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Abstract

Alzheimer’s disease is a neurodegenerative disorder which
contributes to millions of cases of dementia worldwide. The
dominant theoretical models of Alzheimer’s disease propose
that the brain passively succumbs to disruptions in proteostasis,
neuronal dysfunction, inflammatory and other processes,
ultimately leading to neurodegeneration and dementia.
However, an emerging body of evidence suggests that the adult
brain is endowed with endogenous mechanisms of resilience
which may enable individuals to remain cognitively intact
for years despite underlying pathology. In this brief review,
we discuss evidence from basic neuroscience and clinical
research which demonstrates the existence of endogenous
molecular signaling pathways that can promote resilience to
neurodegeneration. The p75 neurotrophin receptor provides
one such pathway of resilience due to its role as a fundamental
signaling switch which determines neuronal survival or
degeneration. We highlight a series of preclinical studies
targeting the p75 neurotrophin receptor in mouse models which
demonstrate resilience to amyloid. We briefly discuss the design
and goals of a recent clinical trial of p75 neurotrophin receptor
modulation in patients with mild to moderate Alzheimer’s
disease. Unique challenges for developing therapeutics and
biomarkers which are optimized for targeting and detecting
endogenous mechanisms of resilience are also discussed.
Altogether, this review motivates further trial work of
therapeutics modulating the p75 neurotrophin receptor and
other deep biology targets.

Key words: Alzheimer’s disease, resilience, p75 neurotrophin receptor,
neuroprotection.

Endogenous mechanisms of brain resilience: a
tractable therapeutic target?

1zheimer’s disease (AD) is a neurodegenerative
Acondition caused by a complex profile of
genetic and lifestyle risk factors (1). The
dominant theoretical model of AD proposes that the
brain passively succumbs to disruptions in proteostasis,
neuronal dysfunction, inflammatory and other processes,
ultimately leading to neurodegeneration and dementia (2,
3). However, an emerging body of evidence suggests that

the adult brain is endowed with endogenous mechanisms
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of resilience to AD pathology. Longitudinal research from
large consortia studies such as the Alzheimer’s Disease
Neuroimaging Initiative (4) indicates that clinical AD is
preceded by a decades-long clinically silent period (5).
During this time, amyloid beta (AB) oligomerization
triggers a downstream cascade of pathological events,
including tau phosphorylation and aggregation,
inflammation, neuronal dysfunction, and grey matter
loss in localized brain regions (6). Despite the underlying
pathological load, clinically detectable cognitive
impairment does not appear until neurodegeneration
progresses to widespread brain regions (5). Moreover, a
study of cognitively normal older adults demonstrated
that only about 5% of individuals who have high baseline
brain AB positron emission tomography (PET) uptake
converted to a diagnosis of mild cognitive impairment
(MCI) or AD by the ~2 year follow-up visit (7), indicating
that AP burden is only weakly predictive of disease
conversion. This substantial temporal lag between the
initial onset of AP pathology and the appearance of AD
dementia raises the possibility that the brain is equipped
with endogenous resilience pathways which promote
neuroprotection and actively counteract degenerative
processes.

Here, we discuss resistance and resilience to AD
pathology using the terminology presented by Arenaza-
Urquijo and Vemuri (8). In this framework, resistance
refers to lower than expected levels of Ap and/or tau
pathology in an at-risk individual. Resilience refers to
an ability of the brain to cope with a high pathological
load of AP and/or tau, producing better than expected
neuronal integrity, synaptic function and cognitive
performance.

Given that resilience to AD involves coping with a
complex array of pathological elements such as A, tau
hyperphosphorylation, glial activation and synaptic
loss, candidate resilience pathways likely involve “deep
biology” targets (9) which affect an array of distinct
fundamental cellular processes including plasticity,
cytoskeletal stability, autophagy and inflammatory
responses. Further, the strong correlation between
increasing age and AP burden, (7, 10) hints that the
cellular pathways which could promote resilience in
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the face of increasing pathological Ap load may center
on those which become dysfunctional with aging. Age
is the strongest risk factor for sporadic AD (11), and
multiple cell types which are selectively affected in
presymptomatic AD, such as basal forebrain cholinergic
neurons (12, 13), are known to be vulnerable to aging (14).

The potential impact of resilience is further suggested
by observations in longitudinal studies in which
a small subgroup of individuals harboring abundant
AP and tau pathology retain normal cognition (15, 16).
Notably, morphological studies in subjects with Ap and
tau pathology have revealed a persistence of normal
densities of dendritic spines in those retaining normal
cognition compared to the typical loss of spine density
found in AD subjects with dementia (17). The conversion
from a trajectory of physiologic aging with “normal”
AP accumulation may therefore stem from a failure of
resilience pathways to further counteract an increasing
pathogenic load. Thus, if pathways which promote
cellular resilience to AD pathology can be identified,
this may create new avenues for the development of
neuroprotective, disease-modifying AD therapeutics.

In this brief review, we discuss evidence from basic
neuroscience and clinical research which demonstrates
that molecular signaling pathways can promote resilience
to neurodegeneration under high Ap load. We then focus
on the p75 neurotrophin receptor (p75NTR) as one such
critical pathway which could be targeted to promote
resilience. Lastly, we conclude with a discussion of a
recent phase 2a clinical trial in which targeting of p75NTR
with LM11A-31 was assessed.

Resilience to autosomal dominant AD

The importance of the brain’s endogenous pathways
for resilience in maintaining sustained cognitive function
despite underlying AD pathology has been highlighted
through a recent case study of autosomal dominant
AD (18). An individual remained cognitively intact
for approximately 20 years past the expected onset of
dementia, due to a gain of function mutation (RELN-
COLBOS) in the RELN gene. The RELN gene encodes
the “deep biology” protein (9) reelin, which regulates
diverse intracellular signaling pathways important in the
structural and functional maintenance of neurons (19).
Reelin expression in hippocampal subfields appears to
decrease with increasing age from early development
to adulthood (20), and regulates neuronal migration,
cytoskeletal stability, dendritic spines, synaptic plasticity,
neurotransmitter release and tau hyperphosphorylation
(19, 21, 22). In Ap mouse model studies, overexpression
of RELN confers resilience of dendritic spines to AP
accumulation (23).

In the context of autosomal dominant AD, the
RELN-COLBOS mutation altered the distribution
of tau pathology, reducing tangles in the entorhinal
cortex and sparing cognitive function. Notably, these
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effects were produced without affecting overall Ap
load, indicating that the RELN-COLBOS mutation was
able to partially uncouple the relationship between
AB pathology and downstream tau accumulation
(18). This effect was associated with a reduction in
Ap-associated loss of glucose metabolism, as measured
by 18F-Fluorodeoxyglucose PET, consistent with a
sparing of loss of synaptic function. Further investigation
indicated that the RELN-COLBOS mutation led to
increased availability of the reelin protein to its dual
receptor system. This could potentially result in increased
downstream signaling with favorable modulation of
signaling intermediates such as the apoptosis inhibitor
protein kinase B (AKT), the tau kinase Glycogen Synthase
Kinase 3 Beta (GSK3p) and the actin-binding protein
cofilin. These signaling elements contribute to regulation
of tau phosphorylation and synaptic integrity (21).

p75 neurotrophin receptor modulates
resilience pathways

The recent discovery of the RELN-COLBOS mutation,
along with its known signaling mechanisms, builds on an
existing body of work which suggests that if the brain’s
endogenous mechanisms of resilience can be promoted -
either genetically or pharmacologically - the brain may be
able to counteract or cope with an increasing pathological
load, promoting better cognitive performance and
prolonging functional independence for those with AD.

One focus of this prior research on resilience pathways
has been the p75NTR. p75NTR is a member of the tumor
necrosis factor family of receptors, and its intracellular
signaling network is at the core of several fundamental
resilience pathways regulating functions including cell
survival, plasticity, and synaptic integrity (24-26). For a
more thorough review of p75NTR functions, readers are
directed to (27-30). p75NTR can be expressed by neurons,
microglia and astrocytes, which we briefly discuss below.

Neuronal p75NTR expression and signaling

p75NTR signaling mediates age-related deficits
in neuronal structure (31) and function (26), and its
downstream signaling network has substantial overlap
with pathways regulated by reelin, including the
regulation of AKT, tau kinases and cofilin (19, 32, 33).
In the adult brain, p75NTR is expressed by multiple
neuronal populations with relatively high levels in
basal forebrain cholinergic and hippocampal pyramidal
neurons (34-37). Lower but detectable expression in
entorhinal layer 2, cortical layer 3 and 5, locus coeruleus
and other neurons has also been documented (38, 39). In
AD and other pathological states, p75NTR expression is
upregulated in neurons and detectable in glial and other
cells (37, 40, 41).

p75NTR regulates both trophic and degenerative
signaling pathways (Fig. 1), depending on the cell type
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Figure 1. p75NTR regulates cellular fate. A) p75NTR (boxed inset) is expressed in the membrane of neurons,
microglia and astrocytes. It acts as a master switch between cell death pathways (red circles) and cell survival
pathways (green circles). B) In the AD molecular background (amyloid, tau, microglial and astrocyte reactivity),
p75NTR favors degenerative signaling pathways (red circles), yielding neuronal and synaptic degeneration. C) In
the AD molecular background, p75NTR modulators bias p75NTR to downregulate degenerative signaling pathways,
producing neuronal spine stability, reduced accumulation of pathological tau, and reduced glial inflammatory
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AD = Alzheimer’s disease; p75NTR = p75 neurotrophin receptor. Created with BioRender.com

and context (27, 42). In neurons, p75NTR generally
promotes degenerative signaling pathways when
unliganded or when interacting with pro-neurotrophins
and Sortilin or the related SorCS2 receptors (33). Although
p75NTR can have trophic effects when interacting
with tropomyosin receptor kinases (Trk) receptors and
mature neurotrophins (43), dysfunctional growth factor
metabolism in AD results in decreased Trk expression
and an increased ratio of pro-neurotrophins to mature
neurotrophins (44, 45). This produces a shift in p75NTR
signaling, promoting degenerative pathways leading to
the collapse of dendritic spines, reduced axonal integrity
and apoptosis.

Glial p75NTR expression and signaling

p75NTR is expressed on glia during development,
where it is involved in myelination, differentiation and
cell cycle control (46). Under physiological conditions,
glial cells in the adult brain, such as oligodendrocytes,
may also express p75NTR to facilitate maintenance of
axonal myelination (46). Acquired brain injuries in the
adult brain elicit significant upregulation of p7SNTR on
microglia and astrocytes. In these conditions, increased
p75NTR expression and function in glial cells appears
to exacerbate pro-inflammatory responses (41, 47, 48).
In AD, elevated pro-inflammatory responses due to
microglial and astrocyte reactivity to A and tau are

now well established as a pivotal event in the transition
from age-related AP pathology to the progression of
widespread neuronal damage (49-52). A causal link of
p75NTR signaling to this pro-inflammatory glial response
in AD pathology has yet to be established in humans.
However, preclinical work in mouse models of Af3 (53, 54)
and tau (55) pathology has shown that pharmacological
modulation of p75NTR signaling significantly attenuates
markers of neuroinflammation.

Overall, degenerative pathways under the control
of p75NTR overlap substantially with neuronal and
glial pathways which are altered in AD. Modulation
of p75NTR may therefore influence multiple
pathophysiological mechanisms of AD, including
formation of pathological tau, neuronal and synaptic
degeneration, and inflammation (55). In the next sections,
we review preclinical and clinical work which has
leveraged this potential strategy through pharmacological
modulation of p75NTR signaling.

Targeting p75NTR-mediated resilience
pathways for AD treatment

Pre-clinical studies of p75NTR modulator
LM11A-31

Given the overlap in p75NTR-mediated and
AD degenerative signaling pathways, we previously
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Table 1. Main effects of LM11A-31 in models of aging, AP and tau pathology and its relevance to human biomarkers

Study Model LM11A-31-Induced Biological Effects Relevant Human Biomarkers
Knowles et al. (2013) (62) AppL/S Reduced neuritic dystrophy in basal forebrain, hippocampus, and cortex. MRI, PET
Nguyen et al. (2014) (53) AppL/S Reduced tau hyper-phosphorylation in cortex. Plasma, CSF

Reduced aberrant tau folding in cortex. PET

Reduced activated microglia levels in hippocampus and cortex. Plasma, CSF, PET

Reduced reactive astrocyte levels in cortex. Plasma, CSF
Simmons et al. (2014) (63) App S Reduced elevated p75NTR levels in basal forebrain. U/A

AppL/S Prevented and reversed cholinergic basal forebrain neurite atrophy. MRI, PET

Prevented and reversed cortical neuritic dystrophy. MRI, PET
James et al. (2017) (54) AppL/S Reduced [18F]GE-180 uptake in hippocampus and cortex. PET

Reduced activated microglia levels in hippocampus and cortex. Plasma, CSF, PET
Xie et al. (2019) (31) Aging Decreased decline in basal forebrain cholinergic neuron cell size. U/A

Decreased decline in basal forebrain cholinergic axonal length. MRI

Decreased decline cholinergic fiber and synaptic density in hippocampus. PET
Yang et al. (2020) (57) AppL/S Reduced spine loss in hippocampus. U/A

Inhibited tau oligomerization and cleavage in hippocampus. Plasma, CSF
Yang et al. (2020) (55) P301S (PS19) Reduced spine loss in hippocampus. CSF

Reduced cell-stress and apoptotic markers in hippocampus CSE

Reduced tau pathology and phosphorylation in hippocampus. Plasma, CSF

Reduced insoluble tau aggregates and filaments in hippocampus. PET

Reduced accumulation of tau seeding activity in hippocampus U/A

Reduced activated microglia levels in hippocampus. Plasma, CSF, PET

Reversed dendritic spine loss in hippocampus. CSE, PET

App S = Tg(APP(Swe)); App L/S = Tg(Thy-1-hAPP(Lond /Swe)); P301S(PS19) = Tg(Prnp-MAPT*P3015)PS19Vle/J; U/ A = unavailable.

defined and developed small molecule compounds
which selectively interact with p75NTR to downregulate
degenerative and upregulate trophic signaling functions
(56). LM11A-31 is a small molecule based on the structure
of B hairpin loop 1 of nerve growth factor. In aged wild
type mice, LM11A-31 prevented age-related atrophy
of basal forebrain cholinergic axons (31). In the PS19
tauopathy mouse model, LM11A-31 prevented tau
phosphorylation and cleavage, as well as misfolding
and accumulation of a broad range of pathological
forms of tau including paired helical filaments and the
development of tau seeding activity (55). The extensive
effects on the reduction of multiple tau pathologic species
and mechanisms, along with the general neuroprotective
effects beyond tau models, provides an example of
overlap between a ‘neuroprotective’ approach and a
‘tau-based’ approach. This overlap and broad range of
effects is perhaps a manifestation of affecting pivotal
fundamental biological mechanisms. Moreover, consistent
with p75NTR expression on glial cells as well as neurons,
LM11A-31 attenuates cortical and hippocampal microglial
activation (53, 54, 57). Overall, in pre-clinical studies
(Table 1), modulation of p75NTR with LM11A-31
prevents both aging and disease-induced activation of
degenerative pathways.

LM11A-31 phase 2a clinical trial design

Based on the evidence of LM11A-31's target
engagement in preclinical work, we recently conducted
a randomized, placebo-controlled, double-blinded phase
2a safety and exploratory endpoint trial evaluating a
26-week treatment course of LM11A-31 in participants
with mild to moderate AD (EU Clinical Trials 2015-

005263-16; ClinicalTrials.gov NCT03069014). Because
p75NTR is a deep biology target, a multi-domain
biomarker strategy was employed which provided
broad coverage of potential mechanisms of action. The
trial included CSF biomarkers of core AD pathologies
(Ap42, AP40, phosphorylated tau-181, total tau),
neurodegeneration (neurofilament), pre- and post-
synaptic damage (synaptosomal-associated protein25;
SNAP25, synaptotagmin-1; SYT1, neurogranin; NG),
inflammation (Chitinase-3-like protein 1; YKLA40,
soluble triggering receptor expressed on myeloid cells;
sTREM2), and acetylcholinesterase activity. Grey matter
volume, as measured by structural magnetic resonance
imaging (MRI), was used as a surrogate measure of
human neuronal/synaptic degeneration (58). Glucose
metabolism, as measured by 18F-Fluorodeoxyglucose
PET, served as a surrogate measure of human synaptic
function (59). Additionally, multiple cognitive endpoints
were collected, such as the Mini Mental State Exam and
the Alzheimer’s Disease Assessment Scale-Cognitive
Subscale.

The importance of multimodal biomarkers in
therapeutics targeting neuroprotection

Although the evidence from the RELN-COLBOS
case study support the ability of deep biology targets
to promote resilience to AD, the complexity of deep
biology receptor-mediated signaling pathways creates
unique challenges for trial design and understanding
drug mechanisms of action. Unlike therapies targeting
individual pathological features of AD, such as AP or
tau monoclonal antibodies, drugs modulating deep
biology or neuroprotective targets do not necessarily
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impact amyloid or pathological tau levels in isolation.
Rather, this class of drugs may facilitate neuronal and
synaptic integrity, promoting resilience to AD pathology.
To examine deep biology target engagement in humans,
clinical trials will likely require novel types of biomarkers
which are sensitive and specific to synaptic and neuronal
integrity, as opposed to individual markers of Ap and
tau pathology. Thus, biomarker strategies may need
to be developed that can better detect the broad array
of downstream signaling proteins affected by such
therapies. For example, to facilitate biomarker selection
in clinical trials, pre-clinical studies may benefit from
employing reverse-translational techniques which could
mirror outcome measures included in a clinical trial.
If successful, these biomarkers could then be assessed
together in a co-clinical trial evaluating candidate
therapeutics.

Given the challenges of detecting a cognitive effect
with the relatively short durations and limited scales of
phase 1 and 2 studies, the collection of multi-domain
biomarker endpoints is especially important for disease-
modifying therapies that target neuronal resilience
(reviewed in (60, 61)). A neuroprotective therapeutic
that slows or reverses the underlying loss of dendritic
spines and synapses, reflected by slowing of biomarker
progression, may affect cognition in longer time frames.
Thus, the convergence of multiple biomarker endpoints
supporting an effect of active treatment in phase 1 and
2 trials (even in the absence of a significant cognitive
effect) may provide insight into whether a candidate
neuroprotective therapeutic should advance to larger
trials. This strategy can be broadly applied to clinical
trials of neuroprotective therapeutics in various age-
related diseases, such as Parkinson’s disease and Lewy
body dementia.

Conclusion

In conclusion, pursuing deep biology targets in
pharmaceutical development may allow researchers
to harness the endogenous systems that promote
neuroprotection and resilience to AD, possibly providing
more comprehensive single-therapeutic treatment
strategies for AD (9). The evidence from the RELN-
COLBOS case demonstrates that endogenous resilience
pathways can promote resilience to Ap and/or tau
pathology, prolonging cognitive function (18). We have
focused on the concept of resilience in this review given
that the majority of clinical trials are conducted at stages
where substantial underlying AP and tau accumulation
has already occurred (i.e., MCI or mild AD). However,
if clinical efforts can focus on targeting individuals who
have biomarkers consistent with very early Ap pathology,
resistance to tau pathology may be feasible, possibly
slowing or even preventing AD dementia.
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