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The Role of Immunity in Alzheimer’s Disease

Réisin M. McManus

With the increase in the aging population, age-related conditions such as
dementia and Alzheimer’s disease will become ever more prevalent in society.
As there is no cure for dementia and extremely limited therapeutic options,
researchers are examining the mechanisms that contribute to the progres-
sion of cognitive decline in hopes of developing better therapies and even an
effective, long-lasting treatment for this devastating condition. This review
will provide an updated perspective on the role of immunity in triggering the
changes that lead to the development of dementia. It will detail the latest
findings on Af- and tau-induced microglial activation, including the role

of the inflammasome. The contribution of the adaptive immune system,
specifically T cells, will be discussed. Finally, whether the innate and adap-
tive immune system can be modulated to protect against dementia will be
examined, along with an assessment of the prospective candidates for these

that are currently in clinical trials.

1. Introduction

A recent United Nations report has predicted that within the
next 10 years the number of people over the age of 60 will reach
1.4 billion worldwide, and further grow to 2.1 billion in 2050,
more than doubling the number present today. This group is
the fastest growing collection of individuals than any other age
category, with projections that by 2050 34% of the people in
Europe, 28% in Northern America and 25% of those in Asia
will be 60 years and over.

However, this increase in life expectancy does not mean a
similarly extended increase in years of good health. Instead this
change goes hand-in-hand with an increase in age-related dis-
eases as the elderly are spending more of their extended life
span in ill-health with multiple co-morbidities including cogni-
tive impairment, chronic illness and disability.!

Age is also the most common risk factor for dementia,
where the prevalence of Alzheimer’s disease (AD)-dementia
sky-rockets from 3% of people aged 65-74, 17% in those aged
75-84 and then to 32% in those over 85 based on figures from
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the US.PI The cost of providing healthcare
to these individuals is also substantial,
$277 billion was spent in the US in 2018
alone, this figure already increased to
$305 billion in 2020P! and is expected to
jump to $1.1 trillion by 2050.M Based on
this, it has been suggested that reducing
co-morbidities in the elderly and extending
the period of healthy aging will have a sig-
nificant impact on decreasing the number
of individuals with such impairments in
2050, with a knock-on effect of reducing
the cost of dementia care.

It is widely acknowledged that neuro-
inflammation is a critical step on the road
to dementia. It is produced as a reaction
to the ongoing protein deposition and cell
loss observed in individuals with cogni-
tive impairment and it has been argued
that such inflammatory factors can in turn
exacerbate ongoing cellular changes and hasten the progression
to severe cognitive decline. This review will detail the role of the
innate and adaptive immune system in the progression of AD.
Specifically we will cover microglia mediated-neuroinflammation
and the contribution of peripheral cells, namely T cells, on the
progression to cognitive decline and the potential therapies that
are under development to tackle these pathways will be discussed.

2. Alzheimer's Disease

The most common cause of cognitive impairment or dementia
is AD. This accounts for 60-80% of dementia cases!®! and is char-
acterized by the build-up of two different proteins, amyloid-3
(Ap) and tau, along with cognitive changes. Af is cleaved from
amyloid precursor protein (APP) and these monomers aggregate
into oligomers and fibrils, ultimately forming Af-containing
plaques that are 200-650 um? in size.l) A can also undergo
posttranslational modifications such as phosphorylation and
nitration, which accelerate this process.”8! Tau is a protein
found in neurons that is involved in microtubule stabilization,
however in AD (and other Frontotemporal dementias — FIDs)
tau becomes hyperphosphorylated and accumulates forming
neurofibrillary tangles (NFTs). These deposits vary consider-
ably in size from 10 to 500 um?2°l The severity of pathological
changes (particularly the NFTs) correlate with neuronal loss and
the increasing cognitive decline in those with AD.[10-12]

The observed cognitive impairment in AD differs signifi-
cantly across disease stages, and ranges from mild cognitive
impairment (MCI), which can progress to moderate and then
severe dementia. Indeed 68-80% of those who receive an ini-
tial diagnosis of MCI go on to develop AD within 6 years.3""!
MCI is the first stage of cognitive decline and features initial
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changes in memory or problems with thinking, although these
individuals are able to maintain a large degree of independ-
ence and carry out routine daily living activities. With moderate
dementia, there are clearer signs of cognitive decline such as
trouble with routine tasks, verbal repetition, forgetting events
and mood changes. In severe dementia, this progresses further
to profound memory loss, personality changes including anx-
iety or aggression and sleep difficulties.

These cognitive changes are used to characterize the stage
of dementia, along with memory tests such as the Mini-Mental
State Examination (MMSE) or the Montreal Cognitive Assess-
ment (MoCA). The presence of AD biomarkers in the cerebral
spinal fluid (CSF, the ratio of total-tau or phosphorylated-tau
over Af), positron emission tomography (PET) imaging for Af
and tau along with a structural magnetic resonance imaging
(MRI) or computed tomography (CT) that will highlight regions
of atrophy together contribute to the clinical diagnosis of AD.
These changes occur along with microglial activation, neuroin-
flammation and neuronal loss, particularly that of cholinergic
neurons, which underlies the observed atrophy in brain regions
such as the cortex and hippocampus thus contributing to the
associated cognitive changes.

3. Current Therapeutic Strategies and Agents
in Clinical Trials

To date, there are only four pharmacological compounds that
can be prescribed for the treatment of AD, the NMDA receptor
antagonist memantine, and three cholinesterase inhibitors:
donepezil, galantamine and rivastigmine. These therapies were
approved by the FDA and EMA in the period between 1996
and 2003, demonstrating the lack of new compounds on the
market. Critically, these treatments can at most delay the pro-
gression of symptoms for 6 months or so, they do not affect the
underlying AD pathology.

With 126 agents currently in clinical trials,'®! consider-
able efforts are being made to identify new treatments for
AD. Those focused on reducing the pathology directly have
ranged from vaccination strategies against A" to injecting
Aptargeted antibodies, and until recently were largely without
success. Recently, the FDA have granted accelerated approval
to the monoclonal antibody Aducanumab (Aduhelm™). This
is an approval program reserved for serious conditions but an
additional study is needed to confirm clinical benefit, known
as a phase 4 confirmatory trial. The approval of Aducanumab
has sparked many discussions and debates as the phase 3
trial of Aducanumab was terminated in early 2019, before the
analysis of a larger data set showed that those on the highest
dose of Aducanumab (10 mg/kg) had slowed cognitive decline.
Other Ap-targeted therapies currently in clinical trials include
Donanemab!'® and Lecanemab!'” which bind a form of aggre-
gated A and soluble AJ protofibrils respectively. In addi-
tion, Gantenerumab and Solanezumab are anti-fibrillar and
anti-soluble A antibodies respectively that have been tested
in patients and were very successful in reducing A load in a
recent study, although they did not slow cognitive decline.l?%]
Scientists are also focused on tau-targeted therapies such as
TRx0237 (LMTX™*), which inhibits tau protein aggregation and
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is in phase 3 clinical trials. Similar to the early studies with Af,
a number of vaccination strategies against tau or administra-
tion of tau-specific antibodies are also under investigation??!
with results soon expected for the phase 2 trial with Semorin-
emab, an anti-tau antibody.

Another approach for therapeutic action to prevent the
progression of AD is to target inflammation within the brain
directly, thus increased focus on the immune mechanisms that
lead to the progression of dementia are being carried out by sci-
entists globally.

4. Innate Immune System and AD

Much of what we understand about the innate immune system,
has come initially from studies on macrophages. These are
myeloid cells (like microglia) and form part of the first line of
defence against infection by microorganisms such as bacteria,
viruses and fungi. Cells of the innate immune system have a
repertoire of germ-line encoded pattern-recognition receptors
(PRRs) that recognise the conserved molecular patterns on
invading organisms known as pattern-associated molecular pat-
terns (PAMPs). In addition, the PRRs sense danger-associated
molecular patterns (DAMPs), that are released during inci-
dences of sterile inflammation such as mechanical trauma or
ischemia. PRRs are broadly divided into four categories, Toll-like
receptors (TLR), Nucleotide-binding oligomerization domain-
like receptors (NLR), C-type lectin receptors (CLR) and RIG-1
like receptors (RLR). They are strategically localized throughout
the cell, ready to act should they encounter their specific PAMP
or DAMP. A typical example is TLR4, which is expressed on the
cell surface and recognizes lipopolysaccharide, that forms part
of the bacterial cell wall. TLR3 on the other hand, is expressed
intracellularly and recognizes double stranded RNA, common
to viruses. Activation of these PRRs triggers a rapid signal trans-
duction pathway, altering transcription to produce cytokines and
chemokines and impacting cell function, such as by triggering
migration and inflammatory, antimicrobial activity. Part of the
innate immune response includes a “switching off” period
where after an immune challenge, the cells release anti-inflam-
matory cytokines and are involved in tissue repair.

Microglia form the innate immune system in the brain, they
express PRRs and are central to protecting the brain during
infections that trigger encephalitis for example or head injury.
Additionally, scientists have demonstrated a clear role for
microglial mediated neuroinflammation in the progression of
AD. Alois Alzheimer himself noted the first signs of microglial
activation when he described AD in 1911 and many risk genes
identified in genome studies are highly expressed in microglia
such as TREM2 or CD33.[22l Importantly, the peptides found
in the AD brain also trigger activation of the microglial innate
immune system, but as the amount of these peptides continues
to build instead of being removed from the environment of
the microglia, this results in chronic microglial activation. A
is recognised by a range of receptors on microglia including
TLR2, TLR4, Receptors for Advanced Glycation Endpoints
(RAGE), Fc Receptors (FcRs), Scavenger receptors (scavenger
receptor type-A, scavenger receptor type-B1, CD36 and CD40)
and TREM2.2324 These receptors facilitate the phagocytosis of
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ApB, where the phagosome containing the taken-up A mate-
rial fuses intracellularly with the lysosome for subsequent
degradation. Indeed absence of TLR41?l or TLR2?% increased
AD-pathology with greater memory impairments in murine
models of disease.l?®! Similarly, TREM2 regulates Af-induced
microglial activation'’! and absence of TREM2 enhances Af
deposition in murine models.?* Additionally, TREM2 affects
how microglia interact with the amyloid plaques as TREM27/~
mice have reduced numbers of microglia surrounding Af
deposits and the plaque morphology is significantly more
diffuse and less compact.’®! Both human and murine micro-
glia are also capable of taking up tau,?”! absence of TREM2
also enhances tau hyperphosphorylation and increases tau
spreading in multiple murine models of disease.[**-32 However,
the other receptors mediating tau phagocytosis are not well
characterised.

5. Neuroinflammation in AD

On binding, PRR receptors can mediate phagocytosis but they
also trigger downstream signalling and activation of transcription
factors to produce inflammatory cytokines and chemokines that,
initially at least, can help with the detection and removal of path-
ogens. Afitself can trigger the microglial production and release
of TNFe, 1L-18 and IL-6 both in vitro and in vivo.?334 However,
such pro-inflammatory cytokines enhance the activity of the
[ and ysecretases that cleave APP into Af of different lengths
(although typically 40 and 42 amino acids long), increasing
the presence of A within the brain.’>3¢l TNF¢ and IL-14 also
inhibit the ability of microglia to phagocytose AB3# which
together means an increased production along with a reduction
in the removal of Af, collectively facilitating the aggregation and
deposition of Af in AD. In a similar fashion, tau can induce
microglial activation®”! and cytokine release such as 1L-181404 In
turn, activated microglia enhance the spreading of tau, which is
in part mediated via IL-13* thus continuing the propagation of
tau-related pathology throughout the brain.

The vicious cycle continues whereby increasing levels of AS
and tau can cause not only physical disruption to neuronal pro-
cesses but also impaired neuronal activity. A#”*% and taul*! are
capable of reducing neuronal long-term potentiation (LTP), a
process that strengthens the synapses between neurons and is
essential for memory formation. Tau is neurotoxic to neurons(*!
and also contributes to Af-induced neuronal changes as Tau™/~
neurons are protected from both the AfSriggered cell death!*
and reduction in LTP.*! Additionally the neuroinflammatory
environment within the AD brain adds to the neuronal decline
where microglial-mediated release of pro-inflammatory cytokines
including TNFe or IL-1/3 also cause neuronal apoptosis.[ 6+

Based on these findings, targeting microglial-mediated
inflammatory signalling could provide an attractive strategy to
interrupt the cytokine-triggered changes in AD-pathology and
resulting neuronal dysfunction. First looking to TNF¢, this is
a classical cytokine where transcription can be initiated within
minutes of TLR activation. Translation of TNFea occurs within
some hours, and via the endoplasmic-reticulum (ER)-Golgi
network it is trafficked and released at the cell surface, in the
so-called “conventional” secretion pathway.*#4] TNF ¢-targeted

Adv. Biology 2022, 6, 2101166 2101166 (3 of 14)

www.advanced-bio.com

therapies are already approved for patients with rheumatoid
arthritis and psoriasis, and interestingly a recent retrospec-
tive case-study found that TNFa-blocking agents significantly
reduced the risk of AD development in these individuals.’% A
phase 2 clinical trial examined whether 24 weeks of Etanercept
(which blocks TNF« signalling) was protective in patients with
mild to moderate AD, although no significant changes to cogni-
tive decline were observed.l

In comparison with TNF¢, the production of IL-18 is an
entirely different process that eluded scientists for years. This
potent inflammatory cytokine requires two cellular events to
trigger its transcription, translation and release, and impor-
tantly requires the assembly of a large multiprotein complex
called an inflammasome to do so.

6. The NLRP3 Inflammasome

The inflammasome was first discovered by Jirg Tschopp and
his lab in 2002,5% and since this time, it has been implicated as
a central player in many diseases ranging from gout,**l athero-
sclerosisP¥ and AD.’! An inflammasome is formed by 3 main
components, a sensor protein (often an NLR, such as NOD-,
LRR- and pyrin domain-containing 3, NLRP3), an adaptor mole-
cule known as apoptosis-associated speck-like protein containing
a CARD (ASC) and pro-caspase-1. This is a tightly regulated pro-
cess with multiple intricate steps before the assembly and activa-
tion of the full inflammasome protein complex.

There are a number of proteins that form the sensor of
inflammasomes (including NLRP1, NLRC4 and AIM2),>® and
of these NLRP3 is the best studied and will be the focus of this
review. Signalling through a TLR or cytokine receptor via the
NF-xB pathway induces an increase in Nirp3 transcription and
subsequent translation although NLRP3 is initially maintained
in an auto-inhibited state (Figure 1). A second signal is needed
to release this autoinhibition and allow for oligomerization of
NLRP3. Typical signals include lysosomal or mitochondrial dis-
ruption and agents that cause efflux of K*, these trigger post-
translational modifications on NLRP3 such as phosphorylation
and deubiquitination™ allowing for NLRP3 oligomerization.
This in turn nucleates the formation of ASC into ASC-specks,
that act as a platform to recruit pro-caspase-1 and facilitate the
auto-catalysis of this protein to its cleaved and active form.
Caspase-1 is a powerful enzyme with a number of substrates.
Active caspase-1 in turn cleaves pro-IL-15, pro-IL-18 and Gas-
dermin D (GSDMD), directly licensing their activation. The
unleashed N-terminal domain of GSDMD has pore-forming
activity, and assembles these pores at the cell membrane
allowing the release of active IL-1/3 and active IL-18 where they
carry out inflammatory activity.’®#>% ASC specks can also leave
the cell during this process where they can be taken up by
neighbouring cells.°”) This propagates the inflammatory signal-
ling, as the new cells now have an ASC speck molecular plat-
form to activate caspase-1 and IL-1f3 thereafter, without the need
for the initial inflammasome activation and assembly.®¥ How-
ever, GSDMD isn’t a requirement for the release of IL-15. The
process of cleaving the negatively charged pro-piece from pro-
IL-1p, facilitates relocation of the mature IL-18 to the plasma
membrane where it can be released even in the absence of
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Figure 1. Activation of the NLRP3 inflammasome in Alzheimer’s disease. A priming step is required for upregulation of NLRP3, although it is initially
kept in an auto-inhibited state. A second signal (such as A or tau) is needed to release this autoinhibition and allow for oligomerization of NLRP3 via
lysosomal or mitochondrial disruption. NLRP3 oligomerizes, nucleates the helical formation of ASC into ASC-specks, that provide a platform to recruit
pro-caspase-1 and its subsequent activation. Caspase-1 cleaves pro-IL-1f3, pro-IL-18 and GSDMD, allowing GSDMD to form pores at the cell membrane.
IL-18 and IL-18 are released by the cell where they can perpetuate inflammatory signalling. TLR, Toll like receptor; ASC, apoptosis-associated speck-like

protein containing a CARD; GSDMD, Gasdermin D

GSDMD.[®! This unconventional secretion occurs over a longer
period of time than via GSDMD pores, and may be a mecha-
nism for IL-15 release in non-pyroptotic cells and in chronic
inflammatory diseases. Gasdermin E (GSDME) can also be acti-
vated downstream of the inflammasome, where it forms pores
facilitating the movement of 1L-183 out of the cell.l®” Once the
number of GSDMD or GSDME pores reach a certain threshold,
they also mediate an inflammatory form of cell death known as
pyroptosis, releasing the contents of the cell to the extracellular
space. It should also be noted that NLRP3 can function as a
transcription factor in T cells,/®3] although whether such activity
occurs in macrophages or microglia is unknown.

7. NLRP3 Activation and Progression to Dementia

The NLRP3 inflammasome has been found to have a crit-
ical role in the microglial innate immune response in AD.

Adv. Biology 2022, 6, 2101166 2101166 (4 of 14)

The NLRP3 inflammasome is activated in the brains of
AD patientsl® and oligomeric and fibrillar A can trigger
assembly of the NLRP3 inflammasome complex in vitro,[®4-6¢l
which is thought to occur via AfS-induced cathepsin B release
from lysosomes.[%] Importantly, absence of NLRP3 in the
APP/PS1 transgenic model of AD protected mice from Af
deposition, reduced the levels of cleaved-caspase-1 and IL-13
in the brain and critically, rescued memory impairments.[>!
NLRP3 activation in microglia also releases the protein ASC
in speck formation, which in turn rapidly enhanced the
aggregation of Af, and hastened cognitive decline in these
animal models of disease.l’”! AB-ASC composites are highly
inflammatory, and triggered cleaved-caspase-1, mature IL-1/3
and pyroptosis in microglia, greater than that induced by Af3
or ASC alone.[%® Together this demonstrates that an initial
increase in Af triggers a vicious circle, resulting in a never-
ending cycle of inflammation and Af deposition in the AD
brain. In line with this, inflammasome activation has also
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been detected in the brains of those with FTD, where cleaved-
caspase-1 and mature IL-15 were increased in the FTD post-
mortem brain.* Tau also induces assembly of the NLRP3
inflammasome in vitro and in vivo, and strikingly, absence of
NLRP3 or ASC protected Tau22 transgenic mice from devel-
oping tau pathology.*! Similarly, overexpression of IL-18
worsened tau pathology in the 3xTG-model of AD.[®]

8. Inhibition of NLRP3 as a Strategy
for Protection in AD

Efforts to target NLRP3 and IL-18 signalling have been exam-
ined in both Af and tau models of dementia. CRID3 is a
NLRP3-specific inhibitor and it was successful at preventing
Ap or AB-ASC induced IL-15 release in vitro, and 3 months
treatment in APP/PS1 mice rescued cognitive changes and
A deposition in vivo.’”%8] In line with this, caspase-1 inhi-
bition using VX-765 significantly reversed memory impair-
ment in the J20 murine model of AD.’® CRID3 was also
successful at reducing the tau-triggered secretion of IL-183
by microglia in vitro*! and intracerebral administration of
CRID3 attenuated the tau-induced microglial activation and
resulting tau spreading in vivo.") Administration of an IL-1R
blocking antibody also produced similar results in 3xTg-AD
mice, where treatment enhanced microglial phagocytosis
and rescued both the Af and tau pathology in the murine
brains./?

A number of pharmaceutical companies are looking to the
NLRP3 inflammasome as a therapeutic strategy for many dis-
eases, including those of the brain. Novartis recently acquired
IFM Tre, who have three NLRP3-targeting candidates, including
one that is brain-penetrant. Novartis are currently recruiting
patients for a phase 2 trial with one of these compounds,
DFV890, in participants with Familial Cold Auto-inflammatory
Syndrome (FCAS), which is one of the Cryopyrin-associated
periodic syndromes (CAPS) and caused by mutations in
NLRP3. Interestingly, they have recently completed a phase 2
trial with DFV890 in COVID-19 patients and the results are
pending.

Roche’s Genentech bought Jecure Therapeutics in 2018, with
its range of NLRP3 inhibitors, and followed this in 2020 when
Roche purchased Inflazome, which has two NLRP3 inhibitors
that are in the clinic. Of these, Inzomelid is a brain-penetrant
compound, and therefore has potential to treat neuroinflam-
matory and neurodegenerative conditions such as AD, whereas
Somalix is peripherally restrictive. Inzomelid has completed
phase 1 clinical trials for patients with CAPS, although the
results have not been published yet.

Olatec Therapeutics also have a NLRP3 compound known
as Dapansutrile (OLT1177) that is undergoing clinical trials for
COVID-19 (ongoing), osteoarthritis of the knee (phase 2 com-
pleted) and melanoma (planned). In addition, NodThera have
NT-0167, which they are advancing to clinical trials. Together
the results of these studies are being eagerly awaited by the sci-
entific and patient communities. As the NLRP3 inflammasome
is central to many conditions, including AD where there are so
few therapeutic options, these findings will be of great interest
to patients and caregivers alike.
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9. Immunometabolism in AD

In addition to the role of Af in triggering inflammasome
activation and cytokine release, it has also been linked with
altering microglial metabolic activity. To date, few papers have
even examined microglial metabolism® however, of these it
has been shown that microglia can use glucose, amino acids
such as glutamine, and fatty acid oxidation to fuel their cel-
lular activities.”¥ In imaging studies involving AD patients, it
was found that the microglia are significantly activated, which
correlated with regional reductions in metabolic activity, spe-
cifically the utilisation of glucose as determined by PET."! In
vitro studies by Baik and colleagues have found that Af3 reduces
oxidative phosphorylation (oxphos) in primary microglia with
a corresponding switch to glycolysis.”® Similarly, inflamma-
some activation with LPS priming and Af triggers a switch to
glycolysis with a simultaneous decrease in oxphos in murine
macrophages in vitro.”] In AD models, microglia from aged
APP/PS1 mice also have enhanced glycolysis, in comparison
with their wildtype counterparts, with an increase in glycolytic
enzymes.”®””] Indeed, it was recently found that the female
APP/PS1 murine microglia had greater glycolytic activity than
the male APP/PS1 cells, which corresponded with enhanced
plaque deposition in the female APP/PS1 mice.® The micro-
glial switch to glycolysis and away from oxphos can further
perpetuate inflammatory signaling as glycolysis can directly
activate the mTOR pathway, which enhances the microglial
production of IL-1 and TNFe. Indeed, blocking glycolysis or
mTOR significantly attenuated the Af-induced release of both
IL-18 and TNF¢.l®!

10. Disruption to the Neurovascular Unit in AD

The increase in inflammatory cytokines and A deposition also
induces changes to the neurovascular unit (NVU) and the blood-
brain barrier (BBB).B# The NVU is made up of neurons,
astrocytes, pericytes and endothelial cells of the brain vascula-
ture. To protect the brain, the endothelial cells have specialised
tight junction forming proteins; occludin, claudin-3, claudin-5
and junctional adhesion molecules that form a zipper-like
structure between the cells. Together with pericytes and astro-
cytic end feet of the glia limitans, they make up the BBB and
tightly regulate the movement of molecules and cells into the
brain.®2 However, the AfBassociated blood vessels of patients
have a significant reduction in claudin-5 and occludin,®¥ and
higher amounts of tau correlate with lower levels claudin-5
and occludin in AD brains.®¥ Additionally, those with AD have
endothelial cells that are smaller and thinner than age-matched,
healthy controls.®5) AS-deposition along the vasculature is also
associated with a reduction in both the number and coverage
of pericytes,® with a retraction of astrocytic end feet that nor-
mally support the endothelial cells and the BBB.®38 Animal
models have shown that loss of pericytes in turn increases A3
and tau pathology leading to early neuronal loss and cognitive
decline.®) Together this deterioration in the NVU and BBB
integrity facilitates movement of peripheral proteins and cells
into the brain. The plasma proteins fibrinogen and thrombin,
and IgG have been found in the AD post-mortem brain tissue,
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and interestingly in close apposition with activated microglia
and Af deposits.*%* Production of inflammatory cytokines
including IL-18 and TNFo can reduce the levels of BBB tight
junction proteins,™*%! while affecting the integrity of the
endothelial barrier.’®! IL-18 and TNF« also induce the release
of chemokines such as CXCL10, CCL2, CCL5 from pericytes at
the BBB,"*”] which together with the structural alterations to
the BBB and NVU, can both attract peripheral immune cells
and ease their entry to the CNS.

11. The Adaptive Immune System: T Cells
in Health and Healthy Aging

When one considers the brain, it is easy to regard this area as
separate from the rest of the body with minimal interaction
between the two, however a number of other highly specialized
mechanisms are in place to monitor the brain for infection and
insult. This occurs in addition to the contribution of the innate
immune system (i.e., microglia) as described above. These
mechanisms involve activation of the adaptive immune system,
which provides antigen-specific responses that are connected
to the particular pathogen. This is a finely tuned immune
response, developed to handle challenges that are not resolved

www.advanced-bio.com

by the broadly activated innate immune system. The adaptive
immune system is largely made up of T and B cells, and this
review will focus on the contribution of T cells. During an
infectious challenge, T cells specific for the particular antigen
expand in numbers and provide much needed support to rid
the body of the bacteria or virus in terms of cytokine production
or even directly killing infected host cells. This is followed by a
period of cellular contraction although a subset of memory T
cells remain, which will rapidly respond should they encounter
their specific antigen again.

To generate antigen-experienced T cells, naive T cells in a
lymphoid organ must first be primed by an antigen-presenting
cell (typically a dendritic cell -DC) that presents the specific
antigen via a major histocompatibility (MHC) complex to a T
cell that recognizes the peptide sequence on its T cell receptor
(TCR) (Figure 2). The T cell becomes activated, leaves the lymph
node and will be guided to the site of infection or immune chal-
lenge based on chemokine signalling, where it subsequently
can carry out its effector activity.

There are a number of mechanisms of antigen drainage from
the brain to highlight the presence of any foreign antigen to the
adaptive immune system and thus facilitate the priming of T
cells in the draining lymph nodes for this organ, which include
the cervical lymph nodes. In humans, solutes and antigen

APC
CD40
APC CcD80 CcD80
MHC Il -
IEN-I IL-12 ICOSL CD86 MHC | CD86 PD-L1 IL-10
0 ©9
O © j
.' "
TCR CD4 TCR CD8
T Cell IFNAR  IL-12R ICOS CD40L CD28 CTLA4 PD1 IL-10R
T Cell
Signal 3: Signal 2: Signal 1: Signal 2: Signal 3:
Cytokines Co-stimulation Antigen presentation Co-stimulation | Cytokines
) Activating Inhibiting

Figure 2. T cell - antigen presenting cell interaction. Activation of a naive T cell requires three signals. 1) The TCR: MHC interaction; professional
APCs phagocytose pathogens and load a peptide from this into the groove of an MHC complex. If the TCR recognizes the peptide and MHC complex
it becomes activated, and the binding of the co-receptor CD4/8 to the MHC class 11/ respectively supports this process. 2) Activation of the TCR and
the co-stimulatory receptor CD28 together induce production of IL-2 which functions in an autocrine manner on the T cell triggering differentiation.
Additional signalling occurs; CD40 binding CD40L can signal bi-directionally promoting activation. 3) The APC also produces cytokines (such as 1L-12)
in response to the pathogen, which influences the T cell polarisation. T cell activation is also modulated by co-inhibitory receptors, e.g., programmed
cell death (PD)-1, which binds programmed death-ligand 1 (PD-L1), or cytokine signalling (such as IL-10). PRR, pattern recognition receptor; PAMP,
pathogen-associated molecular pattern; DAMP, danger-associated molecular pattern.
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present in the interstitial fluid (ISF) can drain out of the brain
along the basement membrane of capillaries, to arteries that
continue to the carotid artery at the base of the skull and then
to the cervical lymph nodes.[®! Unlike in peripheral organs, it is
believed that cells are unable to drain from the brain using this
pathway.”’l In humans much of the CSF drains to the venous
blood, through regions such as the arachnoid villi.’81%1 These
structures are larger in humans than in rodents, where instead
up to 50% of rodent CSF drains to the cervical lymph node via
the subarachnoid space to the cribiform plate, on to the nasal
submucosa and thereafter to the lymph node.’® For a long
time, this was believed to be the principal method of antigen
drainage from the brain, however recent findings have uncov-
ered a new mechanism of lymphatic drainage where lymphatic
vessels were found to line the dural sinus, and are directly con-
nected to the deep cervical lymph nodes.!"l

Tissue resident memory T cells (CD4" and CD8") have been
found in the post mortem brain of adults, whose presence is
believed to provide protection against neurotropic viruses as
they had high levels of checkpoint inhibitors and thus were
under tight control from mediating inflammation.l'"?) Approxi-
mately 150-170000 cells are found in the CSF of healthy indi-
viduals without neurological disease.l'®*!%1 The majority
of these are T cells with approximately 70% CD4* and 30%
CD8*.1'] Many of the T cells have a central memory phenotype
(CD46RACD27* meaning that they are antigen experienced),
while some granulocytes and macrophages are also present.!'*4
This is an active process where the cells in the CSF are replaced
about two times per day and re-enter the bloodstream from the
CSF.[103]

12. T Cells in AD

T cells were first identified in the AD brain over 30 years
ago,ll%! and this finding has been replicated many times
since.""”-12 Tt has been demonstrated that the number of these
cells was increased in the hippocampal parenchyma,/!3-116l
and correlated with tau pathology.'>'7 Animal models of AD
have produced similar results, where T cell infiltration was
significantly increased in APP/PS1 micel'®12% and in Tau22
transgenic mice.?!l These cells were found clustered in areas
associated with AD including the hippocampus and around
Ap-deposits.22] T cells have been directly implicated in medi-
ating AD-related changes as Laurent and colleagues showed
that T cell depletion rescued memory impairments in the
Tau22 mice, which was associated with a reduction in neuro-
inflammation but not with a change to tau load.'?!l Similar
results were found in the APP/PS1 mouse model, absence of T
cells (by crossing with RAG27/~ mice) reduced plaque load,!?*!
conversely transfer of T cells enhanced plaque load and wors-
ened memory impairment in APP/PS1 mice.[24

A number of research groups have demonstrated that T
cells from AD patients have increased reactivity to AS125-1%7]
which may partly explain this increased T cell homing to
the AD brain. In addition, the T cells from AD patients have
increased expression of CCL3, and the chemokine receptors
CXCR2, CCR2, CCR4, CCR5 and CCR6,125-132l many of which
bind chemokines that are, coincidentally, also increased in the
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AD brain such as CCL2, CCL3, CCL4 and CCL5.3% Altogether
this facilitates adhesion to the BBB and with the increase in
BBB permeability in AD these modifications can promote the
entry of T cells across the endothelial layer of the BBB to the
perivascular space, where antigen recognition by the T cell is
necessary to breach the glial limitans and enter the brain paren-
chyma.®2 Importantly the proteases released by the T cell after
antigen recognition can facilitate the movement of other acti-
vated immune cells into the brain. Once inside the brain, the
T cells interact with microglia or astrocytes acting as antigen
presenting cells (APC), and thus can carry out their effector
functions,®? although the proliferation of T cells in the AD
brain is believed to be minimal.l3l

In AD patients, the microglia surrounding Af plaques
express MHC class I and CD40,/1%813+136] which are key for T
cell interaction. In animal models of AD, microglia also have
increased expression of MHC class 11, CD40 and CD80.[18124
In vitro, microglia can act as APCs for Af-specific Thl,
Th2 and Th17 cells, where the Thl and Thl17 cells increased
MHC class II, CD86 and CD40 expression on microglia
and triggered production of TNFe, IL-6 and IL-18 from the
Apactivated microglia.™! Furthermore, when Af-specific Thl
cells (which are IFN-y*) were transferred intravenously (i.v.) to
recipient APP/PS1 mice, this resulted in significantly increased
ApB-deposition, with microglial activation and enhanced cogni-
tive impairment.['24

The circulating T cells in AD patients have a similar shift in
their inflammatory phenotype, with an increase in CD4*IFN-y*
and CDS8'TFN-y* T cells in AD patients in comparison with
aged controls.3813% In addition, patients with amnestic MCI,
a preclinical stage of AD, had proportions of CD45*IFN-y*
and CD45*IL-17* lymphocytes in the CSF that were compa-
rable with untreated MS patients.% Leug and colleagues also
reported an increase in activated CD8" T cells in the CSF of AD
patients in comparison with age matched controls,'*! whereas
others have found a shift in the circulating T cells to a IL-17*
phenotype.'1*2] Indeed, a recent report identified an increase
in CD8* T effector memory cells (Tgyra) in AD patients in
the CSF. Not only were these T cells clonally expanded, but
increased numbers of these cells was associated with worse
cognitive scores in those with AD."! In contrast, resting reg-
ulatory T cells (Tregs), which suppress immune function, are
decreased in AD with levels similar to patients with MS.143
Indeed, a recent study found that the Tregs in AD patients
had lost their suppressive activity and were unable to control
the expansion of CD4" T cells. In vivo, depletion of Treg
cells in APP/PS1 mice exacerbated cognitive decline whereas
increasing the Treg population rescued cognitive function and
increased the number of plaque-associated microglia.l>14]

The memory status of T cells in the blood of patients has
been examined by a number of groups who all found similar,
corroborating results, namely decreased levels of circulating
naive T cells and a corresponding increase in effector memory
and terminally differentiated CD4* and CD8" T cells in com-
parison with aged matched controls.'*2¥-15% Furthermore, the
T cells from AD patients had shorter telomeres than healthy
controls, suggesting an exhaustion of the adaptive immune
system. This is of particular concern in AD, as if the cells
that have infiltrated the brain have the same activated profile as
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the IFN-y* or IL-17*, effector memory or terminally differenti-
ated T cells that were identified in the blood, they may easily be
contributing to the exacerbated inflammation occurring in this
condition.

13. Infection Driven Changes in T Cells

As infection triggers activation of the innate and specifically the
adaptive immune system, many researchers have been exam-
ining the role of infectious challenge on the progression of AD.
A number of specific bacterial and viral infections have been
linked with AD, including Chlamydia pneumonia, spirochete
infection, Herpes simplex virus (HSV)-1 and cytomegalovirus
(CMV).152

Chlamydia pneumonia is an intercellular gram-negative bac-
teria, that has been found in the AD brain, >4 where cells
infected with C. pneumonia are located in close proximity to
plaques in AD postmortem brain tissue.®® C. pneumonia
can enhance the activity of S-secretase,®! and in line with
this in vivo studies found that infection of wildtype mice with
C. pneumonia triggered AD pathology that was even detectable
3 months post infection.!>¢!

Spirochete infection is another example of a bacterial infec-
tion that has been associated with AD. Spirochetes are gram-
negative bacteria that are neurotropic, and many have been
detected in the postmortem brain tissue of those with AD,
including Treponema, ™! P. gingivalis®® and B. burgdorferi.'>%]
Spirochetes are a common cause of periodontitis, which has
also been associated with increased A load in the elderly.(160]
Murine studies have confirmed these findings, where oral
infection of APP transgenic mice with P. gingivalis increased
the concentration of IL-14 and TNF¢ in the brain and also
enhanced Af deposition.['® Similar results have been found by
other groups, who found that P. gingivalis infection of wildtype
mice also increased IL-1 and TNF« in the cortex and induced
memory changes.'62163] A phase 2/3 clinical trial is currently
underway to examine whether targeting this pathway could
be protective in patients. This trial is using Atuzaginstat (also
known as COR388) to inhibit gingipains, which are proteases
belonging to P. gingivalis. The estimated study completion date
is 2022.

HSV-1 is a risk factor for AD in those carrying an APOE4
allele, #1951 and using a 3D model of human-induced neural
stem cells, Cairns and colleagues demonstrated that HSV-1
caused glial activation, and enhanced the production of TNFo
and AB.1% Similar results have been obtained in mice, where
HSV-1 increased AS and tau pathology."”l Another member
of the herpes virus family is Epstein-Barr virus (EBV), which
had been detected in the AD brain, where AD patients also
had increased serological positivity to EBV.1] Additionally, AD
patients have clonally expanded T cells in the CSF that recog-
nise EBV antigens.!'"”]

The elderly are more vulnerable to respiratory infections in
general than younger individuals!'®'7% however, those with
AD have an even greater incidence of infections including of
the respiratory and urinary tract than their age-matched coun-
terparts.”!l Indeed peripheral challenge (including by infec-
tion) enhanced cognitive decline when assessed just 6 months
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afterwards.”273] In contrast, vaccination against infections
including influenza is protective against the development of
dementia.’#%l Using the gram-negative bacteria Bordetella per-
tussis to model a typical lung infection, it was found that aged
APP/PS1 mice were more vulnerable to this pathogen than
the aged wildtype or younger APP/PS1 counterparts. Specifi-
cally, B. pertussis triggered enhanced infiltration of IFN-y* and
IL-17* T cells to the brains of APP/PS1 mice, which was associ-
ated with increased microglial activation and Af3 deposition.!18l
Importantly, treating mice with FTY720 prevented the infec-
tion-induced T cell increase in the brain and attenuated these
inflammatory changes.!" FTY720 has also been shown to be
protective in the 5xFAD model, where it reduced plaque load
and rescued microglial activation.Vo7] FTY720 (brand name
Gilenya) is a currently approved therapy for MS, although its
efficacy in AD patients is unexamined.

In light of the recent global COVID-19 (SARS-Cov-2) pan-
demic, there is also growing concern about the impact of this
coronavirus infection on the brain. A number of studies have
reported that neurological symptoms are apparent in those
with an active infection of COVID-19, which range from stroke
to loss of taste and smell, to cognitive changes.[78-182 Many
patients continue to experience symptoms long after they
have cleared the virus, a condition that has become commonly
known as “Long-COVID” and is characterised by conditions
including chronic fatigue, brain fog or ongoing respiratory
problems.[83-185 These symptoms suggest a continued involve-
ment of the brain or neuroinflammation and in line with this,
COVID-19 viral particles were recently reported in the brain of
a patient who died from the infection.*®l In vitro studies have
demonstrated that COVID-19 can infect neural cells derived
from induced pluripotent stem cells!'™! and a recent preprint
(which has not yet undergone peer review) found that COVID-19
can infect astrocytes,®8 although it is important to note that
other groups have not been able to find molecular traces of
COVID-19 in the post-mortem brain tissue.l'1%1 Transcrip-
tomic analysis on those who died from COVID-19 found sig-
nificant microglial activation!®1% with enhanced infiltration
of activated CD8" T cells into the brain parenchyma.'®” These
findings have been observed by others, along with damage to
the brain microvasculature including microhaemorrhages and
leakage of fibrinogen into the parenchyma.l One issue from
these post-mortem studies is that they provide a snapshot of
the events at the end of life for these patients, many of whom
were undergoing an extremely active, aggressive infection with
COVID-19. Hemming and colleagues recently performed single
cell sequencing on the CSF cells of patients with an ongoing
COVID-19 infection and interestingly, there was an increase in
exhausted T cells here that were also clonally expanded.®! A
recent study involving hundreds of participants who had recov-
ered from COVID-19 found that those who had the greatest
severity of infection (i.e., hospitalisation and ventilation)
were cognitively worse than individuals who had mild symp-
toms.[®2 Indeed a smaller study with 18 participants (who were
20-105 days post COVID-19 infection) also had persistent cogni-
tive changes.l Together this work highlights the strong, contin-
uing effect that COVID-19 infectious challenge is having on the
brain. Within the last two years we have learned a lot about its
pathogenesis, however this field is still in its infancy and we are
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continuously learning more about the long-term effects of the
COVID-19 virus which has touched so many around the world.

14. Conclusion and Future Perspectives

Within the last 15 years, the developing field of neuroimmu-
nology has provided many new and important insights into the
sequence of inflammatory events that contribute to the develop-
ment of AD. Sophisticated experiments, using the state-of-the-
art techniques in immunology and neuroscience research have
unveiled the intricate, combined roles of the innate and adap-
tive immune system in driving these changes (Figure 3). This
review highlights the impact of microglial- and T cell-signalling
that drive pathology in AD, and discusses how outside forces
such as peripheral infection also have a significant role to play.
It is clear that microglia are a central player in the progres-
sion of AD and dementia. The initial deposition of Af and
tau cause well-characterised microglial activation, assembly of
the NLRP3 inflammasome and release of cytokines and pro-
teins.*05>%7] However, as the initial stimuli (i.e., A and tau)
are not resolved the persistent microglial activation further
enhances AD pathology, triggering a feed-forward cycle of
increased protein deposition and more neuroinflammation.
As discussed, these changes occur in a multifactorial way. The

Healthy Brain
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microglial-released ASC-specks act as a scaffold for Af deposi-
tion,[] and the glial-derived pro-inflammatory cytokines such
as IL-18 and TNFo enhance APP-cleaving enzyme activity
thereby increasing Af deposition!3>3%l while also simultane-
ously reducing microglial phagocytic capacity.’”-*¥l The ongoing
pathology and microglial activation can also cause changes to
the BBB and the NVU.#283 Without an intact BBB, peripheral
immune cells such as T cells have easier access to the CNS and
together induce increased neuroinflammation on entry to the
parenchyma.">5] This complex process worsens under condi-
tions of infection. In cases of existing AD-pathology, peripheral
infection triggers further BBB disruption, increased leakage of
normally peripherally-restricted proteins like fibrinogen and
enhanced infiltration of inflammatory T cells to the CNS.[1811]
These T cells contribute to the ongoing neuroinflammation
by interacting with local glial cells and releasing their potent
pro-inflammatory cytokines and enzymes.[''>124137] Bacteria and
viruses have also been found within the AD brain, located near
plaques or microglial cells.[°%153160.165168] Tooether this inflam-
matory cascade has a detrimental impact on cognitive abilities,
where patients with AD become more impaired with subse-
quent infectious challenges.[72173193]

However, numerous therapies are under development to
target neuroinflammation to protect against cognitive decline
in those who have, and will be diagnosed with dementia and

Alzheimer's disease
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Figure 3. The brain in Alzheimer’s disease. During healthy aging, the microglia provide homeostatic support to neurons, they are anti-inflammatory and
efficient at phagocytosis. In AD, the microglia become chronically activated due to the growing presence of Af3 or tau. In addition, there is increased
infiltration of T cells in the AD brain, which contribute to the inflammatory environment. Together this creates an endless cycle of inflammation; A3 or
tau trigger metabolic changes and cytokine production, this impairs phagocytosis, primes neighbouring cells and increases secretase activity together
enhancing the AD-related pathology. Ultimately the growing levels of Af3 or tau induce neuronal degeneration and loss (which further activate the
microglia), underpinning the cognitive decline observed in patients with dementia.
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AD. There are many NLRP3-targeted compounds in clinical
trials that hold great promise as the future of AD treatments.
In the meantime, to prevent a rapid increase in AD-symptoms,
protection against infection is vital. Vaccination programs (such
as for influenza and COVID-19 for example) in the elderly
and those with AD have a very important role in shielding the
brain from extra inflammatory stimulation. This is especially
relevant while there are no effective AD-related therapies that
are widely available. Indeed, as we learn more about the con-
nections between the brain and the periphery, vaccination and
rapid treatment of infections will likely remain a cornerstone of
effective care for the elderly.

With many immune-targeted therapies in development, the
future of AD treatment looks promising. Time will tell whether
modulating the immune response in AD could present a solu-
tion for this devastating condition, which has long eluded doc-
tors and researchers alike.
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