies associated with aging, there is an interest in thera-
peutic targeting of this receptor. A proof-of-concept experiment that demonstrated the benefit of acute PIRB blockade
on synaptic function was application of soluble extracellular domain of PIRB (sPIRB) into visual cortex of adult mice
affected by amblyopia (cortical blindness) [79]. Soluble sPIRB acted as a decoy receptor and caused endogenous PIRB
to stop signaling. The outcome of this experiment was an increase in the number of dendritic spines in affected vi-
sual cortex via de novo formation of spines, and rescue of visual acuity toward normal levels [79]. In the context of
stroke, delivery of sPIRB as well as anti-PIRB antibody into the affected hemisphere resulted in smaller infarct areas
and faster motor recovery [91]. Couple of groups identified small molecules or peptides that interfere with binding
of oligomeric Aβ to PIRB [92,104]; in in vitro assays these reagents rescued neurite and synapse loss, and reversed
neurotoxic effect of Aβ [92,104]. Collectively, these experiments demonstrate the therapeutic potential of targeting
LILRB/PIRB to promote the de novo emergence of synapses, synaptic survival in pathological conditions, and the
restoration of correct neural circuit function even in adult and aging brains.

Finally, LILRB2 and PIRB also function as binding and internalization receptors for reovirus serotype T3, which
shows CNS neuronal tropism [119]. Given that viruses can directly bind to this and other immune receptors (e.g.,
TLRs [119]) and are a known risk factor for some neurodegenerative diseases [120,121], understanding in greater
detail the interaction between external pathogens and internal DAMP-like molecule activation of receptors becomes
a topic of interest.

Other related receptors in the brain
The Killer cell immunoglobulin-like receptor (KIR) genes, akin to LILRBs, belong to the Ig superfamily and fea-
ture intracellular ITIM domains. These genes are transcribed in brain regions associated with synaptic plasticity and
neurogenesis [45].

The Ly49 family of receptors differs from the Ig-like domains found in LILRBs, featuring a lectin-binding domain
in the extracellular portion but maintaining inhibitory ITIM domains intracellularly. Notably, the main ligands for
this receptor family are MHC-I molecules [122]. Transcripts of Ly49 receptors are present in the adult brain, notably in
sensory cortical areas (V1 and V2), auditory areas (A1 and AUD), all layers of the hippocampus (DG, CA3, and CA1),
and in pathways connecting various cortical regions such as the retrosplenial cortex, presubiculum, and subiculum
[122].

CD3ζ (CD3 zeta) serves as an adapter molecule for T-cell receptors (TCR), belonging to the Ig superfamily [46].
Notably, CD3ζ lacks an extracellular binding domain, featuring only intracellular signaling domains [46]. However,
expression studies and functional work on CD3ζ in adult mouse brains could be used as a proxy for TCR complex
function [12]. Mice lacking CD3ζ exhibit enhanced hippocampal CA3-CA1 LTP and abrogated LTD, mimicking
the phenotype observed in other MHC-I null mice [12,99]. These findings collectively suggest a role for CD3ζ, and
consequently, the TCR complex, in the negative regulation of synaptic plasticity in adults.

The role of KIR, Ly49, and CD3ζ in the aging brain has not been extensively investigated to date. Nevertheless, con-
sidering that neuroinflammation leads to increased levels of MHC-I expression [101,123], it is plausible that signaling
through these receptors may be enhanced in the aging brain.

Complement receptors mediate early synaptic removal in the
aging brain and promote neuroinflammation
The complement system, an integral part of the innate immune system, plays a crucial role in safeguarding
against invading pathogens. Moreover, it is intricately involved in diverse functions within the brain, encompass-
ing developmental processes, neuroinflammation, and neurodegeneration [58,60,124]. Comprising three distinct
cascades—classical, lectin, and alternative—the complement system involves cognate ligand–receptor pairs. Com-
plement components, along with complement receptors, are distributed across various brain cell types. They can be
induced in resident neurons, microglia, astrocytes, endothelial cells, oligodendrocytes, and cerebrovascular smooth
muscle cells [64,124].

A well-established role of the complement system in the brain unfolds during development, particularly when
the classical complement cascade recruits microglia in an activity-dependent manner. This activation orchestrates
the synaptic pruning of thalamic areas, underscoring its pivotal developmental significance [2,21,125]. C1q, an
initiating molecule in the classical cascade activates a downstream component C3. Both C1q and C3 are found
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at retinogeniculate synapses; C3, via C3 receptor (CR3) expressed on microglia, promotes microglial engulfment
and removal of presynaptic terminals [2,21,125]. In addition to retinogeniculate synapses, there is evidence of
complement-dependent pruning in cerebral cortex, as C1q-/- mice have excess axonal boutons and lower thresh-
old for seizures [126].

As the aging process unfolds, complement receptors play a role in instigating early synaptic loss observed in var-
ious neurodegenerative conditions. Furthermore, they contribute to neuroinflammation, intensifying the symptoms
of AD, amyotrophic lateral sclerosis (ALS), stroke, traumatic brain injury (TBI), and epilepsy [124]. Recent studies
have implicated complement receptors such as CR3 (receptor for a C3-cleavage product iC3b), C3aR (receptor for
anaphylatoxin C3a, also a cleavage product of C3), and C5aR (receptor for anaphylatoxin C5a, a cleavage product
of C5) in the early synapse loss observed in AD. These receptors also play a key role in propagating neuroinflam-
mation by activating microglia and astrocytes. Additionally, they contribute to altering blood–brain barrier (BBB)
permeability, facilitating peripheral lymphocyte infiltration [64,66] (Figure 2 and Table 1). It is worth stressing that
these receptors are common to all three complement cascades, and therefore various pathogens and inflammatory
molecules can contribute to neuroinflammation via complement system.

Complement receptor CR3
Complement receptor 3 (CR3) has been associated with early synapse loss in the J20 mouse model of AD via activation
of the classical complement cascade [68]. In J20, an initiating component of the classical complement cascade, C1q, is
found to be associated with synapses as early as one month of age, well before obvious plaque deposition [127]. More-
over, it was found that C1q deposition on synapses was needed for the synaptotoxic effect of oligomeric Aβ: blockade
of C1q with a function-blocking antibody rescued hippocampal LTP to levels seen in healthy animals of the same age.
Finally, synaptic material tagged with cleavage products of C3 was engulfed by microglia in a CR3-dependent manner
upon exposure to oligomeric Aβ [68]. Inhibiting C1q, or downstream component C3, or its receptor CR3 resulted
in a decreased number of phagocytic microglia, alleviating early synapse loss. This work by Hong et al. [68] clearly
demonstrated that components of classical complement system, known to be engaged in developmental synaptic
pruning, can be inappropriately activated later in life and contribute to early synapse loss in the context of AD.

Unexpectedly, microglial CR3 has been found to play a role in regulating levels of Aβ [73]. Using in vitro approach
in cultured microglia, it was found that deletion of Cr3 gene promotes release of enzymatic factors from microglia, in-
cluding tissue plasminogen activator (tPA), that degrade extracellular Aβ into non-synaptotoxic and non-neurotoxic
species [73] (Figure 2 and Table 1). Cr3 deletion in APP transgenic mouse model resulted in reduced plaque deposi-
tion even though the expression of amyloid precursor protein (APP) and its processing into Aβ remained unaffected.
This points to an involvement of CR3 in enzymatic digestion of extracellular Aβ. Small-molecule inhibitor of CR3,
LA-1, increased digestion of Aβ in vitro and lowered Aβ levels in vivo [73]. Collectively, two distinct and opposing
functions of CR3 - promoting microglial phagocytosis of amyloid and inhibiting enzymatic clearance of Aβ - are
implicated in the AD process. Whether microglial senescence and/or increased pro-inflammatory context influences
in which direction CR3 functions remains to be seen.

Complement receptor CR1
In genome-wide association studies (GWAS), complement receptor CR1 exhibits a significant association with
AD [69]. CR1 binds cleavage products C4b, a complex of C3b/C4b products, and a complex of C1q/MBL
(mannose-binding lectin). CR1 is detected in microglia and astrocytes within the human brain in situ [128,129].
Single-nucleotide polymorphisms (SNPs) in CR1, identified through GWAS, alter the expression levels of astrocytic
CR1 and its binding affinity with ligands [129]. Nevertheless, the presence of these SNPs does not predict the occur-
rence of AD, nor does it correlate with various AD endophenotypes such as memory impairment, total tau, Aβ1-42,
or tau phosphorylated at threonine 181 levels [129,130]. Given the strong association between CR1 and AD, influence
of peripheral CR1 has to be considered.

Anaphylatoxin receptors promote neuroinflammation
Apart from the direct opsonization and removal of synapses by microglia, the complement cascade plays a crucial
role in promoting an inflammatory response. Cleavage within the complement cascade results in the generation of
two anaphylatoxins, C3a and C5a, which contribute to inflammation and activation of target cells by binding to their
respective cognate receptors—C3aR1, C5aR1 (CD88), and C5aR2 (C5L2). Upon activation, these G-protein coupled
receptors induce chemotaxis and cellular activation, including the production of cytokines [131,132] (Figure 2 and
Table 1).

8 © 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 2. Complement receptor function changes with aging

Top panel: Illustration of cognate complement ligands (opsonin iC3b, anaphylatoxins C3a and C5a) present in the brain of healthy

adults (left) and in aging individuals (right). Note the availability of amyloid-β as a ligand in aging. iC3b and amyloid-β bind to CR3,

while C3a and C5a bind to C3aR1 and C5aR1/C5aR2, respectively. Second panel from the top: Depiction of the relative amounts

of complement receptors and ligands continuously throughout healthy adulthood and aging. Third panel: Illustration of different

ligand-receptor pairs corresponding to the periods of healthy adult and aging. Bottom panel: As complement ligand–receptor pairs

change or become more abundant with aging, cellular phenotypes for neurons, microglia, and astrocytes change as well. In healthy

adults, neurons exhibit normal synaptic densities (black dendrite), astrocytes are neurotrophic (green cell), and microglia go between

surveilling and activated (yellow cell) with an anti-inflammatory secretome. However, with aging, amyloid-β-CR3 signaling results

in reactive astrocytes (purple cell) that overproduce C3. iC3b is generated and, together with amyloid-β, overactivates microglia

(dark red cell), adopting an amoeboid shape and pro-inflammatory secretome. Excess C3 also results in high concentrations of

anaphylatoxins C3a and C5a, which promote further pro-inflammatory phenotypes of both glial cells by binding to C3aR1 and

C5aR1. C3a and C5a also bind to neurons via C3aR1 and C5aR2, coinciding with dystrophic neurites.
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C5aR1 and C5aR2
Aβ has been shown to directly activate both the classical and alternative complement pathways [133–135], resulting
in downstream generation of C5a after a series of cleavages. Upon binding to C5aR1 (CD88) expressed on microglia
and astrocytes, C5a anaphylatoxin activates both cell types in a C5aR1-dependent manner [136]. Antagonization of
C5aR1 signaling has been demonstrated as beneficial in mouse models of AD. Administering a C5aR1 antagonist
(cyclic hexapeptide, PMX205) orally for 2–3 months led to a ∼55% reduction in fibrillar and total amyloid deposits
in the 12- to 15-month-old Tg2576 mouse model of AD; CD45 and GFAP-reactive areas were also decreased, sug-
gesting fewer activated microglia and astrocytes in this mouse model [66]. Treating the 3xTg mouse model of AD
with PMX205 at ∼20 months of age resulted in a ∼70% decrease in hyperphosphorylated Tau. In addition, lower
thioflavin staining for plaques and a minor effect on CD45 microglia immunoreactivity were also observed [66]. In
Tg2576 mouse model, PMX205 preserved the integrity of presynaptic terminals in stratum lucidum of CA3 field,
suggesting that lower inflammation after chronic blockade of C5aR1 also protects presynaptic terminal from patho-
logical removal. Consistent with the synapse preservation with PMX205, Tg2576 mice have rescued performance on
passive-avoidance task [66]. In a separate study, a C5ar1 knockout mouse was crossed with a mouse line carrying the
human Arctic AD mutation [65]. Genetic ablation of C5ar1 preserved memory and maintained neuronal complex-
ity in the CA1 region of the hippocampus; it also increased degradation and clearance pathways in microglia at the
expense of induction of inflammatory genes, and shifted microglial cells toward a less inflammatory phenotype [65]
(Figure 2).

Conversely, intermittent stimulation of C5aR1 with an agonist, EP67, provided protection against the effects of
amyloid protein by enhancing the phagocytic activity of microglia [137]. In 5xFAD mice, intermittent oral treatment
with EP67 at 3 months of age resulted in a significant reduction of both fibrillar and non-fibrillar Aβ, reduced as-
trocytosis, preserved synaptic and neuronal markers, and memory function [137]. This experiment suggests that the
degree and duration of C5aR1 receptor activation can induce distinct microglial responses. Early and phasic stimu-
lation promotes beneficial phagocytic behavior, while chronic exposure to anaphylatoxin in the context of prolonged
neuroinflammation shifts microglia toward an inflammatory phenotype, further propagating neuroinflammation
(Figure 2). This dynamic is also reminiscent of how the degree of activation of TLRs influences microglial behavior,
with low-grade stimuli coinciding with microglial phagocytosis and clearance of cytotoxic Aβ.

Besides C5aR1, another receptor for C5a, C5aR2, is also present in the brain [138]. In human AD cohorts, anti-
body staining against both C5aR1 and C5aR2 indicated elevated immunoreactivity relative to controls and vascu-
lar dementia (VD) patients. C5aR2-associated signal is found in neurons in control subjects, and in AD samples it
overlaps with neurofibrillary tangles. Around plaques, C5aR2 associates with dystrophic neurites and neurofibrillary
tangles. Moreover, signals for both C5aR1 and C5aR2 colocalize with hyperphosphorylated tau [138]. Nevertheless, a
recent mouse study suggests that the activation of C5aR2 can also exert a neuroprotective effect [67]. In the context of
the Arctic model of AD, overexpression of C5a anaphylatoxin, while overall detrimental, delayed the upregulation of
some AD-, complement-, and astrocyte-associated genes that are normally elevated in AD, suggesting a concomitant
anti-inflammatory process [67].

C3aR1
The presence of Aβ activates astrocytes, leading to increased production and release of the C3 protein, which
aligns with the elevated levels of C3 observed in brain tissue from AD patients and APP transgenic mice [139,140].
Aβ-dependent C3 release from astrocytes is likely via Aβ–TLR–NFκB astrocytic cascade [9]. Increase in astrocytic
C3 leads to excess C3a, which binds to C3aR1 receptors expressed on neurons and microglia [141,142]. Neuronal
C3a–C3aR1 interaction leads to disrupted dendritic morphology and network function [142]. At the same time, up-
regulation of astrocytic C3 will also result in activation of microglial C3aR1 [141]; acute exposure to Aβ can lead to
microglial phagocytosis, but, in the condition of chronic exposure to C3/C3a, microglial phagocytosis is attenuated
[141].

Furthermore, the activation of C3aR1 is correlated with tau pathology, consistent with the observation that levels of
C3aR1 positively correlate with Braak staging [143]. Inhibition of C3aR1 in PS19 mice rescues tau pathology, attenu-
ates synaptic loss, neuroinflammation and neurodegeneration [143]. C3aR1-dependent transcription factor network
includes STAT3 known to mediate tau pathology; this network also includes other genes related to late-onset AD
[143]. All together, these studies, indicate that neuronal (over)production of Aβ triggers a complement-dependent
intercellular cross-talk in which Aβ activates astrocytic NFκB that in turn potentiates secretion of C3. This promotes
a vicious cycle by which increased C3 leads to higher concentration of C3a anaphylatoxin, which in turn interacts
with neuronal and microglial C3aR1 to impair microglial Aβ phagocytosis and promote tau pathology.
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Beyond neurons and microglia, C3aR1 is present on the endothelial cells of blood vessels [64]. Immune and vascular
dysfunction are implicated in aging and AD, and C3aR1 found n endothelial cells appears to increase age-related risk
for dementia and AD by promoting vascular inflammation and disrupting barrier integrity [64]. C3a–C3aR1 signaling
in endothelial cells is responsible for robust age-dependent increase in vascular cell adhesion molecule 1 (VCAM1)
and vascular inflammation, age-dependent peripheral lymphocyte infiltration, including CD8+ T-cell infiltration in
aged cortex, thalamus, hippocampus, and caudate putamen, and increase in BBB permeability. Global and endothelial
cell-specific deletion of C3aR1 attenuates all of these phenotypes. C3a-mediated barrier disruption is dependent on
Ca2+ mobilization and alteration of VE-cadherin through cytoskeletal activation. In addition to changes in vasculature
morphology and barrier integrity, endothelial C3aR1 contributes to age-related microglial activation and mild but
significant decrease in cortical volume; both microglial activation and neurodegenerative phenotypes are rescued in
C3ar1-/- mice [64].

Unsurprisingly, C3aR1 has also been implicated in recovery after injury, when neuroinflammatory environment
contributes to injury-related pathology. C3aR1 has a detrimental impact on BBB permeability early in post-stroke
recovery, yet exhibits a neuroprotective effect in the chronic phase of recovery [144]. Perioperative cognitive dis-
orders are also mediated by C3 upregulation in astrocytes and C3aR1 in microglia of hippocampus [145]. The
blockade of C3aR1 by C3aR antagonist (C3aRa) attenuates post-surgical neuroinflammation. Additionally, the
post-operative dysfunction of the brain–CSF barrier at the choroid plexus is rescued, leading to an improvement
in trace fear-conditioning performance [145]. Altogether, the body of work suggests that while some disorders ini-
tially involve peripherally derived complement components owing to a compromised BBB in stroke, TBI, and multiple
sclerosis (MS), CNS-produced complement becomes the dominant chronic source of these components and drives
local neuroinflammation in many neurodegenerative diseases.

Lastly, various innate immunity effector mechanisms can either synergize with or antagonize the complement sys-
tem, tightly regulating the immune response to pathogens and misfolded proteins, such as Aβ and tau. In the periph-
ery, C5aR1 was found to synergize with TLR2 and TLR4 to enhance proinflammatory cytokine responses (TNF-α and
IL-1β) in in vivo mouse models, mouse macrophages, and human monocytes [146]. TLRs, Fc receptors, chemokines
and other mediators are engaged by their own cognate ligands, and their signaling machinery can drive ‘inside-out’
activation of CR3, increasing CR3 affinity/avidity, thus controlling its immune and inflammatory functions [147].

In conclusion, presented findings indicate that targeting late components of the complement cascade might be a
more promising therapeutic strategy compared to targeting C1q or C3 earlier in the cascade, given that these early
components serve other beneficial functions [148–150]. Moreover, when contemplating pharmacological interven-
tions targeting CR3, C5aR1, and C5aR2, it is crucial to take into account the ‘yin-yang’ aspect of their functions.
This refers to the dual roles these receptors play, acting in both proinflammatory and anti-inflammatory capacities
depending on specific conditions. Understanding this dynamic nature is essential for developing effective therapeutic
strategies.

Toll-like receptors: microglial overactivation in the aging
brain and neurodegeneration
TLRs stand as the evolutionarily oldest innate immune receptors, with prototypical family members dating back to
Cnidaria [27,151]. Vertebrate TLRs emerged about half a billion years ago, after a series of gene duplication, pseu-
dogenization, purification, and positive selection events [27,28]. In spite of these extensive changes, TLRs in ver-
tebrates have preserved the prototypical layout: extracellular domain consists of hydrophobic tandem leucine-rich
repeat (LRR), which mediates the recognition of PAMPs and damage-associated molecular patterns (DAMPs). The
most salient difference between invertebrate/early chordate versus vertebrate TLRs is the loss of multiple cysteine
cluster LRRs in the extracellular domains; only single-cysteine-cluster TLRs are found in vertebrate species studied
to date [27,152].

Humans possess ten identified members of the TLR family (TLR1-10), whereas mice have 12 different TLRs
(Tlr1–Tlr9 and Tlr11–Tlr13) [9,27]. Importantly, a subset of TLR genes is orthologous in all vertebrates (TLR3,
TLR4, TLR5, and TLR7) [153], which facilitates interpretation of mouse studies in the context of human condition.
The binding of PAMPs/DAMPs to the majority of human TLRs initiates a conserved TLR–NF-κB signaling cascade
[25,154], leading to the release of pro-inflammatory cytokines [9]. In the brain, TLRs are mostly expressed not only
in microglia [155,156] and astrocytes [155,157] but also in neurons [158], neural progenitor cells (NPC) [159] and
oligodendrocytes [155].
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Function and signaling
Similar to complement receptors, TLR activation can lead to opposite functions: on one hand to autophagy [41,42],
and on the other to the release of proinflammatory cytokines [43]. This difference is made by the degree of TLR acti-
vation [41,160], with overactivation resulting in the release of IFN-I and other proinflammatory cytokines (TNF-α,
IL-6, IL-12; [161]).

All TLRs, except for TLR3, recruit myeloid differentiation factor 88 (MyD88) via their Toll/interleukin-1 receptor
(TIR) domain; TLR1, 2, 4, and 6 also recruit additional adaptor molecules (e.g. CD14 and TIR domain containing
adaptor protein – TIRAP) that connect TIR domain to MyD88 [32]. Recruitment of MyD88 by TLR in turn causes
binding of Interleukin-1 receptor (IL-1R) associated kinase (IRAK) family of proteins to the complex, which causes
phosphorylation of I-κB and release and translocation of the transcription factor NF-κB to the nucleus where it
regulates expression of various proinflammatory cytokines [154].

Ligands
Intracellular localization of TLR receptors correlates with the repertoire of its ligands. TLRs can be found within cells
either on the plasma membrane (in human TLR1, 2, 4, 5, 6, 10) or in endosomes (TLR3, 7, 8, 9) [9]. Plasma-membrane
TLRs bind various extracellular PAMPs (e.g. bacterial lipopolysaccharide – LPS, flagellin, lipoteichoic acid – LTA, dia-
cyl and triacyl peptides, zymosan, influenza A virus); endosomal TLRs bind intracellular pathogen epitopes, including
viral dsDNA and ssRNA, and bacterial CpG dinucleotides [9,162].

In the context of normal aging of the brain and neurodegeneration, the detection of various DAMPs by TLRs be-
comes particularly relevant. These DAMPs include misfolded and amyloid proteins, heat-shock proteins, and various
alarmins [9,74,163–165]. To date, all of the TLRs have been shown to bind amyloid-β (Aβ) [9,41,42,74,163,166–170],
save for TLR10 that recognizes solely influenza A virus [171]; this suggests that Aβ can trigger proinflammatory re-
sponse of microglia and astrocytes in a TLR-dependent manner. The majority of TLRs, along with Aβ, show an
increase with age in both mice [172] and humans [97], implying an enhanced impact of TLR-Aβ interaction in pro-
moting age-related neuroinflammation. In AD patients, there is an additional marked increase in expression for the
TLR2, TLR7, and CD14 (another LPS receptor) [24,161], further amplifying the effect of Aβ on glial activation via
TLRs (Table 1).

Functional studies in mouse models of AD or in vitro microglial cultures suggest that the degree of activation of
TLRs by Aβ, or by concomitant PAMP/Aβ, can either oppose or promote neurodegenerative changes. Low-grade ac-
tivation increases autophagy and clearance of Aβ oligomers [41,42,173,174], while over-activation causes microglial
release of proinflammatory cytokines IL-6, INF-I, TNF-α among others [41,43,76,156,175], which aggravates demen-
tia symptoms and propagates neurodegeneration (Figure 3 and Table 1).

TLR2 and TLR5
Studies involving inhibiting the function of Toll-like receptor 2 (TLR2) strongly implicate its involvement in AD.
Aβ1-42 peptides induce the expression of inducible NO synthase, proinflammatory cytokines (TNF-α, IL-1β, and
IL-6), and integrin molecules (CD11b, CD11c, and CD68) in mouse primary microglia and BV-2 microglial cells
in a TLR2-dependent manner [43] (Figure 3 and Table 1); Tlr2-/- derived cells are protected from Aβ1-42-induced
release of proinflammatory cytokines [43]. In the 5XFAD mouse model of AD, selectively disrupting the interaction
between TLR2 and MyD88 results in TLR2-specific inhibition of microglial activation induced by fibrillar Aβ1-42
and LTA. This is a TLR2-specific effect, as only the engineered peptide that mimics MyD88-binding loop of TLR2, but
not other TLRs, has an effect. Intranasal delivery of the mimic-peptide reduced hippocampal glial activation, lowered
Aβ burden, attenuated neuronal apoptosis, and improved memory and learning in 5XFAD mice [169]. These results
are in line with reports that TLR2 goes up with age and in AD patients [24,97].

Nevertheless, studies exist that report an opposite effect of TLR2 activation [41,160,173,176]. Genetic deletion of
TLR2 speeds up cognitive decline with normal aging, and supercharges it in the context of AD [160,176]. In addition,
in early stages of AD when Aβ is increased but microglia are still in resting state, co-stimulation of TLR2 and TLR4
with PAMP ligands like LPS, MPL, and Pam3Cys, appears to promote microglia-mediated autophagy, as evidenced
by lowering of Aβ deposits in the rat brain, and the rescue of spatial and working memory [41]. These seemingly
conflicting findings could be reconciled by considering the age-related shift in microglial phenotypes. Aging study
of microglia in vitro shows that age-associated responses by microglia include reduced phagocytosis and reduced
migration, suggesting that microglia loses the capability to convert the TLR signals into autophagy as they age, re-
sulting in poorer Aβ clearance from brain parenchyma later in life [156], and increased release in pro-inflammatory
cytokines [43].
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Figure 3. TLR activation and microglial phenotypes with aging

Top panel: Illustration of some ‘classic’ TLR ligands of bacterial origin (LPS, LTA, flagellin) present during healthy adulthood (left) and

in aging individuals (right). Amyloid-β, α-synuclein, HST (heat-shock proteins), and HMGB1 (high mobility group box 1) become

available in aging. Second panel: Depiction of the relative amounts of various TLR ligands in healthy adulthood and aging. The

presence of pathogen-related ligands is temporary due to the passing nature of most infections (‘inf’). Misfolded proteins and

alarmins come to play prominent roles with aging. An increase in HMGB1 and HST is illustrated as temporary due to events like

stroke (in blue letters); stroke can lead to a superimposing increase in amyloid-β. Third panel: Illustration of different ligand–receptor

pairs corresponding to healthy adulthood and aging periods. Bottom panel: As TLR ligand–receptor pairs change or become more

abundant with aging, microglial phenotypes change. In healthy adults, microglia get activated by TLR ligand–receptor binding due

to passing infections, presenting an anti-inflammatory secretome, releasing interleukins IL-4, IL-8, IL-10, and exhibiting defensive

phagocytic behavior. With aging, microglial TLRs are overactivated by binding amyloid-β,α-synuclein, HST, and HMGB1, in addition

to ligands that increase with infection. Microglia adopt an amoeboid shape, exhibit a proinflammatory secretome (TNF-α, IL-6, IL-1β,

NO/iNOS, IFN-γ, IFN-I), increase expression of CR3, increase expression of integrins CD11b and CD11c that are part of CR3 and

C4 receptors, respectively, and become neurotoxic.
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The TLR2-mediated cell response is also implicated in Parkinson’s disease (PD), another age-related neurodegen-
erative disorder. PS is characterized by intracellular deposition of α-synuclein known to promote neuronal degener-
ation [177]. Postmortem brains of PD patients exhibit increased proteins levels of TLR2 [177]. In addition, neuronal
TLR2 activity has been shown to increase accumulation of endogenous α-synuclein in cultured neurons [178]. TLR2
activation also contributes to inflammatory process associated with ALS. In the post-mortem spinal cords of ALS
patients, increase in TLR2 mRNAs has been detected [179]. In addition, immunoreactivity for CD14, a co-receptor
for TLR2, has been linked to infiltrating perivascular phagocytes in ALS spinal cords [24], a process not observed
in AD or PD [180]. In stroke, most of the evidence suggests the involvement of TLR2 [164,181,182]. Transient focal
ischemia increases levels of TLR2 mRNA; Tlr2-/- have reduced infarct size compared to the wild-type mice [182].

Apart from TLR2, Toll-like receptor 5 (TLR5) has also been implicated in amyloid plaque burden associated with
AD. In vivo blockade of TLR5 with soluble decoy receptors (sTLR5Fc) significantly lowered the amyloid plaque
burden and Aβ42 levels in TgCRND8 mouse model of AD. However, there was no behavioral rescue in the mice
expressing sTLR5Fc [166].

TLR4
Neurodegenerative disease
Toll-like receptor 4 (TLR4), originally discovered in Drosophila ([183], has emerged as a key player in the etiology
and progression of age-related neurodegenerative and inflammatory diseases [161]. In mouse models of AD and in
post-mortem AD brains, TLR4 levels are increased [184]. A spontaneous loss-of-function mutation in the TLR4 gene
markedly inhibits microglial and monocytic activation by aggregated Aβ, resulting in a significant reduction in the
release of inflammatory products such as IL-6, TNF- α, and nitric oxide [184].

Moreover, TLR4 contributes to Aβ-induced inflammation by blocking the anti-inflammatory pathway mediated
by microglial TREM2 (Triggering Receptors Expressed on Myeloid Cells 2) [185]. In APP/PS1 mice, both TLR4
and TREM2 are elevated at the protein level [185]; the treatment of these mice with LPS, a ligand for TLR4, re-
sulted in worsened cognitive impairment in these mice, suggesting that superimposition of systemic inflammation
due to bacterial infection could speed up the AD progression. Moreover, while TLR4 remained up-regulated upon
LPS treatment, TREM2 was downregulated, suggesting that LPS–TLR4 interaction during bacterial infections could
down-regulate the anti-inflammatory action of TREM2 [185]. Notably, the relevance of TLR4 in AD etiology is sup-
ported by findings in the Italian population, where the presence of the TLR4 Asp299Gly polymorphism appears to
confer protection against late-onset AD [186].

Similar to TLR2, TLR4 has been implicated in promoting α-synuclein-dependent neuronal degeneration, as well
as microglial and astrocytic activation in PD [177]. Postmortem examinations of brains from PD patients reveal an
increased expression of TLR4 [177]. Moreover, when intracellular α-synuclein is released, it activates TLR4 on both
microglia and astroglia leading to release of proinflammatory cytokines and reactive oxygen species, leading to further
neuronal damage and worsening of disease symptoms in a TLR4-dependent manner [77] (Figure 3 and Table 1).

Aβ deposition is also implicated in PD, and the combined effects of Aβ and α-synuclein contribute to cognitive
decline in these patients. Neurodegeneration and dementia in PD can be worsened by impairing the autophagy lysoso-
mal pathway and protein clearance induced by neuroinflammation, and by increasing intracellularα-synuclein accu-
mulation and aggregation [187]. TLR4 activation on microglia can counteract this process by enhancing the clearance
of Aβ peptides andα-synuclein deposits in PD by enhancing microglia phagocytosis [77]. On the other hand, fibrillar
α-synuclein and TLR4 are involved in promoting PD symptoms by inducing the NLRP3 inflammasome-mediated
dopaminergic cell death [75,188]. Inhibition of NLRP3 activation by small-molecule inhibitor, MCC950, mitigated
both motor dysfunction and dopaminergic neuron loss [188].

Similarly to TLR2, post-mortem spinal cords of ALS patients exhibit increase in TLR4 mRNA [179], and to-
gether with CD14 co-receptor, are linked to infiltrating perivascular phagocytes in ALS spinal cords [24,180]. Block-
ing antibodies for TLR2, TLR4, and CD14, attenuate extracellular superoxide dismutase type 1 (SOD1)-dependent
microglia-mediated motor neuron injury [189]. In mouse models of ALS (hSOD1G93A), absence of TLR4, or its
pharmacologic blockade with TAK-242, delays disease progression, attenuates glial reactivity in spinal cord, and re-
duces spinal motor neuron loss [190]. Like in AD, administering LPS to pre-symptomatic SOD1 mice activates TLR4,
which in turn speeds up disease progression and death [179].

Furthermore, TLR4 is implicated in post-stroke inflammation [164,181,182]. Transient focal ischemia increases
levels of TLR4 mRNA; Tlr4-/- have reduced infarct size compared with the wild-type mice [182]. During hemostasis,
lack of oxygen and glucose leads to cellular damage and release of endogenous HMGB1 that activates TLR4, lead-
ing to immune cell infiltration, activation of microglia, expression of TNF-α and iNOS, and MMP-9 [191] (Figure
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3 and Table 1). Intravenous injection of neutralizing anti-HMGB1 opposes these proinflammatory steps [191]. No-
tably, TLR4 polymorphisms have been linked to stroke. In ethnic Chinese in Taiwan, TLR4 C119A polymorphism is
linked to stroke severity; Asp299Gly polymorphism implicated in protection from AD does not affect stroke severity
[186,192].

Peripheral involvement and pain regulation in aging
Beyond its central role in mediating inflammation through glial cells, TLR4 has been identified as a mediator of pain
sensation in the peripheral nervous system [158,165]. TLR4 expression is observed in neuronal Nav1.8 nociceptor
cells [158]. In a mouse model of neuropathic pain caused by spared nerve-injury (SNI), Nav1.8 nociceptors show in-
crease in ATF3 expression and HMGB1 translocation from nucleus to cytosol [158]. These DAMP molecules in turn
result in activation of TLR4 expressed in nociceptor cells, an event shown to be necessary for SNI-induced hyper-
algesia; nociceptor-specific deletion of TLR4 results in higher pain withdrawal threshold, while nociceptor-specific
recovery of TLR4 expression restores hyperalgesia [158]. Interestingly, the nociceptive TLR4-dependent mechanism
appears to be specific to females [158]. In males, TLR4-positive immune cells [158] and microglia [165,193,194]
appear to be involved in hyperalgesia, as these immune become more numerous in the DRGs on the injured side
[158,165].

Aging and cognitive disability bring about alterations in pain processing mechanisms and the reporting of
pain [195,196]. Individuals with dementia and AD often exhibit increased pain tolerance, resulting in heightened
inflammation-induced tissue damage before the initiation of anti-inflammatory and analgesic therapy [195,196].
Conversely, chronic musculoskeletal pain experienced in midlife has been linked to an increased risk of depression
and dementia later in life [197,198]. The interdependence of pain processing mechanisms, mood changes, and cog-
nitive alterations has given rise to a new category known as nociplastic pain [195,199–202]. Recent research has
elucidated a shift in the microglial TLR4-dependent mechanism for musculoskeletal pain sensation, providing in-
sight into the attenuation of allodynia observed in AD [196]. In experimentally-induced pro-inflammatory arthri-
tis in WT mice, pronociceptive TLR4+P2Y12+ microglia respond to neuronal release of Gal-3 (a DAMP ligand of
TLR4) and ATP (ligand for the purinergic receptor P2Y12) by increasing the release of pro-inflammatory mediators,
which in turn lead to nerve-ending sensitization. In the TASTPM mouse model of AD, a distinct subset of phagocytic
TREM2+TLR4−P2Y12− microglia emerges, exhibiting an inability to bind either Gal3 or ATP. This microglial phe-
notype is associated with increased pain threshold, as measured by frequency of hind paw withdrawal to a mechanical
stimulus, contributing to diminished pain sensation [196]. Therefore, the emergence of TLR4 negative microglia in
the context of AD interferes with the TLR4-dependent mechanism of nociception, and could explain in part the
attenuation of pain sensation in aged individuals and AD patients.

Conclusions
In the aging brain, immune receptors from Ig-superfamily, TLRs, and complement receptors promote synapse
elimination, neurodegeneration, and neuroinflammation. Our proposed model delineates how cognitive decline
associated with aging and neurodegenerative diseases arises from the coordinated activation of specific immune
receptors—PIRB/LILRB2 and C5aR2 in neurons, TLRs and CR3 in astrocytes, and TLRs and CR3 in microglia (Figure
4). In a healthy state, the three-way intercellular communication is neurotrophic and surveilling, resulting in opti-
mally maintained synaptic strength and well-preserved neuronal ramification. With aging, an excess of misfolded
proteins and DAMP ligands bind to immune receptors expressed in neurons, propelling the cascade of excessive
synapse loss. Simultaneously, misfolded proteins and DAMP ligands induce the overactivation of microglia and as-
trocytes, prompting these cells to transition into a proinflammatory and neurotoxic phenotype. This transition results
in an additional up-regulation of immune receptor ligands, exacerbating synaptic loss and neurite degeneration via
immune receptors located on the surface of neurons. Crucially, TLRs, complement receptors, and Ig-like receptors
collectively play an essential role in driving the destructive cascade, as illustrated in Figure 4.

Future perspectives
The intricate interplay between TLRs, Ig-like receptors, and components of the complement cascade could unveil the
mechanistic link between infections and the heightened risk of neurodegeneration in later life. The well-established
correlation between a history of viral infections and an increased incidence of cognitive problems and neurodegen-
erative disorders sets the stage for investigating the role of these immune receptors in mediating these effects (e.g.
[120,203–206],).

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

15



Bioscience Reports (2024) 44 BSR20222267
https://doi.org/10.1042/BSR20222267

PirB/LilrB2

MHCI amyloid-

C4dC3 iC3b
Complement C3
and cleavage 
products

C5a

C3a Anaphylatoxins
C3a and C5a

CR3

C3a

C3aR1
C5a

C5aR1
C5a

C5aR2

TLR2 TLR4 TLR5

inactive
TLR

anti-inflammatory

pro-inflammatory

Receptors

Ligands

Cytokines

Healthy adult

A
TP

AA
TP

iC3b

iC3biC3biC3b

C5a

C3a

C5aC5a

C3a

C5a
C5a

C5a

C4dC4d

C3a

C5a
C3

C5a

C5a

C5a

C5a

C3a

C3a

C3a

C3a C5a

C5a

C5a C3

C3

C4d

C4d
C4d

C5a

C5a

C5a

C3

C3

C5a

C3a

C5a

C
3a

C3aC3a

C3a

Aging and neurodegeneration

LTA LPS flagellin

-synuclein

HMGB1 HSP

ATP

Figure 4. Immune receptors in aging brain orchestrate destructive intercellular communication

Top panel: In the healthy brain of young adults, activated microglia (yellow) and astrocytes (green) release anti-inflammatory

cytokines and engage in phagocytic removal of cellular debris when activated by DAMPs at low concentration. In neurons,

PIRB/LILRB2 located in synapses bind major histocompatibility complex class I (MHC-I) and engage in the maintenance of synaptic

capacity via a synaptic plasticity cascade that negatively regulates presynaptic glutamate release. Synaptic size distribution on a

neuron (beige cell) reflects healthy control of synaptic strength; higher density of dendritic spines and presence of small plastic

spines provides the capacity for new learning and memory storage. Bottom panel: In the aging brain and neurodegenerative con-

ditions, a gradual increase in misfolded proteins (illustrated with amyloid-β) and various DAMPs produced by neurons activates

the complement cascade, resulting in increased production of C4 by neurons, C3 by astrocytes, and downstream increase in C4d,

C3a, C5a. Astrocytic C3 activates microglia via CR3. TLRs on both astrocytes and microglia are activated directly by Aβ and other

DAMPs. In these conditions, activated astrocytes and microglia increase the production and release of proinflammatory cytokines.

Activated microglia attains an amoeboid form (dark red cell), shifting astrocytes into a neurotoxic stage (purple cell). Pro-inflam-

matory cytokines like TNF-α and IFN-γ increase the production of neuronal MHC-I. In synapses, PIRB/LILRB2 now binds Aβ,

C4d, and MHC-I, leading to excessive synaptic weakening, permanent dendritic spine removal, and synaptic loss. Anaphylatoxin

receptors, C3aR1 and C5aR2 on neurons and C3aR1 and C5aR1 on microglia, bind their cognate ligands C3a and C5a, leading

to neurite dystrophy on already stressed neurons (brown cell), while microglia increase the release of pro-inflammatory cytokines.

This vicious cycle is additionally amplified as microglia become immunosenescent and lose its phagocytic capacity even for lower

concentrations of DAMPs.
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Recent analyses of patient time series data from large databases such as FinnGen and UK Biobank have shed light
on the intricate connection between viral exposure and the risk of neurological diseases later in life [206]. Notably,
individuals exposed to at least 22 viruses exhibited an elevated risk of developing neurological diseases. For instance,
viral encephalitis was associated with a 22–30 times higher likelihood of being diagnosed with AD, surpassing by
2-fold the risk conferred by APOE4, a known genetic risk factor [207]. Epstein–Barr virus was identified as a risk
factor for MS, while influenza with pneumonia increased the risk for various neurodegenerative diseases, excluding
MS [206]. Some viral infections were linked to an increased risk of neurodegenerative diseases up to 15 years later
[206]. Viruses such as herpes zoster, herpes simplex 1/2, and human herpesvirus 6 were also identified as risk factors
for neurological diseases in later life [120,203–206,208,209].

Despite the overwhelming evidence linking viral infections to accelerated cognitive decline, the precise mecha-
nisms through which viral pathogens create a conducive environment for neurodegeneration remain incompletely
understood. TLRs, Ig-like receptors, and complement cascade components emerge as plausible candidates for mediat-
ing the augmented risk of neurodegeneration, given that various pathogenic epitopes act as ligands for these receptors
in the brain, akin to their role in the immune system [9,119]. Importantly, pathogen binding in the brain might trigger
neuroinflammatory, synaptotoxic, and neurotoxic responses similar to the binding of endogenous ligands, misfolded
proteins, and DAMPs.

In addition to increasing the risk of future neurodegenerative diseases, viral and bacterial infections may synergize
with ongoing neurodegenerative processes through immune receptors in the brain, potentially worsening disease
progression and symptoms. Given their significant involvement in promoting neurodegeneration and neuroinflam-
mation, particularly in synergy with infections, immune receptors in the brain present a promising therapeutic target
for combating age-related cognitive decline and neurodegenerative diseases. Future research in this area holds the po-
tential to unravel the complex interactions between infections and immune receptors, paving the way for innovative
therapeutic strategies to mitigate the impact of neurodegenerative disorders on cognitive health.
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and Dr Saša Vasilijić for critically reading the manuscript. Figures were created in part with BioRender.com.

Abbreviations
Aβ , amyloid-beta; AD, Alzheimer’s disease; ALS , Amyotrophic lateral sclerosis; β2M, beta2 microglobulin; BBB, blood–brain
barrier; C1q, Complement protein 1q; C3aR, Complement receptor for anaphylatoxin C3a; C5aR, Complement receptor for
anaphylatoxin C5a; CD, Cluster of differentiation; CR3, Complement C3 receptor; DAMP, damage-associated molecular pat-
tern; GWAS, Genome-wide association study; HMGB1, High-mobility group box 1; IFN, Interferon; Ig, Immunoglobulin; IgSF,
Immunoglobulin superfamily; IL, Interleukin; iNOS, Inducible nitrous oxide synthase; IRAK, IL-1R associated kinase; IRF3, In-
terferon regulatory factor 3; ITAM, Immunoreceptor tyrosine-based activating motif; ITIM, Immunoreceptor tyrosine-based in-
hibitory motif; LILR, leukocyte immunoglobulin-like receptors (A or B); LPS, lipopolysaccharide; LRR, leucine-rich repeat; LTA,
Lipoteichoic acid; MAC, Membrane attack complex; MHC-I, major histocompatibility complex class I; MHC-II, major histocom-
patibility complex class II; MMP-9, Matrix metalloproteinase-9; MyD88, Myeloid differentiation factor 88; NPC, Neural progenitor
cell; PAMP, Pathogen-associated molecular patterns; PD, Parkinson’s disease; PIR, Paired immunoglobulin-like receptor; PRR,
Pattern-recognition receptor; SH2, Src-homology 2; SNI, spared nerve-injury; SOD1, superoxide dismutase type 1; TCR, T-cell
receptor; TIR, Toll/interleukin-1 receptor; TLR, Toll-like receptor; TNF-α, Tumor necrosis factor-alpha; tPA, Tissue plasminogen
activator; TREM2, Triggering receptors expressed on myeloid cells 2.

References
1 Syken, J., Grandpre, T., Kanold, P.O. and Shatz, C.J. (2006) PirB restricts ocular-dominance plasticity in visual cortex. Science 313, 1795–1800,

https://doi.org/10.1126/science.1128232

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

17

https://doi.org/10.1126/science.1128232


Bioscience Reports (2024) 44 BSR20222267
https://doi.org/10.1042/BSR20222267

2 Stevens, B., Allen, N.J., Vazquez, L.E., Howell, G.R., Christopherson, K.S., Nouri, N. et al. (2007) The classical complement cascade mediates CNS
synapse elimination. Cell 131, 1164–1178, https://doi.org/10.1016/j.cell.2007.10.036

3 Kim, T., Vidal, G.S., Djurisic, M., William, C.M., Birnbaum, M.E., Garcia, K.C. et al. (2013) Human LilrB2 is a beta-amyloid receptor and its murine
homolog PirB regulates synaptic plasticity in an Alzheimer’s model. Science 341, 1399–1404, 341/6152/1399 [pii],
https://doi.org/10.1126/science.1242077

4 Sekar, A., Bialas, A.R., de Rivera, H., Davis, A., Hammond, T.R., Kamitaki, N. et al. (2016) Schizophrenia risk from complex variation of complement
component 4. Nature 530, 177–183, https://doi.org/10.1038/nature16549

5 Carson, M.J., Doose, J.M., Melchior, B., Schmid, C.D. and Ploix, C.C. (2006) CNS immune privilege: hiding in plain sight. Immunol. Rev. 213, 48–65,
https://doi.org/10.1111/j.1600-065X.2006.00441.x

6 Lu, Y., Jarrahi, A., Moore, N., Bartoli, M., Brann, D.W., Baban, B. et al. (2023) Inflammaging, cellular senescence, and cognitive aging after traumatic
brain injury. Neurobiol. Dis. 180, 106090, https://doi.org/10.1016/j.nbd.2023.106090

7 Hirayasu, K. and Arase, H. (2015) Functional and genetic diversity of leukocyte immunoglobulin-like receptor and implication for disease associations.
J. Hum. Genet. 60, 703–708, https://doi.org/10.1038/jhg.2015.64

8 Takai, T. (2005) Paired immunoglobulin-like receptors and their MHC class I recognition. Immunology 115, 433–440,
https://doi.org/10.1111/j.1365-2567.2005.02177.x

9 Pascual, M., Calvo-Rodriguez, M., Nunez, L., Villalobos, C., Urena, J. and Guerri, C. (2021) Toll-like receptors in neuroinflammation,
neurodegeneration, and alcohol-induced brain damage. IUBMB Life 73, 900–915, https://doi.org/10.1002/iub.2510

10 Bajic, G., Degn, S.E., Thiel, S. and Andersen, G.R. (2015) Complement activation, regulation, and molecular basis for complement-related diseases.
EMBO J. 34, 2735–2757, https://doi.org/10.15252/embj.201591881

11 Gomez-Arboledas, A., Acharya, M.M. and Tenner, A.J. (2021) The role of complement in synaptic pruning and neurodegeneration. Immunotargets
Ther. 10, 373–386, https://doi.org/10.2147/ITT.S305420

12 Huh, G.S., Boulanger, L.M., Du, H., Riquelme, P.A., Brotz, T.M. and Shatz, C.J. (2000) Functional requirement for class I MHC in CNS development and
plasticity. Science 290, 2155–2159, https://doi.org/10.1126/science.290.5499.2155

13 Corriveau, R.A., Huh, G.S. and Shatz, C.J. (1998) Regulation of class I MHC gene expression in the developing and mature CNS by neural activity.
Neuron 21, 505–520, https://doi.org/10.1016/S0896-6273(00)80562-0

14 Eshima, J., O’Connor, S.A., Marschall, E., Consortium, N.A., Bowser, R., Plaisier, C.L. et al. (2023) Molecular subtypes of ALS are associated with
differences in patient prognosis. Nat Commun. 14, 95, https://doi.org/10.1038/s41467-022-35494-w

15 Hayes, G.M., Woodroofe, M.N. and Cuzner, M.L. (1987) Microglia are the major cell type expressing MHC class II in human white matter. J. Neurol.
Sci. 80, 25–37, https://doi.org/10.1016/0022-510X(87)90218-8

16 Djurisic, M., Vidal, G.S., Mann, M., Aharon, A., Kim, T., Ferrao Santos, A. et al. (2013) PirB regulates a structural substrate for cortical plasticity. Proc.
Natl. Acad. Sci. U.S.A. 110, 20771–20776, https://doi.org/10.1073/pnas.1321092110

17 Syken, J. and Shatz, C.J. (2003) Expression of T cell receptor beta locus in central nervous system neurons. Proc. Natl. Acad. Sci. U.S.A. 100,
13048–13053, https://doi.org/10.1073/pnas.1735415100

18 Jack, C.S., Arbour, N., Manusow, J., Montgrain, V., Blain, M., McCrea, E. et al. (2005) TLR signaling tailors innate immune responses in human
microglia and astrocytes. J. Immunol. 175, 4320–4330, https://doi.org/10.4049/jimmunol.175.7.4320

19 Olson, J.K. and Miller, S.D. (2004) Microglia initiate central nervous system innate and adaptive immune responses through multiple TLRs. J.
Immunol. 173, 3916–3924, https://doi.org/10.4049/jimmunol.173.6.3916

20 Tang, S.C., Arumugam, T.V., Xu, X., Cheng, A., Mughal, M.R., Jo, D.G. et al. (2007) Pivotal role for neuronal Toll-like receptors in ischemic brain injury
and functional deficits. Proc. Natl. Acad. Sci. U.S.A. 104, 13798–13803, https://doi.org/10.1073/pnas.0702553104

21 Schafer, D.P., Lehrman, E.K., Kautzman, A.G., Koyama, R., Mardinly, A.R., Yamasaki, R. et al. (2012) Microglia sculpt postnatal neural circuits in an
activity and complement-dependent manner. Neuron 74, 691–705, https://doi.org/10.1016/j.neuron.2012.03.026

22 Stephan, A.H., Barres, B.A. and Stevens, B. (2012) The complement system: an unexpected role in synaptic pruning during development and disease.
Annu. Rev. Neurosci. 35, 369–389, https://doi.org/10.1146/annurev-neuro-061010-113810

23 Kubo, T., Uchida, Y., Watanabe, Y., Abe, M., Nakamura, A., Ono, M. et al. (2009) Augmented TLR9-induced Btk activation in PIR-B-deficient B-1 cells
provokes excessive autoantibody production and autoimmunity. J. Exp. Med. 206, 1971–1982, https://doi.org/10.1084/jem.20082392

24 Letiembre, M., Liu, Y., Walter, S., Hao, W., Pfander, T., Wrede, A. et al. (2009) Screening of innate immune receptors in neurodegenerative diseases: a
similar pattern. Neurobiol. Aging 30, 759–768, https://doi.org/10.1016/j.neurobiolaging.2007.08.018

25 Brennan, J.J. and Gilmore, T.D. (2018) Evolutionary origins of Toll-like receptor signaling. Mol. Biol. Evol. 35, 1576–1587,
https://doi.org/10.1093/molbev/msy050

26 Rosenstiel, P., Philipp, E.E., Schreiber, S. and Bosch, T.C. (2009) Evolution and function of innate immune receptors–insights from marine
invertebrates. J. Innate Immun. 1, 291–300, https://doi.org/10.1159/000211193

27 Liu, G., Zhang, H., Zhao, C. and Zhang, H. (2020) Evolutionary history of the Toll-like receptor gene family across vertebrates. Genome Biol. Evol. 12,
3615–3634, https://doi.org/10.1093/gbe/evz266

28 Velova, H., Gutowska-Ding, M.W., Burt, D.W. and Vinkler, M. (2018) Toll-like receptor evolution in birds: gene duplication, pseudogenization, and
diversifying selection. Mol. Biol. Evol. 35, 2170–2184, https://doi.org/10.1093/molbev/msy119

29 Kraus, A., Buckley, K.M. and Salinas, I. (2021) Sensing the world and its dangers: an evolutionary perspective in neuroimmunology. Elife 10, 1–33,
https://doi.org/10.7554/eLife.66706

30 Atwal, J.K., Pinkston-Gosse, J., Syken, J., Stawicki, S., Wu, Y., Shatz, C. et al. (2008) PirB is a functional receptor for myelin inhibitors of axonal
regeneration. Science 322, 967–970, https://doi.org/10.1126/science.1161151

18 © 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.1016/j.cell.2007.10.036
https://doi.org/10.1126/science.1242077
https://doi.org/10.1038/nature16549
https://doi.org/10.1111/j.1600-065X.2006.00441.x
https://doi.org/10.1016/j.nbd.2023.106090
https://doi.org/10.1038/jhg.2015.64
https://doi.org/10.1111/j.1365-2567.2005.02177.x
https://doi.org/10.1002/iub.2510
https://doi.org/10.15252/embj.201591881
https://doi.org/10.2147/ITT.S305420
https://doi.org/10.1126/science.290.5499.2155
https://doi.org/10.1016/S0896-6273(00)80562-0
https://doi.org/10.1038/s41467-022-35494-w
https://doi.org/10.1016/0022-510X(87)90218-8
https://doi.org/10.1073/pnas.1321092110
https://doi.org/10.1073/pnas.1735415100
https://doi.org/10.4049/jimmunol.175.7.4320
https://doi.org/10.4049/jimmunol.173.6.3916
https://doi.org/10.1073/pnas.0702553104
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1146/annurev-neuro-061010-113810
https://doi.org/10.1084/jem.20082392
https://doi.org/10.1016/j.neurobiolaging.2007.08.018
https://doi.org/10.1093/molbev/msy050
https://doi.org/10.1159/000211193
https://doi.org/10.1093/gbe/evz266
https://doi.org/10.1093/molbev/msy119
https://doi.org/10.7554/eLife.66706
https://doi.org/10.1126/science.1161151


Bioscience Reports (2024) 44 BSR20222267
https://doi.org/10.1042/BSR20222267

31 Raiker, S.J., Lee, H., Baldwin, K.T., Duan, Y., Shrager, P. and Giger, R.J. (2010) Oligodendrocyte-myelin glycoprotein and Nogo negatively regulate
activity-dependent synaptic plasticity. J. Neurosci. 30, 12432–12445, https://doi.org/10.1523/JNEUROSCI.0895-10.2010

32 Kawai, T. and Akira, S. (2010) The role of pattern-recognition receptors in innate immunity: update on Toll-like receptors. Nat. Immunol. 11, 373–384,
https://doi.org/10.1038/ni.1863

33 Djurisic, M., Brott, B.K., Saw, N.L., Shamloo, M. and Shatz, C.J. (2019) Activity-dependent modulation of hippocampal synaptic plasticity via PirB and
endocannabinoids. Mol. Psychiatry 24, 1206–1219, https://doi.org/10.1038/s41380-018-0034-4

34 Vidal, G.S., Djurisic, M., Brown, K., Sapp, R.W. and Shatz, C.J. (2016) Cell-autonomous regulation of dendritic spine density by PirB. eNeuro 3, 1–15,
https://doi.org/10.1523/ENEURO.0089-16.2016

35 Wojtowicz, W.M., Vielmetter, J., Fernandes, R.A., Siepe, D.H., Eastman, C.L., Chisholm, G.B. et al. (2020) A human IgSF cell-surface interactome
reveals a complex network of protein-protein interactions. Cell 182, 1027e17–1043e17, https://doi.org/10.1016/j.cell.2020.07.025

36 Augustin, R., Schroder, K., Murillo Rincon, A.P., Fraune, S., Anton-Erxleben, F., Herbst, E.M. et al. (2017) A secreted antibacterial neuropeptide shapes
the microbiome of Hydra. Nat. Commun. 8, 698, https://doi.org/10.1038/s41467-017-00625-1

37 Murillo-Rincon, A.P., Klimovich, A., Pemoller, E., Taubenheim, J., Mortzfeld, B., Augustin, R. et al. (2017) Spontaneous body contractions are
modulated by the microbiome of Hydra. Sci. Rep. 7, 15937, https://doi.org/10.1038/s41598-017-16191-x

38 Collins, S.M. and Bercik, P. (2009) The relationship between intestinal microbiota and the central nervous system in normal gastrointestinal function
and disease. Gastroenterology 136, 2003–2014, https://doi.org/10.1053/j.gastro.2009.01.075

39 Collins, S.M., Surette, M. and Bercik, P. (2012) The interplay between the intestinal microbiota and the brain. Nat. Rev. Microbiol. 10, 735–742,
https://doi.org/10.1038/nrmicro2876

40 Iwasaki, A. and Medzhitov, R. (2004) Toll-like receptor control of the adaptive immune responses. Nat. Immunol. 5, 987–995,
https://doi.org/10.1038/ni1112

41 Pourbadie, H.G., Sayyah, M., Khoshkholgh-Sima, B., Choopani, S., Nategh, M., Motamedi, F. et al. (2018) Early minor stimulation of microglial TLR2
and TLR4 receptors attenuates Alzheimer’s disease-related cognitive deficit in rats: behavioral, molecular, and electrophysiological evidence.
Neurobiol. Aging 70, 203–216, https://doi.org/10.1016/j.neurobiolaging.2018.06.020

42 Song, M., Jin, J., Lim, J.E., Kou, J., Pattanayak, A., Rehman, J.A. et al. (2011) TLR4 mutation reduces microglial activation, increases Abeta deposits
and exacerbates cognitive deficits in a mouse model of Alzheimer’s disease. J. Neuroinflammation 8, 92, https://doi.org/10.1186/1742-2094-8-92

43 Jana, M., Palencia, C.A. and Pahan, K. (2008) Fibrillar amyloid-beta peptides activate microglia via TLR2: implications for Alzheimer’s disease. J.
Immunol. 181, 7254–7262, https://doi.org/10.4049/jimmunol.181.10.7254

44 Adelson, J.D., Barreto, G.E., Xu, L., Kim, T., Brott, B.K., Ouyang, Y.B. et al. (2012) Neuroprotection from stroke in the absence of MHCI or PirB. Neuron
73, 1100–1107, https://doi.org/10.1016/j.neuron.2012.01.020

45 Bryceson, Y.T., Foster, J.A., Kuppusamy, S.P., Herkenham, M. and Long, E.O. (2005) Expression of a killer cell receptor-like gene in plastic regions of
the central nervous system. J. Neuroimmunol. 161, 177–182, https://doi.org/10.1016/j.jneuroim.2004.11.018

46 Barclay, A.N. (1999) Ig-like domains: evolution from simple interaction molecules to sophisticated antigen recognition. Proc. Natl. Acad. Sci. U.S.A. 96,
14672–14674, https://doi.org/10.1073/pnas.96.26.14672

47 Matsunaga, T. and Rahman, A. (1998) What brought the adaptive immune system to vertebrates?–The jaw hypothesis and the seahorse. Immunol.
Rev. 166, 177–186, https://doi.org/10.1111/j.1600-065X.1998.tb01262.x

48 Williams, A.F. and Barclay, A.N. (1988) The immunoglobulin superfamily–domains for cell surface recognition. Annu. Rev. Immunol. 6, 381–405,
https://doi.org/10.1146/annurev.iy.06.040188.002121

49 Sanes, J.R. and Zipursky, S.L. (2020) Synaptic specificity, recognition molecules, and assembly of neural circuits. Cell 181, 536–556,
https://doi.org/10.1016/j.cell.2020.04.008

50 Boulanger, L.M., Huh, G.S. and Shatz, C.J. (2001) Neuronal plasticity and cellular immunity: shared molecular mechanisms. Curr. Opin. Neurobiol. 11,
568–578, https://doi.org/10.1016/S0959-4388(00)00251-8

51 Adelson, J.D., Sapp, R.W., Brott, B.K., Lee, H., Miyamichi, K., Luo, L. et al. (2014) Developmental sculpting of intracortical circuits by MHC class I
H2-Db and H2-Kb. Cereb. Cortex 26, 1453–1463, https://doi.org/10.1093/cercor/bhu243

52 Albarran, E., Raissi, A., Jaidar, O., Shatz, C.J. and Ding, J.B. (2021) Enhancing motor learning by increasing the stability of newly formed dendritic
spines in the motor cortex. Neuron 109, 3298e4–3311e4, https://doi.org/10.1016/j.neuron.2021.07.030

53 Boulanger, L.M. and Shatz, C.J. (2004) Immune signalling in neural development, synaptic plasticity and disease. Nat. Rev. Neurosci. 5, 521–531,
https://doi.org/10.1038/nrn1428

54 Datwani, A., McConnell, M.J., Kanold, P.O., Micheva, K.D., Busse, B., Shamloo, M. et al. (2009) Classical MHCI molecules regulate retinogeniculate
refinement and limit ocular dominance plasticity. Neuron 64, 463–470, https://doi.org/10.1016/j.neuron.2009.10.015

55 McConnell, M.J., Huang, Y.H., Datwani, A. and Shatz, C.J. (2009) H2-K(b) and H2-D(b) regulate cerebellar long-term depression and limit motor
learning. Proc. Natl. Acad. Sci. U.S.A. 106, 6784–6789, https://doi.org/10.1073/pnas.0902018106

56 Shatz, C.J. (2009) MHC class I: an unexpected role in neuronal plasticity. Neuron 64, 40–45, https://doi.org/10.1016/j.neuron.2009.09.044
57 Zhao, Y., Zheng, Q., Hong, Y., Gao, Y., Hu, J., Lang, M. et al. (2023) beta(2)-Microglobulin coaggregates with Abeta and contributes to amyloid

pathology and cognitive deficits in Alzheimer’s disease model mice. Nat. Neurosci. 26, 1170–1184, https://doi.org/10.1038/s41593-023-01352-1
58 Nonaka, M. (2001) Evolution of the complement system. Curr. Opin. Immunol. 13, 69–73, https://doi.org/10.1016/S0952-7915(00)00184-9
59 Rupprecht, T.A., Angele, B., Klein, M., Heesemann, J., Pfister, H.W., Botto, M. et al. (2007) Complement C1q and C3 are critical for the innate immune

response to Streptococcus pneumoniae in the central nervous system. J. Immunol. 178, 1861–1869, https://doi.org/10.4049/jimmunol.178.3.1861
60 Carroll, M.C. (2004) The complement system in regulation of adaptive immunity. Nat. Immunol. 5, 981–986, https://doi.org/10.1038/ni1113
61 Anderson, S.R., Zhang, J., Steele, M.R., Romero, C.O., Kautzman, A.G., Schafer, D.P. et al. (2019) Complement targets newborn retinal ganglion cells

for phagocytic elimination by microglia. J. Neurosci. 39, 2025–2040, https://doi.org/10.1523/JNEUROSCI.1854-18.2018

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

19

https://doi.org/10.1523/JNEUROSCI.0895-10.2010
https://doi.org/10.1038/ni.1863
https://doi.org/10.1038/s41380-018-0034-4
https://doi.org/10.1523/ENEURO.0089-16.2016
https://doi.org/10.1016/j.cell.2020.07.025
https://doi.org/10.1038/s41467-017-00625-1
https://doi.org/10.1038/s41598-017-16191-x
https://doi.org/10.1053/j.gastro.2009.01.075
https://doi.org/10.1038/nrmicro2876
https://doi.org/10.1038/ni1112
https://doi.org/10.1016/j.neurobiolaging.2018.06.020
https://doi.org/10.1186/1742-2094-8-92
https://doi.org/10.4049/jimmunol.181.10.7254
https://doi.org/10.1016/j.neuron.2012.01.020
https://doi.org/10.1016/j.jneuroim.2004.11.018
https://doi.org/10.1073/pnas.96.26.14672
https://doi.org/10.1111/j.1600-065X.1998.tb01262.x
https://doi.org/10.1146/annurev.iy.06.040188.002121
https://doi.org/10.1016/j.cell.2020.04.008
https://doi.org/10.1016/S0959-4388(00)00251-8
https://doi.org/10.1093/cercor/bhu243
https://doi.org/10.1016/j.neuron.2021.07.030
https://doi.org/10.1038/nrn1428
https://doi.org/10.1016/j.neuron.2009.10.015
https://doi.org/10.1073/pnas.0902018106
https://doi.org/10.1016/j.neuron.2009.09.044
https://doi.org/10.1038/s41593-023-01352-1
https://doi.org/10.1016/S0952-7915(00)00184-9
https://doi.org/10.4049/jimmunol.178.3.1861
https://doi.org/10.1038/ni1113
https://doi.org/10.1523/JNEUROSCI.1854-18.2018


Bioscience Reports (2024) 44 BSR20222267
https://doi.org/10.1042/BSR20222267

62 Werneburg, S., Jung, J., Kunjamma, R.B., Ha, S.K., Luciano, N.J., Willis, C.M. et al. (2020) Targeted complement inhibition at synapses prevents
microglial synaptic engulfment and synapse loss in demyelinating disease. Immunity 52, 167e7–182e7,
https://doi.org/10.1016/j.immuni.2019.12.004

63 Shinjyo, N., Stahlberg, A., Dragunow, M., Pekny, M. and Pekna, M. (2009) Complement-derived anaphylatoxin C3a regulates in vitro differentiation and
migration of neural progenitor cells. Stem Cells 27, 2824–2832, https://doi.org/10.1002/stem.225

64 Propson, N.E., Roy, E.R., Litvinchuk, A., Kohl, J. and Zheng, H. (2021) Endothelial C3a receptor mediates vascular inflammation and blood-brain barrier
permeability during aging. J. Clin. Invest. 131, https://doi.org/10.1172/JCI140966

65 Hernandez, M.X., Jiang, S., Cole, T.A., Chu, S.H., Fonseca, M.I., Fang, M.J. et al. (2017) Prevention of C5aR1 signaling delays microglial inflammatory
polarization, favors clearance pathways and suppresses cognitive loss. Mol. Neurodegener. 12, 66, https://doi.org/10.1186/s13024-017-0210-z

66 Fonseca, M.I., Ager, R.R., Chu, S.H., Yazan, O., Sanderson, S.D., LaFerla, F.M. et al. (2009) Treatment with a C5aR antagonist decreases pathology and
enhances behavioral performance in murine models of Alzheimer’s disease. J. Immunol. 183, 1375–1383,
https://doi.org/10.4049/jimmunol.0901005

67 Carvalho, K., Schartz, N.D., Balderrama-Gutierrez, G., Liang, H.Y., Chu, S.H., Selvan, P. et al. (2022) Modulation of C5a-C5aR1 signaling alters the
dynamics of AD progression. J. Neuroinflammation 19, 178, https://doi.org/10.1186/s12974-022-02539-2

68 Hong, S., Beja-Glasser, V.F., Nfonoyim, B.M., Frouin, A., Li, S., Ramakrishnan, S. et al. (2016) Complement and microglia mediate early synapse loss in
Alzheimer mouse models. Science 352, 712–716, https://doi.org/10.1126/science.aad8373

69 Bellenguez, C., Kucukali, F., Jansen, I.E., Kleineidam, L., Moreno-Grau, S., Amin, N. et al. (2022) New insights into the genetic etiology of Alzheimer’s
disease and related dementias. Nat. Genet. 54, 412–436, https://doi.org/10.1038/s41588-022-01024-z

70 Jun, G.R., You, Y., Zhu, C., Meng, G., Chung, J., Panitch, R. et al. (2022) Protein phosphatase 2A and complement component 4 are linked to the
protective effect of APOE varepsilon2 for Alzheimer’s disease. Alzheimers Dement 18, 2042–2054, https://doi.org/10.1002/alz.12607

71 Kucukkilic, E., Brookes, K., Barber, I., Guetta-Baranes, T., Consortium, A., Morgan, K. et al. (2018) Complement receptor 1 gene (CR1) intragenic
duplication and risk of Alzheimer’s disease. Hum. Genet. 137, 305–314, https://doi.org/10.1007/s00439-018-1883-2

72 Kunkle, B.W., Grenier-Boley, B., Sims, R., Bis, J.C., Damotte, V., Naj, A.C. et al. (2019) Author Correction: Genetic meta-analysis of diagnosed
Alzheimer’s disease identifies new risk loci and implicates Abeta, tau, immunity and lipid processing. Nat. Genet. 51, 1423–1424,
https://doi.org/10.1038/s41588-019-0495-7

73 Czirr, E., Castello, N.A., Mosher, K.I., Castellano, J.M., Hinkson, I.V., Lucin, K.M. et al. (2017) Microglial complement receptor 3 regulates brain Abeta
levels through secreted proteolytic activity. J. Exp. Med. 214, 1081–1092, https://doi.org/10.1084/jem.20162011

74 Calvo-Rodriguez, M., de la Fuente, C., Garcia-Durillo, M., Garcia-Rodriguez, C., Villalobos, C. and Nunez, L. (2017) Aging and amyloid beta oligomers
enhance TLR4 expression, LPS-induced Ca(2+) responses, and neuron cell death in cultured rat hippocampal neurons. J Neuroinflammation 14, 24,
https://doi.org/10.1186/s12974-017-0802-0

75 Campolo, M., Paterniti, I., Siracusa, R., Filippone, A., Esposito, E. and Cuzzocrea, S. (2019) TLR4 absence reduces neuroinflammation and
inflammasome activation in Parkinson’s diseases in vivo model. Brain Behav. Immun. 76, 236–247, https://doi.org/10.1016/j.bbi.2018.12.003

76 Cui, W., Sun, C., Ma, Y., Wang, S., Wang, X. and Zhang, Y. (2020) Inhibition of TLR4 induces M2 microglial polarization and provides neuroprotection
via the NLRP3 inflammasome in Alzheimer’s Disease. Front. Neurosci. 14, 444, https://doi.org/10.3389/fnins.2020.00444

77 Fellner, L., Irschick, R., Schanda, K., Reindl, M., Klimaschewski, L., Poewe, W. et al. (2013) Toll-like receptor 4 is required for alpha-synuclein
dependent activation of microglia and astroglia. Glia 61, 349–360, https://doi.org/10.1002/glia.22437

78 Ofer, N., Benavides-Piccione, R., DeFelipe, J. and Yuste, R. (2022) Structural analysis of human and mouse dendritic spines reveals a morphological
continuum and differences across ages and species. eNeuro 9, 1–14, https://doi.org/10.1523/ENEURO.0039-22.2022

79 Bochner, D.N., Sapp, R.W., Adelson, J.D., Zhang, S., Lee, H., Djurisic, M. et al. (2014) Blocking PirB up-regulates spines and functional synapses to
unlock visual cortical plasticity and facilitate recovery from amblyopia. Sci. Transl. Med. 6, 258ra140, https://doi.org/10.1126/scitranslmed.3010157

80 Li, L., Mou, Y., Zhai, Q., Yan, C., Zhang, X., Du, M. et al. (2023) PirB negatively regulates the inflammatory activation of astrocytes in a mouse model of
sleep deprivation. Neuropharmacology 235, 109571, https://doi.org/10.1016/j.neuropharm.2023.109571

81 Kelley, J., Walter, L. and Trowsdale, J. (2005) Comparative genomics of natural killer cell receptor gene clusters. PLos Genet. 1, 129–139,
https://doi.org/10.1371/journal.pgen.0010027

82 Nakamura, A., Kobayashi, E. and Takai, T. (2004) Exacerbated graft-versus-host disease in Pirb-/- mice. Nat. Immunol. 5, 623–629,
https://doi.org/10.1038/ni1074

83 Hirayasu, K., Ohashi, J., Tanaka, H., Kashiwase, K., Ogawa, A., Takanashi, M. et al. (2008) Evidence for natural selection on leukocyte
immunoglobulin-like receptors for HLA class I in Northeast Asians. Am. J. Hum. Genet. 82, 1075–1083, https://doi.org/10.1016/j.ajhg.2008.03.012

84 Bashirova, A.A., Apps, R., Vince, N., Mochalova, Y., Yu, X.G. and Carrington, M. (2014) Diversity of the human LILRB3/A6 locus encoding a myeloid
inhibitory and activating receptor pair. Immunogenetics 66, 1–8, https://doi.org/10.1007/s00251-013-0730-9

85 Canavez, F., Young, N.T., Guethlein, L.A., Rajalingam, R., Khakoo, S.I., Shum, B.P. et al. (2001) Comparison of chimpanzee and human leukocyte Ig-like
receptor genes reveals framework and rapidly evolving genes. J. Immunol. 167, 5786–5794, https://doi.org/10.4049/jimmunol.167.10.5786

86 Slukvin, I.I., Grendell, R.L., Rao, D.S., Hughes, A.L. and Golos, T.G. (2006) Cloning of rhesus monkey LILRs. Tissue Antigens 67, 331–337,
https://doi.org/10.1111/j.1399-0039.2006.00579.x

87 Fanger, N.A., Cosman, D., Peterson, L., Braddy, S.C., Maliszewski, C.R. and Borges, L. (1998) The MHC class I binding proteins LIR-1 and LIR-2 inhibit
Fc receptor-mediated signaling in monocytes. Eur. J. Immunol. 28, 3423–3434,
https://doi.org/10.1002/(SICI)1521-4141(199811)28:11%3c3423::AID-IMMU3423%3e3.0.CO;2-2

88 Colonna, M., Samaridis, J., Cella, M., Angman, L., Allen, R.L., O’Callaghan, C.A. et al. (1998) Human myelomonocytic cells express an inhibitory
receptor for classical and nonclassical MHC class I molecules. J. Immunol. 160, 3096–3100, https://doi.org/10.4049/jimmunol.160.7.3096

20 © 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.1016/j.immuni.2019.12.004
https://doi.org/10.1002/stem.225
https://doi.org/10.1172/JCI140966
https://doi.org/10.1186/s13024-017-0210-z
https://doi.org/10.4049/jimmunol.0901005
https://doi.org/10.1186/s12974-022-02539-2
https://doi.org/10.1126/science.aad8373
https://doi.org/10.1038/s41588-022-01024-z
https://doi.org/10.1002/alz.12607
https://doi.org/10.1007/s00439-018-1883-2
https://doi.org/10.1038/s41588-019-0495-7
https://doi.org/10.1084/jem.20162011
https://doi.org/10.1186/s12974-017-0802-0
https://doi.org/10.1016/j.bbi.2018.12.003
https://doi.org/10.3389/fnins.2020.00444
https://doi.org/10.1002/glia.22437
https://doi.org/10.1523/ENEURO.0039-22.2022
https://doi.org/10.1126/scitranslmed.3010157
https://doi.org/10.1016/j.neuropharm.2023.109571
https://doi.org/10.1371/journal.pgen.0010027
https://doi.org/10.1038/ni1074
https://doi.org/10.1016/j.ajhg.2008.03.012
https://doi.org/10.1007/s00251-013-0730-9
https://doi.org/10.4049/jimmunol.167.10.5786
https://doi.org/10.1111/j.1399-0039.2006.00579.x
https://doi.org/10.1002/(SICI)1521-4141(199811)28:11%3c3423::AID-IMMU3423%3e3.0.CO;2-2
https://doi.org/10.4049/jimmunol.160.7.3096


Bioscience Reports (2024) 44 BSR20222267
https://doi.org/10.1042/BSR20222267

89 Zheng, J., Umikawa, M., Cui, C., Li, J., Chen, X., Zhang, C. et al. (2012) Inhibitory receptors bind ANGPTLs and support blood stem cells and
leukaemia development. Nature 485, 656–660, https://doi.org/10.1038/nature11095

90 Takai, T. and Ono, M. (2001) Activating and inhibitory nature of the murine paired immunoglobulin-like receptor family. Immunol. Rev. 181, 215–222,
https://doi.org/10.1034/j.1600-065X.2001.1810118.x

91 Wang, J., Zhang, Y., Xia, J., Cai, T., Du, J., Chen, J. et al. (2018) Neuronal PirB upregulated in cerebral ischemia acts as an attractive theranostic
target for ischemic stroke. J. Am. Heart Assoc. 7, https://doi.org/10.1161/JAHA.117.007197

92 Zhang, Z., Wang, Z., Ling, Z., Li, Y., Pan, J., Gao, Q. et al. (2021) A screened PirB antagonist peptide antagonizes Abeta(42)-mediated inhibition of
neurite outgrowth in vitro. Appl. Microbiol. Biotechnol. 105, 4649–4662, https://doi.org/10.1007/s00253-021-11363-2

93 Zhao, Z.H., Deng, B., Xu, H., Zhang, J.F., Mi, Y.J., Meng, X.Z. et al. (2017) PirB overexpression exacerbates neuronal apoptosis by inhibiting TrkB and
mTOR phosphorylation after oxygen and glucose deprivation injury. Cell. Mol. Neurobiol. 37, 707–715, https://doi.org/10.1007/s10571-016-0406-8

94 Mi, Y.J., Chen, H., Guo, N., Sun, M.Y., Zhao, Z.H., Gao, X.C. et al. (2017) Inhibition of PirB activity by TAT-PEP improves mouse motor ability and
cognitive behavior. Front Aging Neurosci. 9, 199, https://doi.org/10.3389/fnagi.2017.00199

95 Wang, H., Xiong, Y. and Mu, D. (2012) PirB restricts neuronal regeneration in developing rat brain following hypoxia-ischemia. Mol. Med. Rep. 6,
339–344

96 Wang, F., Cui, H., Su, Y., Zhao, S.G. and Teng, Y. (2010) Expression change of PirB in mice retina after optic nerve injury. Mol. Med. Rep. 3, 405–407
97 () [dataset], Allen Human Brain Atlas: Microarray (2010), Available from human.brain-map.org. RRID:SCR 007416
98 Stein, I.S., Park, D.K., Claiborne, N. and Zito, K. (2021) Non-ionotropic NMDA receptor signaling gates bidirectional structural plasticity of dendritic

spines. Cell Rep. 34, 108664, https://doi.org/10.1016/j.celrep.2020.108664
99 Lee, H., Brott, B.K., Kirkby, L.A., Adelson, J.D., Cheng, S., Feller, M.B. et al. (2014) Synapse elimination and learning rules co-regulated by MHC class I

H2-Db. Nature 509, 195–200, https://doi.org/10.1038/nature13154
100 Okun, E., Griffioen, K.J., Lathia, J.D., Tang, S.C., Mattson, M.P. and Arumugam, T.V. (2009) Toll-like receptors in neurodegeneration. Brain Res. Rev.

59, 278–292, https://doi.org/10.1016/j.brainresrev.2008.09.001
101 Neumann, H., Schmidt, H., Cavalie, A., Jenne, D. and Wekerle, H. (1997) Major histocompatibility complex (MHC) class I gene expression in single

neurons of the central nervous system: differential regulation by interferon (IFN)-gamma and tumor necrosis factor (TNF)-alpha. J. Exp. Med. 185,
305–316, https://doi.org/10.1084/jem.185.2.305

102 Lavi, E., Suzumura, A., Murasko, D.M., Murray, E.M., Silberberg, D.H. and Weiss, S.R. (1988) Tumor necrosis factor induces expression of MHC class I
antigens on mouse astrocytes. J. Neuroimmunol. 18, 245–253, https://doi.org/10.1016/0165-5728(88)90102-6

103 Mangold, C.A., Masser, D.R., Stanford, D.R., Bixler, G.V., Pisupati, A., Giles, C.B. et al. (2017) CNS-wide sexually dimorphic induction of the major
histocompatibility complex 1 pathway with aging. J. Gerontol. A Biol. Sci. Med. Sci. 72, 16–29, https://doi.org/10.1093/gerona/glv232

104 Cao, Q., Shin, W.S., Chan, H., Vuong, C.K., Dubois, B., Li, B. et al. (2018) Inhibiting amyloid-beta cytotoxicity through its interaction with the cell
surface receptor LilrB2 by structure-based design. Nat. Chem. 10, 1213–1221, https://doi.org/10.1038/s41557-018-0147-z

105 Fujita, Y., Endo, S., Takai, T. and Yamashita, T. (2011) Myelin suppresses axon regeneration by PIR-B/SHP-mediated inhibition of Trk activity. EMBO J.
30, 1389–1401, https://doi.org/10.1038/emboj.2011.55

106 Akbik, F.V., Bhagat, S.M., Patel, P.R., Cafferty, W.B. and Strittmatter, S.M. (2013) Anatomical plasticity of adult brain is titrated by Nogo Receptor 1.
Neuron 77, 859–866, https://doi.org/10.1016/j.neuron.2012.12.027

107 McGee, A.W., Yang, Y., Fischer, Q.S., Daw, N.W. and Strittmatter, S.M. (2005) Experience-driven plasticity of visual cortex limited by myelin and Nogo
receptor. Science 309, 2222–2226, https://doi.org/10.1126/science.1114362

108 Pavon, M.V., Navakkode, S., Wong, L.W. and Sajikumar, S. (2023) Inhibition of Nogo-A rescues synaptic plasticity and associativity in APP/PS1 animal
model of Alzheimer’s disease. Semin. Cell Dev. Biol. 139, 111–120, https://doi.org/10.1016/j.semcdb.2022.04.005

109 Kawaguchi, Y., Matsubayashi, J., Kawakami, Y., Nishida, R., Kurihara, Y. and Takei, K. (2022) LOTUS suppresses amyloid beta-induced dendritic spine
elimination through the blockade of amyloid beta binding to PirB. Mol. Med. 28, 154, https://doi.org/10.1186/s10020-022-00581-7

110 Kurihara, Y., Takai, T. and Takei, K. (2020) Nogo receptor antagonist LOTUS exerts suppression on axonal growth-inhibiting receptor PIR-B. J.
Neurochem. 155, 285–299, https://doi.org/10.1111/jnc.15013

111 Kenigsbuch, M., Bost, P., Halevi, S., Chang, Y., Chen, S., Ma, Q. et al. (2022) A shared disease-associated oligodendrocyte signature among multiple
CNS pathologies. Nat. Neurosci. 25, 876–886, https://doi.org/10.1038/s41593-022-01104-7

112 Hofer, J., Forster, F., Isenman, D.E., Wahrmann, M., Leitner, J., Holzl, M.A. et al. (2016) Ig-like transcript 4 as a cellular receptor for soluble
complement fragment C4d. FASEB J. 30, 1492–1503, https://doi.org/10.1096/fj.15-275594

113 Hahn, O., Foltz, A.G., Atkins, M., Kedir, B., Moran-Losada, P., Guldner, I.H. et al. (2023) Atlas of the aging mouse brain reveals white matter as
vulnerable foci. Cell 186, 4117e22–4133e22, https://doi.org/10.1016/j.cell.2023.07.027

114 Zhou, J., Fonseca, M.I., Pisalyaput, K. and Tenner, A.J. (2008) Complement C3 and C4 expression in C1q sufficient and deficient mouse models of
Alzheimer’s disease. J. Neurochem. 106, 2080–2092, https://doi.org/10.1111/j.1471-4159.2008.05558.x

115 Yue, J., Li, W., Liang, C., Chen, B., Chen, X., Wang, L. et al. (2016) Activation of LILRB2 signal pathway in temporal lobe epilepsy patients and in a
pilocarpine induced epilepsy model. Exp. Neurol. 285, 51–60, https://doi.org/10.1016/j.expneurol.2016.09.006

116 VanGuilder Starkey, H.D., Van Kirk, C.A., Bixler, G.V., Imperio, C.G., Kale, V.P., Serfass, J.M. et al. (2012) Neuroglial expression of the MHCI pathway
and PirB receptor is upregulated in the hippocampus with advanced aging. J. Mol. Neurosci. 48, 111–126,
https://doi.org/10.1007/s12031-012-9783-8

117 Pu, K., Wu, M., Jiang, T., Zhang, Y., Ye, M., Sun, J. et al. (2022) Involvement of paired immunoglobulin-like receptor B in diabetes-associated cognitive
dysfunction through modulation of axon outgrowth and dendritic remodeling. Mol. Neurobiol. 59, 2563–2579,
https://doi.org/10.1007/s12035-021-02679-1

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

21

https://doi.org/10.1038/nature11095
https://doi.org/10.1034/j.1600-065X.2001.1810118.x
https://doi.org/10.1161/JAHA.117.007197
https://doi.org/10.1007/s00253-021-11363-2
https://doi.org/10.1007/s10571-016-0406-8
https://doi.org/10.3389/fnagi.2017.00199
https://doi.org/10.1016/j.celrep.2020.108664
https://doi.org/10.1038/nature13154
https://doi.org/10.1016/j.brainresrev.2008.09.001
https://doi.org/10.1084/jem.185.2.305
https://doi.org/10.1016/0165-5728(88)90102-6
https://doi.org/10.1093/gerona/glv232
https://doi.org/10.1038/s41557-018-0147-z
https://doi.org/10.1038/emboj.2011.55
https://doi.org/10.1016/j.neuron.2012.12.027
https://doi.org/10.1126/science.1114362
https://doi.org/10.1016/j.semcdb.2022.04.005
https://doi.org/10.1186/s10020-022-00581-7
https://doi.org/10.1111/jnc.15013
https://doi.org/10.1038/s41593-022-01104-7
https://doi.org/10.1096/fj.15-275594
https://doi.org/10.1016/j.cell.2023.07.027
https://doi.org/10.1111/j.1471-4159.2008.05558.x
https://doi.org/10.1016/j.expneurol.2016.09.006
https://doi.org/10.1007/s12031-012-9783-8
https://doi.org/10.1007/s12035-021-02679-1


Bioscience Reports (2024) 44 BSR20222267
https://doi.org/10.1042/BSR20222267

118 Li, X., Zhai, Q., Gou, X., Quan, M., Li, Y., Zhang, X. et al. (2023) Involvement of paired immunoglobulin-like receptor B in cognitive dysfunction through
hippocampal-dependent synaptic plasticity impairments in mice subjected to chronic sleep restriction. Mol. Neurobiol. 60, 1132–1149,
https://doi.org/10.1007/s12035-022-03127-4

119 Shang, P., Simpson, J.D., Taylor, G.M., Sutherland, D.M., Welsh, O.L., Aravamudhan, P. et al. (2023) Paired immunoglobulin-like receptor B is an entry
receptor for mammalian orthoreovirus. Nat. Commun. 14, 2615, https://doi.org/10.1038/s41467-023-38327-6

120 Allnutt, M.A., Johnson, K., Bennett, D.A., Connor, S.M., Troncoso, J.C., Pletnikova, O. et al. (2020) Human Herpesvirus 6 Detection in Alzheimer’s
Disease Cases and Controls across Multiple Cohorts. Neuron 105, 1027e2–1035e2, https://doi.org/10.1016/j.neuron.2019.12.031

121 Cairns, D.M., Itzhaki, R.F. and Kaplan, D.L. (2022) Potential involvement of Varicella Zoster Virus in Alzheimer’s disease via reactivation of quiescent
Herpes Simplex Virus Type 1. J. Alzheimers Dis. 88, 1189–1200, https://doi.org/10.3233/JAD-220287

122 Zohar, O., Reiter, Y., Bennink, J.R., Lev, A., Cavallaro, S., Paratore, S. et al. (2008) Cutting edge: MHC class I-Ly49 interaction regulates neuronal
function. J. Immunol. 180, 6447–6451, https://doi.org/10.4049/jimmunol.180.10.6447

123 Yan, P., Hu, X., Song, H., Yin, K., Bateman, R.J., Cirrito, J.R. et al. (2006) Matrix metalloproteinase-9 degrades amyloid-beta fibrils in vitro and compact
plaques in situ. J. Biol. Chem. 281, 24566–24574, https://doi.org/10.1074/jbc.M602440200

124 Schartz, N.D. and Tenner, A.J. (2020) The good, the bad, and the opportunities of the complement system in neurodegenerative disease. J.
Neuroinflammation 17, 354, https://doi.org/10.1186/s12974-020-02024-8

125 Faust, T.E., Gunner, G. and Schafer, D.P. (2021) Mechanisms governing activity-dependent synaptic pruning in the developing mammalian CNS. Nat.
Rev. Neurosci. 22, 657–673, https://doi.org/10.1038/s41583-021-00507-y

126 Chu, Y., Jin, X., Parada, I., Pesic, A., Stevens, B., Barres, B. et al. (2010) Enhanced synaptic connectivity and epilepsy in C1q knockout mice. Proc.
Natl. Acad. Sci. U.S.A. 107, 7975–7980, https://doi.org/10.1073/pnas.0913449107

127 Mucke, L., Masliah, E., Yu, G.Q., Mallory, M., Rockenstein, E.M., Tatsuno, G. et al. (2000) High-level neuronal expression of abeta 1-42 in wild-type
human amyloid protein precursor transgenic mice: synaptotoxicity without plaque formation. J. Neurosci. 20, 4050–4058,
https://doi.org/10.1523/JNEUROSCI.20-11-04050.2000

128 Daskoulidou, N., Shaw, B., Torvell, M., Watkins, L., Cope, E.L., Carpanini, S.M. et al. (2023) Complement receptor 1 is expressed on brain cells and in
the human brain. Glia 71, 1522–1535, https://doi.org/10.1002/glia.24355

129 Fonseca, M.I., Chu, S., Pierce, A.L., Brubaker, W.D., Hauhart, R.E., Mastroeni, D. et al. (2016) Analysis of the putative role of CR1 in Alzheimer’s
disease: genetic association, expression and function. PloS ONE 11, e0149792, https://doi.org/10.1371/journal.pone.0149792

130 Van Cauwenberghe, C., Bettens, K., Engelborghs, S., Vandenbulcke, M., Van Dongen, J., Vermeulen, S. et al. (2013) Complement receptor 1 coding
variant p.Ser1610Thr in Alzheimer’s disease and related endophenotypes. Neurobiol. Aging 34, 2235e1–2235e6,
https://doi.org/10.1016/j.neurobiolaging.2013.03.008

131 Markiewski, M.M. and Lambris, J.D. (2007) The role of complement in inflammatory diseases from behind the scenes into the spotlight. Am. J. Pathol.
171, 715–727, https://doi.org/10.2353/ajpath.2007.070166

132 Lo, M.W. and Woodruff, T.M. (2020) Complement: Bridging the innate and adaptive immune systems in sterile inflammation. J. Leukoc. Biol. 108,
339–351, https://doi.org/10.1002/JLB.3MIR0220-270R

133 Velazquez, P., Cribbs, D.H., Poulos, T.L. and Tenner, A.J. (1997) Aspartate residue 7 in amyloid beta-protein is critical for classical complement
pathway activation: implications for Alzheimer’s disease pathogenesis. Nat. Med. 3, 77–79, https://doi.org/10.1038/nm0197-77

134 Rogers, J., Cooper, N.R., Webster, S., Schultz, J., McGeer, P.L., Styren, S.D. et al. (1992) Complement activation by beta-amyloid in Alzheimer disease.
Proc. Natl. Acad. Sci. U.S.A. 89, 10016–10020, https://doi.org/10.1073/pnas.89.21.10016

135 Jiang, H., Burdick, D., Glabe, C.G., Cotman, C.W. and Tenner, A.J. (1994) beta-Amyloid activates complement by binding to a specific region of the
collagen-like domain of the C1q A chain. J. Immunol. 152, 5050–5059, https://doi.org/10.4049/jimmunol.152.10.5050

136 Monk, P.N., Scola, A.M., Madala, P. and Fairlie, D.P. (2007) Function, structure and therapeutic potential of complement C5a receptors. Br. J.
Pharmacol. 152, 429–448, https://doi.org/10.1038/sj.bjp.0707332

137 Panayiotou, E., Fella, E., Andreou, S., Papacharalambous, R., Gerasimou, P., Costeas, P. et al. (2019) C5aR agonist enhances phagocytosis of fibrillar
and non-fibrillar Abeta amyloid and preserves memory in a mouse model of familial Alzheimer’s disease. PloS ONE 14, e0225417,
https://doi.org/10.1371/journal.pone.0225417

138 Fonseca, M.I., McGuire, S.O., Counts, S.E. and Tenner, A.J. (2013) Complement activation fragment C5a receptors, CD88 and C5L2, are associated
with neurofibrillary pathology. J Neuroinflammation 10, 25, https://doi.org/10.1186/1742-2094-10-25

139 Wu, T., Dejanovic, B., Gandham, V.D., Gogineni, A., Edmonds, R., Schauer, S. et al. (2019) Complement C3 is activated in human AD brain and is
required for neurodegeneration in mouse models of amyloidosis and tauopathy. Cell Rep. 28, 2111e6–2123e6,
https://doi.org/10.1016/j.celrep.2019.07.060

140 Dejanovic, B., Huntley, M.A., De Maziere, A., Meilandt, W.J., Wu, T., Srinivasan, K. et al. (2018) Changes in the synaptic proteome in tauopathy and
rescue of Tau-induced synapse loss by C1q antibodies. Neuron 100, 1322e7–1336e7, https://doi.org/10.1016/j.neuron.2018.10.014

141 Lian, H., Litvinchuk, A., Chiang, A.C., Aithmitti, N., Jankowsky, J.L. and Zheng, H. (2016) Astrocyte-microglia cross talk through complement activation
modulates amyloid pathology in mouse models of Alzheimer’s Disease. J. Neurosci. 36, 577–589, https://doi.org/10.1523/JNEUROSCI.2117-15.2016

142 Lian, H., Yang, L., Cole, A., Sun, L., Chiang, A.C., Fowler, S.W. et al. (2015) NFkappaB-activated astroglial release of complement C3 compromises
neuronal morphology and function associated with Alzheimer’s disease. Neuron 85, 101–115, https://doi.org/10.1016/j.neuron.2014.11.018

143 Litvinchuk, A., Wan, Y.W., Swartzlander, D.B., Chen, F., Cole, A., Propson, N.E. et al. (2018) Complement C3aR inactivation attenuates tau pathology
and reverses an immune network deregulated in tauopathy models and Alzheimer’s Disease. Neuron 100, 1337e5–1353e5,
https://doi.org/10.1016/j.neuron.2018.10.031

144 Pekna, M., Stokowska, A. and Pekny, M. (2021) Targeting complement C3a receptor to improve outcome after ischemic brain injury. Neurochem. Res.
46, 2626–2637, https://doi.org/10.1007/s11064-021-03419-6

22 © 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.1007/s12035-022-03127-4
https://doi.org/10.1038/s41467-023-38327-6
https://doi.org/10.1016/j.neuron.2019.12.031
https://doi.org/10.3233/JAD-220287
https://doi.org/10.4049/jimmunol.180.10.6447
https://doi.org/10.1074/jbc.M602440200
https://doi.org/10.1186/s12974-020-02024-8
https://doi.org/10.1038/s41583-021-00507-y
https://doi.org/10.1073/pnas.0913449107
https://doi.org/10.1523/JNEUROSCI.20-11-04050.2000
https://doi.org/10.1002/glia.24355
https://doi.org/10.1371/journal.pone.0149792
https://doi.org/10.1016/j.neurobiolaging.2013.03.008
https://doi.org/10.2353/ajpath.2007.070166
https://doi.org/10.1002/JLB.3MIR0220-270R
https://doi.org/10.1038/nm0197-77
https://doi.org/10.1073/pnas.89.21.10016
https://doi.org/10.4049/jimmunol.152.10.5050
https://doi.org/10.1038/sj.bjp.0707332
https://doi.org/10.1371/journal.pone.0225417
https://doi.org/10.1186/1742-2094-10-25
https://doi.org/10.1016/j.celrep.2019.07.060
https://doi.org/10.1016/j.neuron.2018.10.014
https://doi.org/10.1523/JNEUROSCI.2117-15.2016
https://doi.org/10.1016/j.neuron.2014.11.018
https://doi.org/10.1016/j.neuron.2018.10.031
https://doi.org/10.1007/s11064-021-03419-6


Bioscience Reports (2024) 44 BSR20222267
https://doi.org/10.1042/BSR20222267

145 Xiong, C., Liu, J., Lin, D., Zhang, J., Terrando, N. and Wu, A. (2018) Complement activation contributes to perioperative neurocognitive disorders in
mice. J. Neuroinflammation 15, 254, https://doi.org/10.1186/s12974-018-1292-4

146 Hajishengallis, G. and Lambris, J.D. (2010) Crosstalk pathways between Toll-like receptors and the complement system. Trends Immunol. 31,
154–163, https://doi.org/10.1016/j.it.2010.01.002

147 Tan, S.M. (2012) The leucocyte beta2 (CD18) integrins: the structure, functional regulation and signalling properties. Biosci. Rep. 32, 241–269,
https://doi.org/10.1042/BSR20110101

148 Fonseca, M.I., Zhou, J., Botto, M. and Tenner, A.J. (2004) Absence of C1q leads to less neuropathology in transgenic mouse models of Alzheimer’s
disease. J. Neurosci. 24, 6457–6465, https://doi.org/10.1523/JNEUROSCI.0901-04.2004

149 Benoit, M.E., Hernandez, M.X., Dinh, M.L., Benavente, F., Vasquez, O. and Tenner, A.J. (2013) C1q-induced LRP1B and GPR6 proteins expressed early
in Alzheimer disease mouse models, are essential for the C1q-mediated protection against amyloid-beta neurotoxicity. J. Biol. Chem. 288, 654–665,
https://doi.org/10.1074/jbc.M112.400168

150 Benoit, M.E., Clarke, E.V., Morgado, P., Fraser, D.A. and Tenner, A.J. (2012) Complement protein C1q directs macrophage polarization and limits
inflammasome activity during the uptake of apoptotic cells. J. Immunol. 188, 5682–5693, https://doi.org/10.4049/jimmunol.1103760

151 Gauthier, M.E., Du Pasquier, L. and Degnan, B.M. (2010) The genome of the sponge Amphimedon queenslandica provides new perspectives into the
origin of Toll-like and interleukin 1 receptor pathways. Evol. Dev. 12, 519–533, https://doi.org/10.1111/j.1525-142X.2010.00436.x

152 Wang, J., Zhang, Z., Liu, J., Zhao, J. and Yin, D. (2016) Ectodomain architecture affects sequence and functional evolution of vertebrate toll-like
receptors. Sci. Rep. 6, 26705, https://doi.org/10.1038/srep26705

153 Yang, Z. (2007) PAML 4: phylogenetic analysis by maximum likelihood. Mol. Biol. Evol. 24, 1586–1591, https://doi.org/10.1093/molbev/msm088
154 Lin, S.C., Lo, Y.C. and Wu, H. (2010) Helical assembly in the MyD88-IRAK4-IRAK2 complex in TLR/IL-1R signalling. Nature 465, 885–890,

https://doi.org/10.1038/nature09121
155 Bsibsi, M., Ravid, R., Gveric, D. and van Noort, J.M. (2002) Broad expression of Toll-like receptors in the human central nervous system. J.

Neuropathol. Exp. Neurol. 61, 1013–1021, https://doi.org/10.1093/jnen/61.11.1013
156 Caldeira, C., Cunha, C., Vaz, A.R., Falcao, A.S., Barateiro, A., Seixas, E. et al. (2017) Key aging-associated alterations in primary microglia response to

beta-amyloid stimulation. Front Aging Neurosci. 9, 277, https://doi.org/10.3389/fnagi.2017.00277
157 Bowman, C.C., Rasley, A., Tranguch, S.L. and Marriott, I. (2003) Cultured astrocytes express toll-like receptors for bacterial products. Glia 43,

281–291, https://doi.org/10.1002/glia.10256
158 Szabo-Pardi, T.A., Barron, L.R., Lenert, M.E. and Burton, M.D. (2021) Sensory Neuron TLR4 mediates the development of nerve-injury induced

mechanical hypersensitivity in female mice. Brain Behav. Immun. 97, 42–60, https://doi.org/10.1016/j.bbi.2021.06.011
159 Rolls, A., Shechter, R., London, A., Ziv, Y., Ronen, A., Levy, R. et al. (2007) Toll-like receptors modulate adult hippocampal neurogenesis. Nat. Cell Biol.

9, 1081–1088, https://doi.org/10.1038/ncb1629
160 Richard, K.L., Filali, M., Prefontaine, P. and Rivest, S. (2008) Toll-like receptor 2 acts as a natural innate immune receptor to clear amyloid beta 1-42

and delay the cognitive decline in a mouse model of Alzheimer’s disease. J. Neurosci. 28, 5784–5793,
https://doi.org/10.1523/JNEUROSCI.1146-08.2008

161 Frederiksen, H.R., Haukedal, H. and Freude, K. (2019) Cell type specific expression of toll-like receptors in human brains and implications in
Alzheimer’s Disease. Biomed. Res. Int. 2019, 7420189, https://doi.org/10.1155/2019/7420189

162 Gay, N.J., Symmons, M.F., Gangloff, M. and Bryant, C.E. (2014) Assembly and localization of Toll-like receptor signalling complexes. Nat. Rev.
Immunol. 14, 546–558, https://doi.org/10.1038/nri3713

163 Balducci, C., Frasca, A., Zotti, M., La Vitola, P., Mhillaj, E., Grigoli, E. et al. (2017) Toll-like receptor 4-dependent glial cell activation mediates the
impairment in memory establishment induced by beta-amyloid oligomers in an acute mouse model of Alzheimer’s disease. Brain Behav. Immun. 60,
188–197, https://doi.org/10.1016/j.bbi.2016.10.012

164 Yang, Q.W., Li, J.C., Lu, F.L., Wen, A.Q., Xiang, J., Zhang, L.L. et al. (2008) Upregulated expression of toll-like receptor 4 in monocytes correlates with
severity of acute cerebral infarction. J. Cereb. Blood Flow Metab. 28, 1588–1596, https://doi.org/10.1038/jcbfm.2008.50

165 Agalave, N.M., Rudjito, R., Farinotti, A.B., Khoonsari, P.E., Sandor, K., Nomura, Y. et al. (2021) Sex-dependent role of microglia in disulfide high mobility
group box 1 protein-mediated mechanical hypersensitivity. Pain 162, 446–458, https://doi.org/10.1097/j.pain.0000000000002033

166 Chakrabarty, P., Li, A., Ladd, T.B., Strickland, M.R., Koller, E.J., Burgess, J.D. et al. (2018) TLR5 decoy receptor as a novel anti-amyloid therapeutic for
Alzheimer’s disease. J. Exp. Med. 215, 2247–2264, https://doi.org/10.1084/jem.20180484

167 Iribarren, P., Chen, K., Hu, J., Gong, W., Cho, E.H., Lockett, S. et al. (2005) CpG-containing oligodeoxynucleotide promotes microglial cell uptake of
amyloid beta 1-42 peptide by up-regulating the expression of the G-protein- coupled receptor mFPR2. FASEB J. 19, 2032–2034,
https://doi.org/10.1096/fj.05-4578fje

168 Miron, J., Picard, C., Frappier, J., Dea, D., Theroux, L. and Poirier, J. (2018) Gene expression and pro-inflammatory cytokines in Alzheimer’s disease
and in response to hippocampal deafferentation in rodents. J. Alzheimers Dis. 63, 1547–1556, https://doi.org/10.3233/JAD-171160

169 Rangasamy, S.B., Jana, M., Roy, A., Corbett, G.T., Kundu, M., Chandra, S. et al. (2018) Selective disruption of TLR2-MyD88 interaction inhibits
inflammation and attenuates Alzheimer’s pathology. J. Clin. Invest. 128, 4297–4312, https://doi.org/10.1172/JCI96209

170 Scholtzova, H., Chianchiano, P., Pan, J., Sun, Y., Goni, F., Mehta, P.D. et al. (2014) Amyloid beta and Tau Alzheimer’s disease related pathology is
reduced by Toll-like receptor 9 stimulation. Acta. Neuropathol. Commun. 2, 101

171 Lee, S.M., Kok, K.H., Jaume, M., Cheung, T.K., Yip, T.F., Lai, J.C. et al. (2014) Toll-like receptor 10 is involved in induction of innate immune responses
to influenza virus infection. Proc. Natl. Acad. Sci. U.S.A. 111, 3793–3798, https://doi.org/10.1073/pnas.1324266111

172 Letiembre, M., Hao, W., Liu, Y., Walter, S., Mihaljevic, I., Rivest, S. et al. (2007) Innate immune receptor expression in normal brain aging.
Neuroscience 146, 248–254, https://doi.org/10.1016/j.neuroscience.2007.01.004

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

23

https://doi.org/10.1186/s12974-018-1292-4
https://doi.org/10.1016/j.it.2010.01.002
https://doi.org/10.1042/BSR20110101
https://doi.org/10.1523/JNEUROSCI.0901-04.2004
https://doi.org/10.1074/jbc.M112.400168
https://doi.org/10.4049/jimmunol.1103760
https://doi.org/10.1111/j.1525-142X.2010.00436.x
https://doi.org/10.1038/srep26705
https://doi.org/10.1093/molbev/msm088
https://doi.org/10.1038/nature09121
https://doi.org/10.1093/jnen/61.11.1013
https://doi.org/10.3389/fnagi.2017.00277
https://doi.org/10.1002/glia.10256
https://doi.org/10.1016/j.bbi.2021.06.011
https://doi.org/10.1038/ncb1629
https://doi.org/10.1523/JNEUROSCI.1146-08.2008
https://doi.org/10.1155/2019/7420189
https://doi.org/10.1038/nri3713
https://doi.org/10.1016/j.bbi.2016.10.012
https://doi.org/10.1038/jcbfm.2008.50
https://doi.org/10.1097/j.pain.0000000000002033
https://doi.org/10.1084/jem.20180484
https://doi.org/10.1096/fj.05-4578fje
https://doi.org/10.3233/JAD-171160
https://doi.org/10.1172/JCI96209
https://doi.org/10.1073/pnas.1324266111
https://doi.org/10.1016/j.neuroscience.2007.01.004


Bioscience Reports (2024) 44 BSR20222267
https://doi.org/10.1042/BSR20222267

173 Dallas, M.L. and Widera, D. (2021) TLR2 and TLR4-mediated inflammation in Alzheimer’s disease: self-defense or sabotage? Neural. Regen. Res. 16,
1552–1553, https://doi.org/10.4103/1673-5374.303016

174 Qin, Y., Liu, Y., Hao, W., Decker, Y., Tomic, I., Menger, M.D. et al. (2016) Stimulation of TLR4 Attenuates Alzheimer’s Disease-Related Symptoms and
Pathology in Tau-Transgenic Mice. J. Immunol. 197, 3281–3292, https://doi.org/10.4049/jimmunol.1600873

175 Ruganzu, J.B., Peng, X., He, Y., Wu, X., Zheng, Q., Ding, B. et al. (2022) Downregulation of TREM2 expression exacerbates neuroinflammatory
responses through TLR4-mediated MAPK signaling pathway in a transgenic mouse model of Alzheimer’s disease. Mol. Immunol. 142, 22–36,
https://doi.org/10.1016/j.molimm.2021.12.018

176 Zhou, C., Sun, X., Hu, Y., Song, J., Dong, S., Kong, D. et al. (2019) Genomic deletion of TLR2 induces aggravated white matter damage and
deteriorated neurobehavioral functions in mouse models of Alzheimer’s disease. Aging (Albany NY) 11, 7257–7273,
https://doi.org/10.18632/aging.102260

177 Kouli, A., Camacho, M., Allinson, K. and Williams-Gray, C.H. (2020) Neuroinflammation and protein pathology in Parkinson’s disease dementia. Acta
Neuropathol. Commun. 8, 211, https://doi.org/10.1186/s40478-020-01083-5

178 Kwon, S., Iba, M., Masliah, E. and Kim, C. (2019) Targeting microglial and neuronal toll-like receptor 2 in synucleinopathies. Exp. Neurobiol. 28,
547–553, https://doi.org/10.5607/en.2019.28.5.547

179 Casula, M., Iyer, A.M., Spliet, W.G., Anink, J.J., Steentjes, K., Sta, M. et al. (2011) Toll-like receptor signaling in amyotrophic lateral sclerosis spinal
cord tissue. Neuroscience 179, 233–243, https://doi.org/10.1016/j.neuroscience.2011.02.001

180 Janda, E., Boi, L. and Carta, A.R. (2018) Microglial phagocytosis and its regulation: a therapeutic target in Parkinson’s Disease? Front Mol. Neurosci.
11, 144, https://doi.org/10.3389/fnmol.2018.00144

181 Ziegler, G., Harhausen, D., Schepers, C., Hoffmann, O., Rohr, C., Prinz, V. et al. (2007) TLR2 has a detrimental role in mouse transient focal cerebral
ischemia. Biochem. Biophys. Res. Commun. 359, 574–579, https://doi.org/10.1016/j.bbrc.2007.05.157

182 Ziegler, G., Freyer, D., Harhausen, D., Khojasteh, U., Nietfeld, W. and Trendelenburg, G. (2011) Blocking TLR2 in vivo protects against accumulation of
inflammatory cells and neuronal injury in experimental stroke. J. Cereb. Blood Flow Metab. 31, 757–766, https://doi.org/10.1038/jcbfm.2010.161

183 Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, J.M. and Hoffmann, J.A. (1996) The dorsoventral regulatory gene cassette spatzle/Toll/cactus controls
the potent antifungal response in Drosophila adults. Cell 86, 973–983, https://doi.org/10.1016/S0092-8674(00)80172-5

184 Walter, S., Letiembre, M., Liu, Y., Heine, H., Penke, B., Hao, W. et al. (2007) Role of the toll-like receptor 4 in neuroinflammation in Alzheimer’s
disease. Cell. Physiol. Biochem. 20, 947–956, https://doi.org/10.1159/000110455

185 Zhou, J., Yu, W., Zhang, M., Tian, X., Li, Y. and Lu, Y. (2019) Imbalance of Microglial TLR4/TREM2 in LPS-Treated APP/PS1 Transgenic Mice: A Potential
Link Between Alzheimer’s Disease and Systemic Inflammation. Neurochem. Res. 44, 1138–1151, https://doi.org/10.1007/s11064-019-02748-x

186 Minoretti, P., Gazzaruso, C., Vito, C.D., Emanuele, E., Bianchi, M., Coen, E. et al. (2006) Effect of the functional toll-like receptor 4 Asp299Gly
polymorphism on susceptibility to late-onset Alzheimer’s disease. Neurosci. Lett. 391, 147–149, https://doi.org/10.1016/j.neulet.2005.08.047

187 Ebrahimi-Fakhari, D., Wahlster, L. and McLean, P.J. (2012) Protein degradation pathways in Parkinson’s disease: curse or blessing. Acta Neuropathol.
124, 153–172, https://doi.org/10.1007/s00401-012-1004-6

188 Gordon, R., Albornoz, E.A., Christie, D.C., Langley, M.R., Kumar, V., Mantovani, S. et al. (2018) Inflammasome inhibition prevents alpha-synuclein
pathology and dopaminergic neurodegeneration in mice. Sci. Transl. Med. 10, https://doi.org/10.1126/scitranslmed.aah4066

189 Zhao, W., Beers, D.R., Henkel, J.S., Zhang, W., Urushitani, M., Julien, J.P. et al. (2010) Extracellular mutant SOD1 induces microglial-mediated
motoneuron injury. Glia 58, 231–243, https://doi.org/10.1002/glia.20919

190 Fellner, A., Barhum, Y., Angel, A., Perets, N., Steiner, I., Offen, D. et al. (2017) Toll-Like Receptor-4 Inhibitor TAK-242 Attenuates Motor Dysfunction and
Spinal Cord Pathology in an Amyotrophic Lateral Sclerosis Mouse Model. Int. J. Mol. Sci. 18, 1–16, https://doi.org/10.3390/ijms18081666

191 Zhang, J., Takahashi, H.K., Liu, K., Wake, H., Liu, R., Maruo, T. et al. (2011) Anti-high mobility group box-1 monoclonal antibody protects the
blood-brain barrier from ischemia-induced disruption in rats. Stroke 42, 1420–1428, https://doi.org/10.1161/STROKEAHA.110.598334

192 Lin, Y.C., Chang, Y.M., Yu, J.M., Yen, J.H., Chang, J.G. and Hu, C.J. (2005) Toll-like receptor 4 gene C119A but not Asp299Gly polymorphism is
associated with ischemic stroke among ethnic Chinese in Taiwan. Atherosclerosis 180, 305–309,
https://doi.org/10.1016/j.atherosclerosis.2004.12.022

193 Sorge, R.E., Mapplebeck, J.C., Rosen, S., Beggs, S., Taves, S., Alexander, J.K. et al. (2015) Different immune cells mediate mechanical pain
hypersensitivity in male and female mice. Nat. Neurosci. 18, 1081–1083, https://doi.org/10.1038/nn.4053

194 Sorge, R.E., LaCroix-Fralish, M.L., Tuttle, A.H., Sotocinal, S.G., Austin, J.S., Ritchie, J. et al. (2011) Spinal cord Toll-like receptor 4 mediates
inflammatory and neuropathic hypersensitivity in male but not female mice. J. Neurosci. 31, 15450–15454,
https://doi.org/10.1523/JNEUROSCI.3859-11.2011

195 Monroe, T.B., Gibson, S.J., Bruehl, S.P., Gore, J.C., Dietrich, M.S., Newhouse, P. et al. (2016) Contact heat sensitivity and reports of unpleasantness in
communicative people with mild to moderate cognitive impairment in Alzheimer’s disease: a cross-sectional study. BMC Med. 14, 74,
https://doi.org/10.1186/s12916-016-0619-1

196 Sideris-Lampretsas, G., Oggero, S., Zeboudj, L., Silva, R., Bajpai, A., Dharmalingam, G. et al. (2023) Galectin-3 activates spinal microglia to induce
inflammatory nociception in wild type but not in mice modelling Alzheimer’s disease. Nat. Commun. 14, 3579,
https://doi.org/10.1038/s41467-023-39077-1

197 Dagnino, A.P.A. and Campos, M.M. (2022) Chronic pain in the elderly: mechanisms and perspectives. Front Hum. Neurosci. 16, 736688,
https://doi.org/10.3389/fnhum.2022.736688

198 Wallin, K., Solomon, A., Kareholt, I., Tuomilehto, J., Soininen, H. and Kivipelto, M. (2012) Midlife rheumatoid arthritis increases the risk of cognitive
impairment two decades later: a population-based study. J. Alzheimers Dis. 31, 669–676, https://doi.org/10.3233/JAD-2012-111736

199 Corbett, A., Husebo, B., Malcangio, M., Staniland, A., Cohen-Mansfield, J., Aarsland, D. et al. (2012) Assessment and treatment of pain in people with
dementia. Nat. Rev. Neurol. 8, 264–274, https://doi.org/10.1038/nrneurol.2012.53

24 © 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.4103/1673-5374.303016
https://doi.org/10.4049/jimmunol.1600873
https://doi.org/10.1016/j.molimm.2021.12.018
https://doi.org/10.18632/aging.102260
https://doi.org/10.1186/s40478-020-01083-5
https://doi.org/10.5607/en.2019.28.5.547
https://doi.org/10.1016/j.neuroscience.2011.02.001
https://doi.org/10.3389/fnmol.2018.00144
https://doi.org/10.1016/j.bbrc.2007.05.157
https://doi.org/10.1038/jcbfm.2010.161
https://doi.org/10.1016/S0092-8674(00)80172-5
https://doi.org/10.1159/000110455
https://doi.org/10.1007/s11064-019-02748-x
https://doi.org/10.1016/j.neulet.2005.08.047
https://doi.org/10.1007/s00401-012-1004-6
https://doi.org/10.1126/scitranslmed.aah4066
https://doi.org/10.1002/glia.20919
https://doi.org/10.3390/ijms18081666
https://doi.org/10.1161/STROKEAHA.110.598334
https://doi.org/10.1016/j.atherosclerosis.2004.12.022
https://doi.org/10.1038/nn.4053
https://doi.org/10.1523/JNEUROSCI.3859-11.2011
https://doi.org/10.1186/s12916-016-0619-1
https://doi.org/10.1038/s41467-023-39077-1
https://doi.org/10.3389/fnhum.2022.736688
https://doi.org/10.3233/JAD-2012-111736
https://doi.org/10.1038/nrneurol.2012.53


Bioscience Reports (2024) 44 BSR20222267
https://doi.org/10.1042/BSR20222267

200 Kosek, E., Clauw, D., Nijs, J., Baron, R., Gilron, I., Harris, R.E. et al. (2021) Chronic nociplastic pain affecting the musculoskeletal system: clinical
criteria and grading system. Pain 162, 2629–2634, https://doi.org/10.1097/j.pain.0000000000002324

201 Walsh, D.A. (2021) Nociplastic pain: helping to explain disconnect between pain and pathology. Pain 162, 2627–2628,
https://doi.org/10.1097/j.pain.0000000000002323

202 Fitzcharles, M.A., Cohen, S.P., Clauw, D.J., Littlejohn, G., Usui, C. and Hauser, W. (2021) Nociplastic pain: towards an understanding of prevalent pain
conditions. Lancet 397, 2098–2110, https://doi.org/10.1016/S0140-6736(21)00392-5

203 Elhalag, R.H., Motawea, K.R., Talat, N.E., Rouzan, S.S., Reyad, S.M., Elsayed, S.M. et al. (2023) Herpes Zoster virus infection and the risk of
developing dementia: A systematic review and meta-analysis. Medicine (Baltimore). 102, e34503

204 Bruno, F., Abondio, P., Bruno, R., Ceraudo, L., Paparazzo, E., Citrigno, L. et al. (2023) Alzheimer’s disease as a viral disease: Revisiting the infectious
hypothesis. Ageing Res. Rev. 91, 102068, https://doi.org/10.1016/j.arr.2023.102068

205 Itzhaki, R.F. (2023) COVID-19 and Alzheimer’s Disease: What Is the Connection? J. Alzheimers Dis. 91, 1273–1276,
https://doi.org/10.3233/JAD-220955

206 Levine, K.S., Leonard, H.L., Blauwendraat, C., Iwaki, H., Johnson, N., Bandres-Ciga, S. et al. (2023) Virus exposure and neurodegenerative disease
risk across national biobanks. Neuron 111, 1086e2–1093e2, https://doi.org/10.1016/j.neuron.2022.12.029

207 Farrer, L.A., Cupples, L.A., Haines, J.L., Hyman, B., Kukull, W.A., Mayeux, R. et al. (1997) Effects of age, sex, and ethnicity on the association between
apolipoprotein E genotype and Alzheimer disease. A meta-analysis. APOE and Alzheimer Disease Meta Analysis Consortium. JAMA 278, 1349–1356,
https://doi.org/10.1001/jama.1997.03550160069041

208 Roberts, J.A., Elkind, M.S.V., Liu, M., Wright, C.B., Rundek, T. and Gutierrez, J. (2023) Herpes simplex virus 2 serology is associated with thinner
whole-brain cortex in community-dwelling older adults. J. Neurol. Sci. 454, 120856, https://doi.org/10.1016/j.jns.2023.120856

209 Yirun, A., Cakir, D.A., Sanajou, S., Erdemli Kose, S.B., Ozyurt, A.B., Zeybek, D. et al. (2023) Evaluation of the effects of herpes simplex glycoprotein B
on complement system and cytokines in in vitro models of Alzheimer’s disease. J. Appl. Toxicol. 43, 1368–1378, https://doi.org/10.1002/jat.4471

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

25

https://doi.org/10.1097/j.pain.0000000000002324
https://doi.org/10.1097/j.pain.0000000000002323
https://doi.org/10.1016/S0140-6736(21)00392-5
https://doi.org/10.1016/j.arr.2023.102068
https://doi.org/10.3233/JAD-220955
https://doi.org/10.1016/j.neuron.2022.12.029
https://doi.org/10.1001/jama.1997.03550160069041
https://doi.org/10.1016/j.jns.2023.120856
https://doi.org/10.1002/jat.4471

