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The neuroimmune system, an extensive bidirectional communication
system between neural cells and immune cells, utilizes evolutionarily
conserved molecules, including cytokines, chemokines and trophic

factors that participate as mediators in both directions. While the initial
discovery of classicimmune molecules in the brain was interpreted as
neuroinflammation, abroad literature demonstrates their essential roles
in cognition during homeostatic brain function. These mechanisms
include neural correlates of learning and memory, such as strengthening
of neuronal networks and the generation of new neurons and synaptic
connections. These processes take place throughout the brain, especially
inthe hippocampus, amajor component of the brain of humans and other
vertebrates that consolidates short-term memory into long-term memory
and supports spatial navigation. This Review explores recent developments
and understanding ofimmune molecules that orchestrate and participate
in molecular mechanisms of memory formation. It also considers their
potential efficacy as new targets to treat memory disorders.

Historically, the nervous and immune systems have been viewed sep-
arately with occasional interactions that occur only in the context of
diseases. More recently, classic immune molecules are recognized
as modulators of a variety of central nervous system (CNS) functions
throughout life. These include the structuring and maintenance of
synaptic networks', microglial physiology” and glial-mediated synapse
remodelingandrepair®*.Inthe non-diseased brain, innateimmune mol-
eculesare expressed by all resident cells, including microglia, astrocytes,
oligodendrocytes, ependymal cells and neurons* . The cellular source
ofthese molecules, whichinclude classic pattern-recognitionreceptors,
complement proteins (Clq, C3, C4), major histocompatibility complex
(MHC) class|, cytokines (typelinterferon (IFNaf), interleukin (IL)-1p, IL-6,
tumor necrosis factor (TNF), transforming growth factor-3 (TGF) and
chemokines (CX;CL1), determines their effects onnormal brain function,
especially cognition. For example, while neuronal expression of CX;CL1
promotes the generation of new neurons®, italso acts asaneuromodula-
tor, reducing the strength of excitatory synapses in the hippocampus’.
Innate immune molecules such as C1q and C3 are produced within the
forebrain, contributing to glial communication in the CNS and synapse
loss during normalforgetting'®. Locations and levels of cytokine expres-
sioninthe brain may also differentially impact their effects. Thus, while
lowbasallevels of IFN3 promote neuronal survival and neurite outgrowth

within the hippocampus”, increased expression of IFNB within the cho-
roid plexus during aging is associated with decreased hippocampal
neurogenesis'?, a process critical for the formation of new memories.
These findings suggest an integrated neuroimmune system in which
neural and immune cells express the same molecules, relaying informa-
tion via neuronal networks and supporting their functions and repair.
Many of these molecules are highly conserved and involved in pathogen
recognitionand control ofinfectious diseasesinlower life forms, suggest-
ing links between host-pathogen responses and neurologic diseases,
especially those thatimpact cognitive function. Thus, the concept of an
integrated neuroimmune system liesin the growing knowledge of acom-
mon molecular language between neural and immune cells that occurs
betweenthe CNS, peripheral nervous system and lymphoid tissues. This
Review highlights neuroimmune communication that regulates learning
and memory within the hippocampus across four themes: evolutionarily
conserved molecular mechanisms, cytokine secretion by peripherally
derivedimmune cells, neuroprotective effects of antimicrobial peptides
(AMPs) and emerging therapies for treating cognitive dysfunction.

Neuronal expression of innateimmune molecules
The immune and nervous systems have been studied independently
forover140years"", butincreasing evidence indicates that each arose

Canada Excellence Research Chair in Neurovirology & Neuroimmunology, Departments of Microbiology & Immunology, Medicine and Western Institute

for Neuroscience, Schulich School of Medicine & Dentistry, Western University, London, Ontario, Canada.

e-mail: rklein8@uwo.ca

Nature Immunology | Volume 27 | July 2026 | 1353-1363

1353


http://www.nature.com/natureimmunology
https://doi.org/10.1038/s41590-026-02560-0
http://orcid.org/0000-0003-0281-1352
http://crossmark.crossref.org/dialog/?doi=10.1038/s41590-026-02560-0&domain=pdf
mailto:rklein8@uwo.ca

Review article

https://doi.org/10.1038/s41590-026-02560-0

BOX1

Neurotransmitters, their receptors and effects on hippocampal

neuronal plasticity

Neuronal plasticity. A process that involves the reorganization
of neuron structure and function within neuronal networks in
response to learning, experience or injury. It involves chemical
and structural changes, such as strengthening or rearranging
synaptic connections.

Glutamate. Primary excitatory neurotransmitter in the mammalian
CNS that is crucial for synaptic plasticity, memory formation and
learning'®. Glutamate receptors include ionotropic and metabotropic
receptors. lonotropic receptors include NMDARs, which are
glutamate-gated ion channels in the brain that facilitate high calcium
influx necessary for synaptic plasticity, learning, memory and
neuronal development, and AMPARs, which are tetrameric receptors
that mediate ~90% of fast excitatory synaptic transmission in the

CNS, permitting potassium efflux. AMPARSs are highly dynamic and
essential for neuronal plasticity.

GABA. Primary inhibitory neurotransmitter in the CNS that reduces
neuronal excitability, thereby decreasing nervous system activity.
GABA receptors are classified into ionotropic receptors (GABA, and
GABA.), which are fast-acting, chloride channels and metabotropic
receptors (GABAg), which are slow-acting, G-protein-coupled

fromasingle system, the neuroimmune system, which then evolvedin
anintegrated fashion with similar requirements at the genomic, molec-
ular, cellular and tissue levels™'®. Evidence in multicellular animals with
simple nervous systems, nerve nets or simple brains with fewer than
500 cells suggests that recognition and reaction to environmental
cuesoriginally relied on neuronal expression of classicinnateimmune
receptors. Thus, in Hydra, the freshwater polyp, which lacks immune
cells, neurons and epithelial cells express AMPs and pattern-recognition
receptors (such as Toll-like receptors (TLRs) and Nod-like receptors
(NLRs)) to regulate density, species composition and spatial localiza-
tion of the Hydra-associated microbial community”. The bacteria, in
turn, provide microbe-associated molecular patterns and neuroactive
metabolites, such as y-aminobutyric acid (GABA), short-chain fatty
acids, acetylcholine (ACh) and serotonin (5-hydroxytryptamine or
5-HT), which orchestrate motor activity and behavior, tissue homeo-
stasis and immune response of the host™ (Box 1). Similarly, ILC-17.1, a
neuron-derived IL-17 ortholog, has neuromodulator-like properties
inthe nematode Caenorhabditis elegans, altering neuronal responses
thataffect behaviorin response to oxygen levels”. Moreover, MALT-1,a
paracaspase crucial for nuclear factor kB (NF-kB) signaling, is expressed
broadly inthe C. elegans nervous system, and neuronal IL-17-MALT-1
signaling regulates multiple phenotypes, including escape behavior,
associative learning, immunity and longevity?’. Nonneuronal cells,
which provide neuronal supportandinsulation, are first found innema-
todes, and evolve with increasing specialization and heterogeneity in
conjunction with the evolving complexity of the CNS. In contrast, the
complement system likely predated the emergence of multicellular
organisms. A primitive version of C3 comprises the first element of the
original complement system and initially functioned intracellularly and
on the membrane of single-cell organisms®. These findings indicate
that some ‘classic’immune molecules originated within neural tissues
of early multicellular animals, establishing their roles in neuronal sign-
aling and providing a foundation for their eventual regulation of neu-
ronal networks involved in cognition. They also provide a framework
inwhichmodel organisms offer windows into specific functions of the

receptors. GABA regulates the temporal coding of excitatory
147

neurons, allowing precise synaptic plasticity'’.
Serotonin (5-HT). Neurotransmitter that regulates various activities,
including behavior, mood, memory and gastrointestinal homeostasis.
The hippocampus is a major target for serotonergic projections, and
has high expression of receptors involved in aspects of cognition,
including memory modulation (5-HT1A), cognitive processing
(5-HT2A) and cognitive recovery (5-HT2C)"®. Serotonin also interacts
with BDNF to enhance neuroplasticity and neural connections'.

Short-chain fatty acids. Include acetate, propionate and butyrate
produced by gut microbiota fermentation of fiber. Butyrate enters
the CNS and acts through G-protein-coupled receptors (FFAR2
and FFAR3) on microglia™® or by regulating histone deacetylases,
which modulate gene expression for neuroplasticity, supporting
hippocampal functions'°.

ACh. Neurotransmitter that facilitates memory encoding, attention
and cognitive function by acting on muscarinic and nicotinic
receptors. ACh enhances synaptic plasticity and is essential for the

formation of episodic and semantic memories''.

mammalian neuroimmune systems at the levels of the gut (Hydra) and
peripheral nervous system (C. elegans), which convey neuroimmune
information to the CNS.

Conserved neuroimmune mechanisms and normal
cognitive function

The effects of microbiome-derived, neuroactive metabolites on neu-
ronal signaling are conserved in the mammalian gut-brainaxis,inwhich
gutmicrobiotainfluence systemicimmune function by regulating the
production of 5-HT, commonly known as serotonin, by enterochromaf-
fin cells??, which transmit information to the CNS via the vagus nerve.
In the brain, visceral gut-derived vagal signaling is communicated
through diffuse neural projections from the brainstem to the fore-
brain, including the hippocampus, where it boosts expression of the
brain-derived neurotrophic factor (BDNF). BDNF promotes the survival
and differentiation of new neuronsinthe hippocampus, whichis critical
formemory formation®. Thus, acute vagus nerve stimulation enhances
learning and memory in rodents and humans®, while age-associated
alterationsin gut microbiotaimpair hippocampus-dependent memory
in avagus-dependent manner*.

The formation and consolidation of new memories relies on the
integrity of trisynaptic circuits between the entorhinal cortex, the main
interface between the hippocampus and neocortex, and regions of the
hippocampus, including the dentate gyrus, responsible for memory
encoding, discrimination and adult neurogenesis, and the cornu
ammoni (CA), which makes up the bulk of the hippocampus and is
divided into four distinct subregions: CA1, CA2, CA3 and CA4 (refs.
25,26). Connections between subregions of the CA impact specific
memory domains, including visuospatial and episodic memory associ-
ated with navigation (CAl and CA3), specific past experiences (CAl)
and social recognition memory (CA2) (Fig. 1). Neurons in the dentate
gyrus consist mainly of abundant granule cells, the main principal
neurons crucial for memory and learning, which are continuously
generated throughout adult life (adult neurogenesis). The dentate
gyrus is unique for this ongoing creation and integration of new
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Fig.1| The hippocampal synaptic network and cytokine modulation of
excitatory and inhibitory synapses. Schematic representation showing the
location of the hippocampus within the human brain and trisynaptic circuit
between CAland CA3 pyramidal neurons, granule cell (GC) neuronsinthe
dentate gyrus and stellate and pyramidal-like neuronsin the entorhinal cortex
(EC) within the human brain. Arrows show directions of neuronal transmission.
Adapted with permission from ref. 116 (https://www.neurology.org/journal/wnl)
©Wolters Kluwer.

principal neurons, a process vital for cognitive function” ", These
neurons arise from neural stem cells within the subgranular zone, a
process thatis regulated by cytokines and growth factors. TNF expres-
sion is required for the spatial organization of the neurogenic niche
and regulation of neuroblast proliferation®?, while IL-6 reduces the
proliferation of neuronal progenitor cells and, together with IL-1f3,
induces a gliogenic switch promoting astrogenesis’ (Fig. 2a). Thus,
elevated levels of these cytokines during inflammation can profoundly
inhibit neurogenesis, leading to cognitive deficits.

NLR expression is also conserved in the dentate gyrus. NLRP6 is
expressed by granule cellsandis particularly abundantin neural stem
cells, in which it maintains mitochondrial function and neural stem
cell proliferation, which is essential for ongoing neurogenesis and
resilience to stress®. Another innate immune molecule, the membrane
glycoprotein OX-2 (CD200), amembrane-bound proteinbelonging to
theimmunoglobulin superfamily of cell surface proteins that restricts
myeloid cell activation®*, is also expressed by dentate gyrus neurons™.
CD200ssignalsitsreceptor CD200R on microgliato maintaintheir rest-
ing, non-phagocytic state, supporting adult neurogenesis***°. Adult
neurogenesis within the dentate gyrus is also regulated by CX;CR1
signaling in microglia®, which activates transcriptional factors that
induce expression of genes involved in neurogenesis, such as those
encoding NF-kB, CREB and Ap-1, the last of which is a crucial trans-
ducer of the TGFp superfamily®. Finally, metabolites of tryptophan
2,3-dioxygenase (Tdo2)**, an emerging immune checkpoint regulator
that regulatesimmunity by metabolizing tryptophan into kynurenine®,
impact neural stem cell proliferation and preservation of neuronal
networks associated with cognitive resilence*.

Theintegration of postmitoticimmature neurons within the den-
tate gyrusisalso partially orchestrated by immune molecules (Fig. 2b).
CXCL12, a chemokine with established roles in neurodevelopment,
regulates adult neurogenesis within the subgranular zone, a narrow,

specialized layer of cells located between the hilus and the granule
cell layer of the hippocampal dentate gyrus. Acting mainly through
its receptor, CXCR4, it promotes the survival, migration and proper
positioning of immature granule neurons*. Moderate or low-level
expression of TNF is necessary for the proper dendritic branching and
growth of new neurons* through the activation of TNF noncanonical
signaling pathways*’. The arborization of dendrites and elaboration of
axons by newly born neurons requires expression of CX,CL1in micro-
glia*. Together, these studies implicate innate immune molecules as
key regulators of adult hippocampal neurogenesis.

Immune molecules and synaptic plasticity
CAneurons consist mainly of excitatory pyramidal cells responsible for
memory and spatial coding, alongside crucial inhibitory interneurons
thatregulate their activity. CA3 neurons, known for recurrent connec-
tions and CAlneurons, which receive inputs and project to the cortical
regions associated with learning and memory, form intricate neural
circuits critical for functions such as episodic memory. The formation
of synaptic networks that encode memories involves conservedinnate
immune proteins, which convertelectrical informationinto biochemi-
cal signals that enhance experiential strengthening of synapses or
serve to eliminate weak synapses. The state of neuronal polarization
impacts the generation of these electric currents, which activate cell
surface receptors, second messengers and transcription factors that
release translation repression within RNA granules at synapses®. The
immune genes expressed depend onthe level of activity at the synapse
and include MHC class I molecules, TLRs, pentraxins and members
of the complement system, which are expressed by both granule cell
neurons and pyramidal neurons.

MHC class I molecules, traditionally known for their role in the
immune system, are constitutively expressed in the healthy brain,
located presynaptically and postsynaptically near glutamate recep-
tors such as N-methyl-d-aspartate receptors (NMDARs) and a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs)
(Box1). MHC class I expressionis controlled by neural activity and has
akey role in hippocampus-dependent memory formation through
its influence on synaptic plasticity and synapse structure*. The
intracellular domain is necessary for maintaining excitatory spine
density and synaptic ultrastructure. Expression of MHC class I is
suppressed by the brain-enriched microRNA 34a (miR34a), resulting
inincreased dendritic growth and branching*®. Decreased expression
of MHC class I affects synaptic strength throughinteractions with the
immunoglobulin-like receptor PirB, which inhibits the growth and
stability of dendritic spines*. Conditional deletion of PirB from hip-
pocampal pyramidal neurons results in excessive numbers of synapses
and long-lasting increases in signal transmission between neurons®.
TLR3 also acts as anegative regulator of plasticity through the regula-
tion of signaling pathways dependent on kinase ERK and the transcrip-
tion factor CREB, which promote long-lasting synaptic plasticity and
memory consolidation®. Consistent with this, TLR3-deficient mice
show improved memory and increased hippocampal volume™.

Complement proteins Clq, C3 and C4 are present in the CNS, but
their expression is cell-type and context dependent®. Complement
expression by hippocampal neurons drives circuit modulation in the
adult brain through synapse elimination by nonneuronal cells and
regulation of neurotransmitter release. C1q-C3-mediated loss of gluta-
matergic synapses refines synaptic connections that promote normal
forgetting™. Inhibition of C3 convertase in dentate gyrus neurons
prevents abnormal remembering, implicating cleaved products of Clq
in synapse elimination, and leads to lower levels of synaptic proteins
in phagocytic microglia that express CR3 or C3aR'’. While the mecha-
nisms that convert loss of synaptic strength into synapse elimination
areincompletely understood, studiesimplicate miR-218-2 in the regula-
tion of C3 in hippocampal neurons®**. miR-218-2-deficient mice have
large decreasesin miniature excitatory postsynaptic current frequency
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Fig. 2| Neuroimmune regulation of adult neurogenesis in the hippocampus. a,
Quiescent neural stem cells in the subgranular zone (SGZ) in the mouse dentate
gyrus (DG) undergo activation, yielding daughter cells that can self-renew the
pool of neural stem cells or differentiate to generate neural progenitor cells and
eventually neurons. Neuroblasts that survive subsequent phases of maturation
migrate into the granule cell layer (GCL), develop into granule neurons and
incorporate into hippocampal circuitry. Neuroimmune molecules, including
growth factors, positively (red) or negatively (green) regulate this process
atdifferent stages. C3, complement component 3; IGF-1, insulin-like growth
factor 1. Adapted with permission from ref. 38, Sage Publishers. b, Immune

signaling in postmitotic granule cell neuroblasts in the hippocampus promotes
their migration to final destinations within the granule cell layer, where they
undergo dendritogenesis and axonogenesis. Type 3 neuroblasts, late-stage,
transit-amplifying progenitor cells that act as a bridge between rapidly dividing
earlier progenitor cells and fully committed, postmitoticimmature neurons, are
maintained within the subgranular zone through activation of CXCR4. As these
cells exit the cell cycle and cease proliferation, expression of TNF in neurons and
expression of CX;CL1in microglia are essential for the elaboration and function
of new dendrites and axons.

and numbers of synaptic vesicles, which could be blocked viainactiva-
tion of C3aR***, C3 and C3aR also negatively regulate hippocampal
adult neurogenesis by decreasing neuronal progenitor cell survival
and differentiation’. Pentraxin NPTX2 and NPTXR bind and regulate
expression of Clqwithin the brain®~’, Pentraxins are a highly conserved
family of multimeric pattern recognition moleculesinvolvedininnate
immunity, and neuronal pentraxins are involved in synapse formation
and plasticity®®. Nptx2-deficient mice have increased complement
activity, Clq-dependent microglial synapse engulfment and loss of
excitatory synapses”. Finally, an essential role for the DNA-sensing
TLR9 pathway in learning and memory in mice via the recruitment
of neurons into memory-specific microcircuits has been reported®.
Hours after learning, discrete clusters of excitatory hippocampal CA1
neurons display centrosome-mediated DNA damage responses, which
are required for memory formation, orchestrated by TLR9 signal-
ing®. Overall, these studies indicate how conserved neuroimmune
mechanisms evolved in complexity with the development of higher
brain functions.

Regulation of neuronal networks by astrocytes
and microglia

The synaptic expression of innate immune moleculesis also conserved
in mammals, with new cellular partners: astrocytes and microglia.
Astrocytes and microglia form a tripartite synapse with neurons in
which they form, strengthen and eliminate synapses through the
expression of classic innate immune molecules (Fig. 3). Astrocytes
are macroglia that are active participants in all aspects of neuronal

function during homeostasis, providing nutrients, growth factors and
protection against excess neurotransmitters, releasing gliotransmit-
ters and influencing synaptic formation, strength and elimination
during learning and memory®*. While microglia eliminate synapses
viaacomplement-mediated processinvolving complement receptors
CR3and C3aR, astrocytes continuously phagocytose weak excitatory
synapses in the hippocampus through phagocytic receptors such as
MEGF10 and Mertk®***, These functions are essential for maintaining
circuits that support memory and learning.

In addition to its role in innate immune responses and antivi-
ral immunity within the CNS, the cyclic GMP-AMP (cGAS)-STING
pathway, which is predominantly expressed by microglia, displays
noncanonical roles that are independent of type I IFN responses®.
High expression of cGAS-STING components promotes autophagy
and mitophagy of protein aggregates, reducing the expression of
pro-inflammatory cytokines and preventing neuroinflammation dur-
ing homeostasis®*®. During inflammatory states, further activation
of the cGAS-STING pathway promotes microglial phagocytosis of
synapses through type I IFN-mediated upregulation of complement®s,
TypelIFNsignalingis also essential for synaptic plasticity and memory
formation®’. Astrocyte-specific deletion has indicated that IFNAR
expression in astrocytes is essential for maintenance of dendritic
spines, which are small, membrane-bound protrusions on neuronal
dendrites that receive excitatory input (Box 1), leading to synaptic
strengthening during memory tasks®. In addition, mice with loss of
IFN functions in neurons exhibit cognitive learning impairments and
have a-synuclein deposits in the brain®. Thus, targeting type I IFNs to
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Fig. 3| Cytokine regulation of synaptic plasticity. Cytokines released from
microglia, astrocytes and neuronsinclude IL-1B, IL-4, IL-6, TNF and type
linterferon (IFN), which impact excitatory glutamatergic and inhibitory
GABAergic neurotransmission and synaptic plasticity, including long-term
potentiation (LTP) and synaptic scaling. In response to increased synaptic
activity, IL-1B, acting through a receptor complex that includes IL-1R1and IL-1R3,
increases postsynaptic Ca** influx by activation of NMDARs and voltage-gated
Ca channels, increasing neuronal excitability and promoting long-term
potentiation. TNF increases synaptic expression of Ca?*-permeable AMPAR as a

homeostatic mechanism of synaptic scaling in the setting of reduced synaptic
activity. IL-6 expressed in astrocytes, signals through a receptor complex that
includes IL-6R and gp130 and induces presynaptic inhibition of glutamate
release, decreasing postsynaptic LTP. In GABAergic neurons, IL-6 reduces
synthesis of GABA, while IL-1B, TNF and IL-6 increase the expression of GABA
transporter type 3 (GAT-3) in astrocytes, reducing synaptic amounts of GABA.
IL-4 and IFN expressed in microglia signal through their receptors, IL-4Ra/IL-13R
and IFNR, respectively, to promote GABA release. Ca* and Na*, voltage-gated
calcium and sodium channels. Modified from ref. 145.

limit neuroinflammationindisease states may not be feasible, as proper
brain functionrequiresacritical balance of neuroimmune responses.

Astrocytes and microglia also regulate synaptic strength through
local expression of cytokines at synapses (Fig. 3). Within the hippocam-
pus, IL-33, a cytokine of the IL-1 family, modulates glia-driven neuro-
modulation in two distinct hippocampal circuits. IL-33 is secreted by
astrocytes and neurons, whereas its receptor, ST2, is expressed mainly
by microglia”. In the CAl, astrocyte-secreted IL-33 is upregulated in
response to decreased neuronal activity®. IL-33 may bind to IL-1RL1-
IL-IRAcP complex on neurons, promoting the recruitment of the post-
synaptic scaffold protein PSD-95 (ref. 70). In contrast, neuron-secreted
IL-33, which induces extracellular matrix engulfment by microglia,
leads to remodeling of dentate gyrus synapses’’. These data support
aroleforIL-33 andits receptor complex in maintaining the excitatory
synapticactivity inthe CAland remodeling of dentate gyrus synapses
through astrocyte and microglia synaptic interactions, respectively’.

Although glia are the primary immune mediators, neuronal
expression of TLRs and NLRs enables them to sense stress and express
cytokines that shape local immune environments particularly at
synapses. Inflammasome signaling was reported to regulate IL-33
expression in astrocytes’. The inflammasome sensors AIM2, NLRP1,
NLRP2 and NLRP3 may be expressed by astrocytes, which exhibit active

caspase-1and IL-18 expression”. Inhibition of caspase-1in astrocytes
elevates synaptic protein levels, enhances neurogenesis and induces
expression of IL-33, the last via reduction of IL-18 (ref. 73). Similarly,
microglial expression of IL-1at glutamatergic synapsesimpacts synapse
strength through IL-1 signaling within the dentate gyrus, regulating
spatial and cognitive processing”. While dentate gyrus neurons express
IL-1R1, this neuronal receptor does not utilize canonical NF-kB signaling
in this cell type. Instead, IL-IRAcPb, an alternatively spliced isoform
of IL-1R1 that functions as a synaptic adhesion molecule™, acts as a
co-receptor, increasing the expression of select complement markers
(Clra, C1gb)™. How IL-1 alters synaptic strength during learning and
memory needs further investigation.

TNF is another key modulator of synaptic transmission and plas-
ticity, which binds to TNFR1 or TNFR2 depending on whether it exists
in soluble or membrane-bound forms. Both receptors are expressed
by astrocytes and, under homeostatic conditions, signaling through
TNFR1regulates glutamatergic signaling within the hippocampus by
affecting synaptic neurotransmitter levels”. In contrast, astrocyte
TNFR2 negatively regulates the amount of synaptic proteins, including
glutamate transporters and receptors’®, which protects synapses from
excitotoxicity. Loss of astrocyte TNFR2 is associated with deficits in
learning and memory, an effect more pronounced in the hippocampi
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Table 1| Neuronal neuroimmune molecules that regulate hippocampal synaptic excitability

Molecules Functions Mechanisms Refs.
MHC class | Acts as a feedback mechanism in synaptic scaling. Regulated by calcium signaling; MHC class | affects synaptic 124-126
Lower levels of synaptic activity reduce MHC class | strength via interactions with PirB protein.
expression, while higher activity increases it. Involved
in synaptic pruning.
TLR3 Negatively regulates hippocampal plasticity and acts  Affects synaptic plasticity in a concentration-dependent 127-129
as a negative regulator of memory formation. manner through signaling pathways that are modulated by
intracellular calcium stores.
Pentraxins Transsynaptic organizer that induces synaptic Induces clustering of AMPARSs at synapses; interacts with 57-59,130,131

(NPTX1-3 NPTXR) strengthening and elimination.

complement components to promote synapse elimination;
binds C1q to restrict synapse elimination.

C1g/C3 CR3, C3aR Eliminates weaker synapses via C1q binding, which CR3 or C3aR directly recognize C3a or C3b/iC3b-tagged 10,53,132
triggers a cascade leading to the deposition of C3 synapses and initiates phagocytosis by microglia.
and its cleavage product iC3b on the synapse surface
leading to synapse elimination.
IL-33/ST2-IL-1IRACP Negative-feedback signal in synaptic homeostatic Increases excitatory synapses in hippocampal CA1 neurons 4,71,72
plasticity, maintaining neuronal network stability. and facilitates synaptic recruitment of scaffolding proteins via
microglial engulfment of the extracellular matrix.
TNF/TNFR2 Concentration-dependent modulation of synaptic Increases surface expression of NMDAR and AMPAR, and 75,716,127

transmission, enhancing excitatory signaling and
reducing inhibitory transmission.

glutamate release by astrocytes. Decreases GABAAR via a
mechanism involving p38 MAPK and PI3K.

of male mice”. TNF, IL-6 and IL-1B canimpact signaling of adenosine Al
receptors (AIRs), which have animportant role in balancing neuronal
excitability. TNF and IL-1B induce the release of adenosine by microglia
to mitigate excitotoxicity”’, while IL-6 upregulates the expression of AIR
inneurons, which induces similar effects’. Thus, cytokines, expressed
locally at synapses, are essential for normal cognition, although the
complete mechanisms of these effects remain tobe elucidated (Table 1).

Effects of cytokine secretion by immune cells on
cognition
Thebrainis notimmuneisolated, but undergoesimmune surveillance
by patrolling T cells, macrophages and dendritic cells that enter spe-
cialized compartments, such as the perivascular spaces and choroid
plexus, rather than the parenchymaitself’**°, Interactions between
effector lymphocytes and antigen-presenting cells at these locations
determine whether the former gain access to the CNS parenchyma.
Expression of anti-inflammatory cytokines such as IL-13 and IL-10 by
innate and adaptive immune cells is protective and supports learning
and memory®-*? Innate immune cells that reside in the meninges also
profoundly shape cognition. Dural meninges contain type 1innate
lymphoid cells and naturalkiller cells that both produce IFNy and Ach.
Depletion of these cells orinactivation of IFNy decreases inhibitory cur-
rents at the prefrontal cortex with associated memoryimpairmentsin
mice®. Within the leptomeninges, mucosal-associated invariant T cells
arenecessary to prevent the accumulation of reactive oxygen species,
which can impair memory and cause cognitive decline®.
Withinthebrain parenchyma, neuronal and nonneuronal cells may
initiate inflammation through the secretion of chemokines, providing
gradients forimmune cell migration toward these chemokine sources
duringinfection. In mouse models of neuroinflammation, T cells that
enter the brain parenchyma persist as tissue-resident memory T (Tgy,)
cells)®®¢, Brains of patients without known neurologic disease also
contain sizable populations of CD103°CD69" and CD103*CD69* CD8*
Tru cells¥”. CD103 expression in brain CD8* T cells correlates with
reduced expression of differentiation markers, increased expression
of tissue-homing chemokine receptors such as CCR5, CXCR3, CXCR6
and CX,CR1, increased expression of PD-1and CTLA-4 and low presence
of the cytolytic molecules perforin and granzyme B*. Similarly to CD8"
Tru cells, CD4" Ty cells express CD69, CD49a, CCRS, CXCR3, CXCRS,
CXCR6,CX;CR1,PD-1and CTLA-4, butrarely CD103 (ref. 88). The CXCR6
ligand, CXCL16, is expressed by homeostatic microgliaand maintains

Tru cells within the forebrain®®. Almost allhuman brain CD8* Ty, cells
produce IFNyand TNF when stimulated ex vivo, indicating their ability
to activate myeloid cells, including microglia®. In the healthy brain,
Tru cells preferentially localize to the perivascular space, meninges
and choroid plexus®®. The consequence of T cell persistence in the
brain is unclear, but studies indicate that their activation and release
of pro-inflammatory cytokines within the hippocampus may promote
microglial-mediated synapse elimination and loss of adult neuro-
genesis after recovery from infectious diseases or during aging®~*'
(Fig. 2a). Notably, clonally expanded CD8" Ty, cells specific for viral
antigens have been found in the cerebrospinal fluid of patients with
Alzheimer’s disease®. In addition, use of univariate Mendelian rand-
omization to assess bidirectional relationships betweenimmune cells
and Alzheimer’s disease in patients revealed that immune cell mark-
ers such as CD64 on monocytes and HLA-DR on CD14°'CD16” mono-
cytes were linked to higher risk of Alzheimer’s disease’. Conversely,
CD33"HLA-DR*CD11b™ myeloid cells and HLA-DR*CDS8" T cells were
protective®. Cytokine effects on synaptic networks and adult neuro-
genesisin Alzheimer’s disease mirror those observed during infections
withviruses that do and do notinvade the brain®**°. These datasupport
the notion thatinfectious triggers ingenetically predisposed individu-
als may drive the development of neurodegenerative diseases.

AMPs and neuroprotection

AMPs, which are highly conserved small proteins with natural anti-
bacterial, antiviral and antifungal activity, have emerged as essen-
tial regulators of neuronal networks involved in memory. AMPs are
positively charged and have hydrophobic regions, which allow them
tointeract with microbial membranes, defending against awide range
of pathogens. They also inhibit essential processes such as DNA, RNA
or protein synthesis, thereby preventing bacterial replication and
growth. InDrosophila, activity of diptericin Band GNBP3, which attenu-
ate bacterial growth, is upregulated within the head after behavioral
training and required for efficient long-term memory formation®.
In contrast, drosocin, which inhibits translation in bacteria through
interactions withribosomes, disrupts short-term memory formation
when expressed ectopically in neurons, but not in glia®”. While these
peptides are not expressed in mammals, diptericin Band GNBP3 are
functional analogs of mammalian defensins and dectin-1 (CLEC7A),
respectively, while drosocin belongs to a broader, highly conserved
family of proline-rich peptides, which exist across species’®. Further
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Table 2 | AMP-mediated neuroprotection from pathogens

AMP Pathogens Mechanisms Refs.

LEAP2/GHS-R1a Gram-positive and gram-negative Disrupts bacterial cell membranes, increases permeability to cause leakage of 100,133
bacteria, fungi cellular contents, and, in some cases, hydrolyzes bacterial genomic DNA.

LL-37 Broad antimicrobial activity against Disrupts microbial membranes, inhibits biofilm formation, recruits immune 107,09
bacteria, fungi and viruses cells

AB Defends brain against bacteria, viruses Oligomerizes and fibrillizes; forms webs that entangle and immobilize bacteria 104,134
and fungi and viruses, preventing them from attaching to host cells

a-synuclein Defends brain against neurotropic viruses,  Acts as an ‘alarmin’, signals and amplifies innate and adaptive immune 101,102,135
gut against bacterial pathogens responses; recruits phagocytes (gut)

Tau Defends brain against viruses Hyperphosphorylated tau (p-tau) acts as an antiviral net to entrap and 108,136

neutralize viral pathogens

studies are needed to determine whether these AMPs exert similar
functions in mammals.

AMPsare abundantinthe humanbrain; present frombirth, they play
essential rolesin nonspecific defense mechanisms againstawide spectrum
of microorganisms’® (Table 2). Mammalian AMPs have been reported to
have roles in memory. LEAP2, a 40-amino-acid protein that has antibac-
terial activities, regulates extinction of conditioned taste aversion mem-
ory in rats through the ghrelin receptor growth hormone secretagogue
receptor 1a (GHS-R1a) in basolateral amygdala pyramidal neurons'®°.
a-synuclein is another AMP that can restrict viral replication'’. In mice
and human neurons, a-synuclein is required for neuronal expression of
interferon-stimulated genes during viralexposure'®*. Interferon-mediated
phosphorylation of STAT2 inhumanneuronsis dependent on a-synuclein
expression, which colocalizes withactivated STAT2 (ref.102), a transcrip-
tion factor critical for type l interferon signaling.

Human cathelicidin LL-37 and amyloid- (AB) are also dual-function
molecules that bridge innate immunity and neuroprotection'®. Both
peptides display broad-spectrum antimicrobial and antiviral activity,
modulating neuroinflammation while maintaining neuronal integ-
rity’®. Monomeric AB, although implicated in neurodegenerative
pathology after aggregation, acts as a natural antimicrobial peptidein
the CNS that can neutralize neurotropic viruses'**. In mouse models,
AP interferes with the fusion of neurotropic viruses with target cell
membranes and may also bind directly to viral surface glycoproteins,
causing the virus to aggregate and become trapped in amyloid fibrils'**.
Inhumans, oligomerization of AR and plaque formation, which canbe
detected in cognitively intact individuals'®, may occur in response to
viralinfections. LL-37, which exhibits the highest basal level of expres-
sion in the gastrointestinal tract and the brain'°¢, associates with Af
and tau'”, the latter of which, when phosphorylated, also acts as an
antimicrobial protein that neutralizes viruses'®®. Although A is mostly
neuroprotective, LL-37 can cause neurotoxicity and activation of micro-
glia and astrocytes'”. Microglia and astrocyte release LL-37, which,
through activation of formyl peptide receptor 1, a G-protein-coupled
cell surface receptor known mainly for detecting bacteria-derived
N-formyl peptides, and ATP receptors P2X7R and P2Y11R, contributes to
the NF-kB-mediated expression of TNF, IL-1and IL-6 (ref.109). Elevated
levels of these cytokines within the mouse hippocampus negatively
impact cognition through inhibition of neuronal progenitor cell pro-
liferation and derailment of neurogenesis in favor of astrogenesis, with
negative effects on spatial learning and memory?.

Directions for neurodegenerative disease
treatment

Targeting AMPs, which have long been thought to be the culprits
inducing progressive pathological forgetting in classic neurode-
generative diseases such as Alzheimer’s disease and Parkinson’s dis-
ease, has not proven efficacious in preventing or reversing cognitive
dysfunctions"®™. Nonimmune targets involved in synaptogenesis or
neuroblast survival within the hippocampus have been targeted to
improve learning and memory. Ketamine, used to treat depression, acts

Table 3 | Infectious complication of anti-cytokine therapies

Cytokine targeted Infectious complications Refs.
TNF (for example, Reactivation of latent tuberculosis 137,138
infliximab, histoplasmosis, coccidioidomycosis,

adalimumab) aspergillosis, invasive candidiasis

IL-6 inhibitors Bacteria, viruses (herpesviruses, hepatitis 139,140
(for example, B virus) and candidiasis

tocilizumab)

IL-17 inhibitors Mucocutaneous candidiasis 14

(for example,

secukinumab)

1L-12/IL-23 blockers Intracellular bacteria and parasites 142,143
(for example,

ustekinumab)

CART cell therapy Bacterial and respiratory infections, 144
(CD20/CD19) herpesvirus reactivation (for example,

CMV, herpes simplex)

CAR, chimeric antigen receptor; CMV, cytomegalovirus.

asan NMDAR antagonist to enhance glutamatergic signaling. However,
it can also promote synaptogenesis and increase spine density in the
hippocampus and prefrontal cortex viaactivation of Ras GTPases that
induce cytoskeletal rearrangements™?. It also activates the mTOR sign-
aling pathway™?, which is essential for synthesizing synaptic proteins.
Mood stabilizers such as the anti-epileptic drug valproic acid and the
5-HT reuptake inhibitor fluoxetine promote adult neurogenesis by
activating the Wnt-p-catenin signaling pathway'*. These treatments,
along with others that target neurotransmitter imbalances™", can
improve negative downstream effects of neuroimmune signaling that
promote synapse elimination or loss of hippocampal neurogenesis,
but do not address disease progression™”’.

The demonstration that neuroimmune functions play essential
roles in learning and memory suggests there are likely new targets for
the prevention and treatment of neurodegenerative diseases, even
during stages in which cognitive function has begun to decline. Emerg-
ing neuroimmune targets, including TREM2, NLRP3, IL-1R1, TNFR1,
IL-6R and STING, may underlie disease progression via mechanisms
that promote persistent neuroinflammation®, Targeting these mol-
ecules might effectively block activation of microglia and astrocytes
that eliminate synapses, reduce neuronal upregulation of MHC class
I or reverse loss of hippocampal neurogenesis. Indeed, targeting the
NLRP3 inflammasome, an intracellular pattern recognition complex
that, after activation, induces IL-1p maturation through caspase-1cleav-
age, has shown neuroprotective effects in preclinical models and in
patients"'*°, Likewise, inhibition of RIPK1,a mediator ininflammatory
pathways downstream of TNFR1, shows promise in reducing neuroin-
flammation in microglial subsets associated with neurodegenerative
diseases''. However, these inhibitors, when administered peripherally,
may induce immunosuppression, leading to an increase in infectious
diseases (Table 3) that, through similar mechanisms, promote cognitive
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impairments

122, Nanoparticles targeting the blood-brain barrier are

currently under development'> and may be used to target specific cell
types for the specific delivery of anti-inflammatory small molecules to
the CNS, avoiding theimmunosuppressive side effects of systemic deliv-
ery.Overall, the balance between anti-inflammatory approachesin the
context of neurodegenerative diseases versus the risk of infections will
decide clinical justification. The identification of downstream targets
of neuroinflammatory mechanisms would reduce the impact of further
infections on cognitive function by maintaining normalimmune status.
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