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ABSTRACT: As mankind breaks the boundaries of potential years to live, the process of aging imposes various cellular challenges,
from less capacity of cell repair and damage to impaired protein formation, causing chronic low-level inflammation on tissues
including the brain. Persistent chronic neuroinflammation can harm neurons, contributing to the development of neurodegeneration,
a pathological process that affects cognitive function and is often reflected by dementia. This opinion article tries to recapitulate the
influence that major histocompatibility class I (MHC-I) molecules have on brain homeostasis and how abnormalities in their
expression can lead to cognitive deterioration. Studies carried out during recent years not only demonstrated that neurons and other
central nervous system (CNS) cells express MHC-I molecules, but also that these molecules play essential roles in the establishment,
function, and modeling of synapses in the CNS during the embryonic period, at birth and during adulthood, namely during
inflammatory conditions. The accumulated body of evidence suggests that MHC-I molecules and the signaling pathways they
regulate could provide clues on some of the molecular and cellular mechanisms regulating brain homeostasis and neuroregeneration
in health and disease, thus becoming potential biomarkers of cognitive decline and targets for innovative immunotherapies.
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1. Introduction

Following the World Health Organization report on the public health response to dementia [1], it was estimated
that in 2019 nearly 55 million people worldwide were living with dementia and by 2050 this number is projected to
skyrocket to a staggering 139 million. This projection underscores the urgent need to address the impact of
neurodegeneration and reduce its burden. One approach to preventing neurodegenerative diseases is to try to understand
their onset and do an early diagnosis. It is critical to concentrate on preventative interventions that might possibly
postpone or even prevent the beginning of neurodegenerative illnesses. Early detection is essential in this context since
it allows for prompt intervention and the adoption of relevant lifestyle changes or medications. In that respect, studies
conducted in recent years have generated a body of evidence indicating that classical MHC class I (MHC-I, HLA-I in
humans, H-2 in mice) molecules are of paramount importance for correct brain development and homeostasis (see
below). However, the molecular mechanisms used are far from being understood. One of the reasons for this riddle is
likely related to the structural and highly polymorphic molecular characteristics of MHC-I molecules.

Briefly, classical MHC-I molecules are synthesized and assembled in the endoplasmic reticulum (ER) and then
transported to the plasma membrane as closed conformers constituted by a heavy chain (aHC), a light chain (2m) and
an 8—11 amino acid peptide, where they can stay for about 6—7 h. During its lifespan they may eventually be recognized
by the T cell receptor (TCR) of CD8+ T cells or by killer cell Ig-like receptors (KIR) and leukocyte Ig-like receptors
(LILR) expressed by NK cells and effector-memory CD8+ T cells or be endocytosed and either recycled back to the
plasma membrane or degraded [2]. Expression of MHC-I molecules is regulated through the activation of the
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enhanceosome, a group of DNA regulatory sequences that includes enhancer A, IFN-stimulated response element, the
SXY modules, and the Class I trans-activator protein, NLRCS5 [3]. This group of sequences is activated by extracellular
signals, namely cytokines. The most important are IFN-y and TNF-a, but other cytokines such as IFN-a, IFN-§ and IL-
4 also have some degree of influence [4].

Noteworthy, the MHC-I molecules expressed at the cell surface of nucleated cells exist in a physiological
equilibrium between B2m-associated (closed) and P2m-free (open) conformers. Conditions such as an increase in
metabolic activity, cell growth and inflammation have been proved to be inducers of the open conformers and the release
of B2m, and several studies have suggested that this equilibrium is influenced by nutritional and metabolic demands
[5,6], and references herein. In this regard, it is important to mention that both the closed and the open conformers can
interact in cis (i.e., interactions that take place in the plasma membrane of the same cell) with themselves, forming
homodimers, or with other receptors, forming heterodimers, including receptors for growth factors and hormones (e.g.,
insulin, epidermal growth factor, fibroblast growth factor, glucagon, IL-15, efc.), some of which are expressed by
neurons and other CNS cells, and have important functional implications for the cell, reviewed in [5,6]. For instance, it
is well known that the insulin receptor (IR) triggers intracellular signals involved in the regulation of synapse number,
dendritic plasticity, and circuit function in vivo [7]. Importantly, cis-associations between the IR and, most likely, open
MHC-I conformers fine-tune these intracellular signals in B-LCL cell lines by increasing the affinity of IR for insulin,
enhancing phosphorylation of insulin receptor substrate-1 (IRS-1) and activating of phosphoinositide 3-kinase (PI3K)
[8]. In this regard, studies in mouse hippocampal neurons showed that MHC-I negatively regulates synapse density by
inhibiting insulin receptor signaling [9]. Even though the latter study suggests that MHC-I can influence insulin
receptors in trans, it does not rule out the possibility that cis-interactions can occur [9], which deserves to be further
dissected, especially taking into account the importance of this insulin-related sensitivity in the aging and diseased brain
[9]. Besides, both single closed and single open conformers and homodimers can interact in cis and in frans with a
variety of inhibitory and activating NK receptors both in mice (e.g., Ly49 and PIR members) and humans (e.g., KIR,
LILR, and CD94-NKG2 members), modulating important cellular functions [10]. Of note, practically all mice H-2
class I alleles and human HLA-I alleles can establish these cis-interactions with a myriad of receptors, immune and
non-immune [11]. Moreover, the MHC-I molecules present in the plasma membrane, whether in a closed or an open
conformation, can be released into the extracellular environment as “soluble” MHC-I molecules that can be found in a
number of biological fluids, including plasma, saliva, cerebrospinal fluid (CSF), and others [12]. In this respect, at the
immunological level, a number of in vitro studies have demonstrated that these soluble MHC-I molecules are
immunosuppressor and tolerogenic factors capable of inhibiting NK and CD8+ T cell cytotoxic responses [6]. Therefore,
to shed light on the mechanisms used by MHC-I molecules to regulate essential biological processes in the brain, it is
necessary to take into account each and every possible player just mentioned and the receptors and proteins they interact
with (Figure 1).

Here, we give a brief account of the studies that led to a non-immunological scenario where MHC-I molecules
play essential roles in the regulation of brain homeostasis and that alterations in the expression of MHC-I molecules are
associated with cognitive disorders and dementia. The major focus will be on neuroregeneration, synaptic plasticity,
and signaling. This opinion article is based on the premise that the MHC-I molecules present at the plasma membrane
of all nucleated cells, through their capacity to exist in a physiological equilibrium between closed and open conformers,
are gatekeepers that fine-tune intracellular signals transmitted by the binding of nutrients and hormones to their
receptors, and intracellular signals transmitted by inhibitory and activation receptors via cis—trans interactions [5,6].
Understanding when and how these polymorphic closed and open conformers influence brain homeostasis, healthy
aging and the balance between neurodegeneration and neuroregeneration can open new avenues of research aiming at
preserving cognitive function and ultimately to reduce its prevalence and the detrimental effect of neurodegenerative
diseases such as Alzheimer’s and Parkinson’s diseases. Thus, MHC-I molecules, the conformations they can adopt,
their molecular partners and the signaling pathways they modulate may become biomarkers of cognitive decline and,
at the same time, putative targets for the development of innovative therapies. Based on the different forms that may
exist during the lifetime of classical MHC-I molecules (Figure 1), akin to the functional implications described so far,
resulting from cis—trans interactions between the MHC-I forms and their identified ligands in the CNS, we will end by
proposing some strategies for future studies.
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Figure 1. Model illustrating the nine different forms (€)) to @) that may exist during the life-time of a classical MHC class I

molecule at the plasma membrane. Forms are listed as closed conformers (€)), €, and @), open conformers (@), @ and @), and
soluble forms (@, @ and @). The extracellular domains of each form are indicated. Also indicated are the cytoplasmic conserved

residues tyrosine 320 (Y320, triangle) and serine 335 (S335, circle). When Y320 or S335 are phosphorylated, are in blue. When
they are dephosphorylated are in grey. Note that the transition closed to open conformer is associated with phosphorylation of Y320
and dephosphorylation of S335. The ordered a helix subdomain of the al domain, and the disordered (DD) subdomain of the al

domain are indicted. Modified from ref. [6].
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2. A Role for Classical MHC Class I Molecules in Neuroregeneration

During recent years, a body of evidence has been accumulated indicating that classical MHC-I molecules are of
paramount importance for correct brain development and homeostasis. Thanks to the seminal studies by the groups of
Carla Shatz and Lisa Boulanger, it is presently known that MHC-I molecules are expressed by all brain parenchymal
cells, including neurons [13,14]. These studies demonstrated that expression of MHC-I molecules was regulated by
neuronal electrical activity and that their presence was important for synaptic plasticity and pruning during normal
development. It was also found that expression of MHC-I molecules was increased by inflammatory cytokines, such as
IFN-vy, and seizures. After these breakthrough findings, a myriad of studies using manipulated animal models followed.

Studies performed by the group of Staffan Cullheim examining the role of MHC-I molecules in neuroregeneration
after nerve transection showed that mice lacking expression of MHC-I molecules exhibited more extensive removal of
synapses and a significantly smaller population of motoneurons reinnervating the transected sciatic nerve than wild-
type (WT) mice, suggesting that the absence of MHC-I molecules compromised the capacity of neurons to regenerate
axons [15]. A similar study using three different mice strains (i.e., A/J, BALBc and B6) revealed enthralling results
[16]. After axotomy of motoneurons, A/J mice (Kk, Dd, Ld) displayed a robust increase of MHC-I, especially in the
surroundings of lesioned motoneurons, revealed astroglial reaction, and faster synaptic elimination, resulting in a more
effective regenerative outcome. The authors discussed that this transitory synaptic pruning would allow the cell to
concentrate its resources and efforts on processes leading to structural restoration of lesioned axons. Similar results,
although less marked, were observed in the BALBc¢ mice (Kd, Dd, Ld). In marked contrast, B6 mice (Kb, Db, null for
Ld) displayed a lower upregulation of MHC-I molecules in the spinal cord, a lower astroglial reaction, a slower synaptic
pruning, and a poor regenerative potential [16]. However, these results must be interpreted in the context of the time
that these phenomena occur (e.g., acute, after the injury), as well as the specificity of the neurons in which this synaptic
stripping occurs (e.g., inhibitory vs. excitatory neurons) [15,16]. This means that MHC-I needs to be carefully regulated
for effective neuroregeneration. Noteworthy, the study of the three different mice strains unveiled three remarkable
facts. First, the neuroregenerative process in mice seems to be influenced by the MHC-I haplotype. Second, upregulation
of MHC-I molecules after the lesion positively influences neuroregeneration. Third, the absence of H-2Ld molecules
in the B6 mice, which show poor regenerative potential, suggests that this allele may play an important role in the
regenerative process. Interestingly, H-2L.d molecules have a tendency to lose f2m and turn into open conformers, which
may result in the formation of homodimers or heterodimers [17—19]. Thus, the formation of these new structures may
have implications in the biological processes regulating neuroregeneration, perhaps by inducing signals that result in
the secretion of neuroregenerative factors. In agreement with this line of thought, IFN-y, which is a potent inducer of
MHC-I expression and is upregulated in CNS after injury, appears to play a neuroprotective role. Accordingly, IFN-y
knock-out mice exhibited neuronal death and a reduced number of presynaptic terminals [20].

In accord with these results, an elegant study by the group of Daniel Kaufman using mutant mice showed that
increased expression of MHC-I molecules only on neurons was associated with significantly better recovery of
locomotor abilities after spinal cord injury than WT mice, pointing again to MHC-I molecules as promoters and/or fine-
tuners of neuroregeneration [21]. In another study, using transgenic humanized mice expressing HLA-A11 or HLA-
B27 molecules to ascertain their role in persistent CNS injury versus repair following CNS viral infection by a
picornavirus [22], it showed that unlike class I deficient mice, which died 18 to 21 days post-infection, both HLA-A11+
and HLA-B27+ transgenic mice significantly controlled virus expression by 45 days post-infection and did not develop
late-onset spinal cord demyelination. Remarkably, while the HLA-A11+ transgenic mice showed persistent severe
hippocampal and cortical injury, the HLA-B27+ transgenic mice showed almost complete repair of the brain. These
results reinforce the notion that the neuroregenerative process is positively influenced by human MHC-I alleles, namely
HLA-B27. Interestingly, the human HLA-B27 molecule, like the mouse H-2Ld, has a tendency to lose f2m and become
open HLA-B27 conformers, which can form dimers capable to interacting with inhibitory receptors, including KIR and
LILR [6]. By analogy with the mice model, the better neuroregenerative process seen in humanized HLA-B27 mice
could result from cis and/or trans interactions of the open HLA-B27 conformers with receptors involved in the
neuroregenerative process. Additional evidence that upregulation of MHC-I molecules confers neuroprotection was
shown by a recent study carried out in SOD1G93A transgenic mice, used as a model for amyotrophic lateral sclerosis,
subjected to subcutaneous applications of IFN-f, a cytokine that like IFN-y, upregulates MHC-I expression. The results
showed that the IFN-B-mediated upregulation of MHC-I resulted in a significant increase in neuronal survival and
synaptic preservation in the ALS presymptomatic period [23]. Contrasting with these results, a recent study has shown
that neuronal accumulation of ApoE triggers aberrant upregulation of MHC-I expression, which in turn drives tau
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pathology and the selective destruction of individual synapses and neurons and leads to selective neurodegeneration in
Alzheimer’s disease (AD) [24]. The apparent discrepancy between studies can be explained by the fact that the mouse
model used in the later study was markedly different and expressed aberrantly high levels of MHC-I molecules. This
brings about the important issue of the possible existence of a threshold of MHC-I expression above which MHC-I
molecules are harmful and neurodegeneration rather than neuroregeneration prevails, as seen in other mouse models
[25]. In any case, this issue warrants further investigation to study if the levels of neuronal expression of MHC-I
molecules could be modulated and accurately quantitated to determine which level of MHC-I expression favors
neuroregeneration instead of neurodegeneration.

3. A Role for Open MHC-I Conformers in Synaptic Plasticity and Neuronal Growth

In a different set of studies, Kimberly McAllister’s group investigated the role of MHC-I molecules in the
establishment of synaptic connections during development. Studies conducted in the rat visual cortex showed that
MHC-I molecules are present both pre-synaptically and post-synaptically at all ages examined, suggesting that they
have a role on both synaptic sides, perhaps regulating connectivity during and after the establishment of cortical
connections [26]. In addition, by using rat cortical neuron cultures and mice neurons from the cortex of newborn B6
mice (K®, D null for LY) or mice lacking p2m, the same group unveiled important aspects of the biological role of
MHC-I molecules on brain homeostasis [27]. Thus, both closed and open MHC-I conformers were expressed by
glutamatergic neurons. In addition, the authors suggested that it was the pool of open MHC-I conformers, and not the
pool of closed conformers, that was critical for the negative regulation of glutamatergic synapse density during cortical
development in young, but not older cortex, likely through cis—trans interactions with receptors involved in synapse
formation. In other words, the proportion of open conformers in relation to the closed ones MHC, dictated by the
physiological equilibrium closed = open conformers [5,6], seems critical for MHC-I signaling and function in neurons.
However, it is not clear from this study how the changes in open and closed conformers were quantitated, raising the
possibility that there may be alternative interpretations to explain the phenomena observed. On the other hand, a recent
study addressing the relationship between amyloid-f (Ap), MHC-I expression and AD showed that the closed MHC-I
conformers present on the cell surface of neuronal cells were dissociated after treatment with A oligomers, leading to
a decrease in closed MHC-I molecule expression, an effect also observed in brains of AD patients [28]. As expected,
MHC-I disassembly led to the release of f2m and to the generation of open MHC-I conformers at the plasma membrane.
From this study, it was concluded that the decrease in closed MHC-I conformers negatively impacted the signaling
resulting from the interaction with NCAMI1. This neuronal receptor is involved in the development of the nervous
system by regulating neurogenesis, neurite outgrowth, and cell migration [29]. In line with these results, a recent study
using a mice model of AD as well as human brain specimens showed that aggregates of p2m and AP are increased in
the brains of AD patients and AD mice and trigger neurodegeneration, pointing to f2m as a neurodegenerative factor
contributing to AD pathogenesis [30]. In that respect, it is of note that soluble f2m has been shown to act as an
endogenous N-methyl-D-aspartate receptor (NMDAR) antagonist impairing synaptic function [31].

On the other hand, a series of interesting studies performed by Kaufman’s group showed that soluble MHC-I
molecules were involved in the regulation of neurogenesis. Thus, by using recombinant soluble MHC-I molecules on
cultured embryonic retinas, it was demonstrated that self-soluble MHC-I molecules (sMHC-I) induced greater
neuroinhibitory signals than non-self sSMHC-I, resulting in inhibition of neurite outgrowth [32]. Importantly, this study
showed that inhibition of neurite outgrowth was mediated by closed MHC-I molecules regardless of the nature of the
bound peptide (i.e., self vs. non-self). These observations strongly suggest that the inhibitory receptor(s) for the closed
MHC-I conformers likely recognize conserved regions of the self-MHC-I molecules outside the peptide binding groove.
Whether this recognition implies that neurons are “educated” to recognize self-MHC I, like it happens in the
immunological system with NK cells, as initially proposed by Daniel Kaufman [32], is an intriguing question that
deserves further investigation. This role was confirmed by using cultures of embryonic mouse retina within a short
distance from thalamic explants obtained from WT mice or NSE-H-2DP transgenic mice, whose neurons express high
levels of H-2Db molecules [33]. These studies showed that retinal neurites outgrew to form connections with WT but
not with NSE-H-2D" thalamic explants due to growth inhibition. Notably, the inhibitory effect was shown to be
mediated by soluble closed H-2D" conformers, regardless of the bound peptide, which reinforces the view put forward
above that the inhibitory receptor(s) for the soluble closed MHC-I conformers likely recognize conserved regions of the
self-MHC-I molecules outside the peptide binding groove. A third study by the same group concluded that a positive
effect of MHC-I molecules on neuritogenesis might be mediated by cis-interactions between open H-2DP conformers
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and cell surface receptors (e.g., IR, etc.), reinforcing the important role of the open conformers on brain homeostasis
[34]. For a more detailed description of the cis-interaction between MHC-I molecules and the IR see [6] (Figure 5). In
marked contrast, trans-interactions of closed H-2D® conformers with surface receptors caused inhibition of neurite
growth, possibly by interacting with inhibitory surface receptors [34]. These data are enlightening because they showed
for the first time a role for soluble closed MHC-I molecules in regulating neurite growth, as well as the importance of
studying both closed and open MHC-I conformers. In this regard, it is noteworthy that our recent study in humans
showed a high variability in the levels of soluble HLA-I molecules in the plasma of elderly people differing in their
cognitive status. This study revealed, for the first time, that the coexistence of HLA-A23 or HLA-A24 alleles and
dementia in elderly people was strongly associated with high levels of sHLA-I molecules [35]. Unlike the
immunosuppressor activities of soluble MHC-I molecules described among cells of the immunological system (see
above), the increased levels of soluble closed HLA-A23 or HLA-A24 may negatively contribute to neuroregeneration,
and be considered potential biomarkers of neurodegeneration.

4. MHC-I Molecules Fine-Tune Signaling and Influence Brain Homeostasis

In a series of noteworthiest studies, the group of Lisa Boulanger provided the first clues to ascertain the
mechanism(s) whereby MHC-I molecules influence brain homeostasis. By using WT and MHC-I deficient B6 mice
(Kb, Db, null for Ld), the authors showed that endogenous MHC-I molecules tonically inhibited NMDAR function and
controlled a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) trafficking in the mammalian
CNS [36]. This finding is of paramount importance for understanding the role of MHC-I molecules in brain homeostasis
because NMDA receptors play an integral role in synaptic plasticity and are involved in a process called excitotoxicity,
which can be harmful to neurons. On the other hand, AMPA receptors mediate fast excitatory synaptic transmission
and are critical for normal brain function. This study strongly suggests that endogenous MHC-I expression could
function as a neuroprotective factor within a certain level of expression, as mentioned above. In an ensuing study by
the same group, it was shown that normal MHC-I expression is essential for NMDAR-dependent hippocampal synaptic
depression and hippocampus-dependent memory, suggesting that MHC-I molecules are essential for normal cognition
[37]. In agreement with this view, Boulanger’s group also revealed a new and potential mechanism by which MHC-I
can regulate neuronal connectivity by showing that endogenous MHC-I molecules regulate hippocampal synapse
density by fine-tuning neuronal IR signaling after unmasking a cryptic epitope in the cytoplasmic tail of the IR [9]. The
authors raised the possibility that the action of MHC-I molecules could be mediated by soluble forms of MHC-I secreted
for the neuronal cell surface, which is in agreement with the studies of Kaufman’s group, but the possibility that the
interaction is in cis with cell surface open MHC-I conformers cannot be ruled out. Further studies by Boulanger’s group
identified cryptic protein interaction motifs in the cytoplasmic domain of MHC-I molecules, encompassing conserved
tyrosine and serine residues, which could take part in protein-protein interactions at neuronal synapses [38]. More
recently, two recent reports from the group of Wilfred Jefferies and Dara Dickstein showed the importance of the
cytoplasmatic tail of MHC-I molecules in synaptic signaling and its impact on the modulation of synaptic AMPA-type
glutamate receptors (AMPARs). Thus, by replacing cytoplasmic tyrosine residue Y321 with phenylalanine (Y321F),
the authors showed that the conserved Y321 was involved in the regulation of the expression of the AMPAR and the
activation of key intracellular kinases, such as Fyn, Lyn, ERK, JNK and S6 kinase [39]. At the same time, it was also
shown that the Y321F substitution impacted synaptic structure, with Y321 playing a key role in maintaining excitatory
synapses, which can affect synapse stability and function [40]. These results are reminiscent of earlier investigations by
our group showing that the replacement of Y320 (the equivalent in humans of mice Y321) by phenylalanine (Y320F)
in a non-neuronal human cell line resulted in the abrogation of MHC-I endocytosis and the shedding of a pool of the
open conformers into the extracellular milieu [41], which could explain the above mentioned results as a consequence
of impaired endocytosis and the subsequent intracellular trafficking. Importantly, both biochemical processes were
associated with the phosphorylation of Y320 in the cytoplasmic tail of open MHC-I conformers [42] (see Figure 1),
most likely by the protein tyrosine kinase Lck. Indeed, these studies revealed that the phosphorylated (pY320) open
HLA-I conformers showed an increased tendency to cis-associate with cell surface receptors, such as CD8af3 and the
transferrin receptor, and intracellular tyrosine kinases, such as Lck [42].

Finally, a recent study by Saul Villeda’s group has shown that the H-2Kb allele, but not the H-2Db, plays a key
role in the proliferation of neural stem and progenitor cells (NSPC) [43]. Loss of H-2Kb, but not of H-2Db, increased
NSPC proliferation. In contrast, overexpression of H-2Kb, but not of H-2Db, decreased proliferation. Noteworthy,
additional experiments showed that H-2Kb regulates NSPC proliferation by inhibiting signaling through the fibroblast
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growth factor receptor (FGFR). These results are reminiscent of the studies of Michael Edidin and others showing the
effect that MHC-I molecules have on the modulation of signal transduction events mediated by growth factor receptors,
such as the IR and the EGFR, upon ligand binding [8], and suggest that H-2Kb, but not H-2Db, may specifically cis-
associate with the FGFR and regulate the outside-in signaling.

5. Conclusions

Altogether, these results implicate both closed and open MHC-I conformers, as well as soluble MHC-I molecules
and B2m, in the regulation of synaptic plasticity and neurogenesis and reinforce the view that the outside-in signals
mediated by neuronal signaling receptors in humans (e.g., NMDAR, AMPAR, IR, FGFR, NCAMI1, KIR, LILR, etc.)
that convey to the neuron are fine-tuned, at least in part, by MHC-I molecules. At this point, it is important to note that
most of these conclusions have been obtained from studies where MHC-I molecules were absent or overexpressed,
something rarely seen in homeostatic conditions. In contrast, very little data on the nature of the ligands involved in
these results have been provided. Nevertheless, the accumulated evidence points to MHC class I molecules as modifiers
of essential biochemical and biological processes that take place during brain homeostasis. Overall, it can be
hypothesized that the non-immunological functions attributed to MHC-I molecules are likely linked to the fluctuation
of the closed <> open conformers physiological equilibrium, which allows cis-interactions with receptors for hormones
and growth factors and trans-interactions with inhibitory receptors present in the cells of the CNS [44—46], and to the
existence of secreted forms of closed and open conformers in biological fluids, which can interact with their ligands
expressed in neighboring cells. In either situation, MHC-I molecules will play a modulatory role in the signaling through
those receptors.

Assuming that what happens in the immunological system as a result of cis—trans interactions between MHC-I
molecules and activation/inhibitory receptors, namely at the level of NK and effector-memory CD8+ T cells, can be
transposed to the cells of the CNS, it can be proposed that the cis—trans interactions of the closed and open MHC-I
conformers with a diverse array of inhibitory and activating receptors expressed by neurons and glial cells, as well as
receptors for hormones, growth factors, neurotransmitters, and others yet to be identified [9,13,14,44—46], will result in
inhibition or activation of neuronal and other glial cells, resulting in modifications of neurogenesis, synaptic plasticity
and density, synaptic pruning, etc. The potential mechanisms of action of MHC-I molecules on neurons are schematized
in Figure 2, and the functional implications of these interactions are summarized in Box 1.

Box 1. Summary of the Functional Implications of the cis—trans Interactions Between MHC-I Molecules and Their Receptors.

e  Homeostatic expression of classical MHC-I molecules is critical for correct brain homeostasis and normal cognition and
could function as a neuroprotective factor.

e  MHC-I molecules regulate hippocampal synapse density by fine-tuning neuronal IR signaling, an effect that could be
mediated by soluble MHC-I forms secreted by neurons.

e  Endogenous MHC-I inhibits NMDAR function and controls AMPAR trafficking in the CNS.

e  Soluble closed MHC-I conformers induce neuroinhibitory signals in vitro and are potential biomarkers of
neurodegeneration in vivo.

e  (is-interactions between open MHC-I conformers and cell surface receptors favor neurogenesis.

e  Trans-interactions between closed MHC-I conformers and cell surface receptors inhibit neuritogenesis.

e  Absence of MHC-I molecules compromises the capacity of neurons to regenerate axons.

e  Upregulation of MHC-I molecules after nerve transection positively influences neuroregeneration, which is influenced by
the MHC-I haplotype both in mice and humans.

e  An aberrant increase or decrease in MHC-I expression can disrupt synaptic plasticity and prompt cognitive deficits in the
aging brain.

e An MHC-I expression threshold may settle the balance between neurodegeneration and neuroregeneration.

e  The open/closed MHC-I conformers ratio seems critical for MHC-I signaling and function in neurons.

e  Soluble f2m is an endogenous NMDAR antagonist that impairs synaptic function after aggregating with Ap.

e  [(2m-Ap aggregates are increased in the brains of AD patients and AD mice, and trigger neurodegeneration.

e Y321 (Y320 in humans) plays a key role in maintaining excitatory synapses, affecting synapse stability and function, and
regulates the expression of the AMPAR and the activation of intracellular kinases.

e  H-2Kb molecules regulate NSPC proliferation by inhibiting signaling through the FGFR.
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(dendrite) neurons. The action potential of the pre-synaptic neurons and the vesicles containing neurotransmitters are indicated.

Described trans-interactions of closed conformers with inhibitory NK receptors (iNKR) and the functional consequences are shown

in A. Described cis-interactions of open conformers with receptors for hormones and growth factors, such as the insulin receptor

(IR), together with the functional implications are shown in B. The heterodimer is likely endocyted and the components recycled

back. Described trans-interactions between B2m and open conformers or the glutamate receptor (NMDAR) and functional

implications are indicated in C.
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6. Future Perspectives

Brain homeostasis is complex and regulated by numerous factors besides MHC-I molecules. Nevertheless, based
on the current knowledge, the fine-tuning of receptor signaling in brain cells by MHC-I molecules can be exerted by
any of the possible players cited above and illustrated in Figure 1. Based on the data presented, a series of strategies can
be anticipated to modulate the balance between neurodegeneration and neuroregeneration towards the latter. These
strategies must necessarily involve the modulation of the physiological equilibrium between the closed and open MHC-
I conformers and identify the whole array of possible molecular partners. Most experimental studies point to the open
conformers as positive and necessary for correct brain homeostasis, as an increase in the closed MHC-I conformers,
caused by aging, inflammation, or high levels of IFN-y, are all associated with neurodegeneration. Certainly, these
strategies will only succeed if we can determine and quantitate the percentage of closed and open conformers that favors
neuroregeneration and how to influence this balance. Regardless of the strategy, what is becoming certain is that closed
and open conformers are truly gatekeepers of the good functioning of the brain and potential biomarkers of the onset of
neurodegeneration.

Even though this opinion article focused mainly on neuronal cells, any future research will need to delve into the
intricate interplay of circadian and cellular processes within the neuronal microenvironment. For instance, neuronal
function is influenced by nearby glial cells, including astrocytes, microglia, oligodendrocytes, etc., which play important
roles in the control of pre- and post-synaptic activity and manage neurotransmitter dynamics [47,48]. More recent
studies have pinpointed regions and cell types in the brain that are vulnerable to aging and defined hallmarks of the
process, namely an increase in the immune responses and a decrease in neurogenesis, neuronal signaling and structural
integrity [49]. These data are in accord with studies of mice retinas, where glial cells seem to play an important role in
modulating the immune response after insults to the retinal parenchyma by increasing MHC molecules [50]. Even
though these reports suggest that CD8+ T cell mediated responses could be harmful for neuronal integrity, the recent
accumulated evidence, including our own, supports the opposite, that is, there may exist specific subpopulations of
CD8+ T cells that are neuroprotective [S1-56]. On the other hand, it has been reported that MHC-I expression is also
strongly driven by oxidative stress [57], highlighting the impact of age-related changes on nighttime pineal melatonin
regulation, an antioxidant hormone that declines approximately tenfold between the second and ninth decades of life
[58]. This points to the possibility that age-related disruptions in how CNS and systemic cells reset and downregulate
overnight could be key to understanding MHC-I regulation, including shifts between its open and closed conformations.
Since astrocytes themselves produce melatonin [59], any decline in this function with aging may impair the neuronal
microenvironment’s ability to properly downregulate and reset [60].

After all the above, it is possible to propose several therapeutic strategies that might provide novel insights into the
role of MHC-I molecules and their ligands in the regulation of synaptic plasticity, neuronal survival and the balance
between neurodegeneration and neuroregeneration (see Box 2). They only represent a few of the potential therapeutic
strategies that might be developed.

Box 2. Proposed Therapeutic Strategies to Regulate Synaptic Plasticity, Neuronal Survival and the Balance Between Neurodegeneration
and Neuroregeneration.

e  Downregulating increased levels of closed MHC-I conformers by using treatments that inhibit MHC-I expression on
neuronal and glial cells might help reduce and/or prevent neuroinflammation, which often exacerbates neurodegenerative
diseases like Alzheimer's, Parkinson's, and dementia. These may include cytokines, inhibitors of the proteasome or
manipulation of epigenetic regulators of MHC-I expression.

e  Increasing the levels of open MHC-I conformers by using treatments that induce the formation of open conformers, such
as increasing metabolic activity, intracranial current stimulation, inducing the dissociation of f2m by cytokines, such as IL-
15, or inducing phosphorylation of Y320. Any increase in open conformers on neuronal and glial cells might promote
neuroregeneration.

e  Blocking particular MHC-I-KIR/LILR interactions could shift the balance towards neuroregeneration. KIR and LILR
are known to be involved in regulating microglial activity and neuronal cell death, and KIR/LILR overactivation can
contribute to neurodegenerative processes. Indeed, certain interactions between MHC-I molecules and KIR/LILR in the
brain could promote neuroinflammation.

e  Enhancement of Insulin and Fibroblast Growth Factor Receptors signaling could promote neurogenesis and protect

the brain from neurodegeneration. Indeed, the IR and FGFR are known to be involved in regulating neural cell growth,
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survival, and plasticity. Inhibition of IR signaling is also implicated in neurodegenerative diseases, such as Alzheimer's,
where insulin resistance is a feature.

Establishment personalized therapies might be necessary. Given the genetic variability in HLA-I allele expression and
KIR/LILR receptor profiles among humans, studies of genetic or transcriptomic profiles of patients without and with

neurodegenerative diseases could provide valuable information on possible biological targets.
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