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Itis an exciting time to be in neuroimmunology research. Promising pharmacological targets and drug approaches
for the treatment of diseases of the central nervous system (CNS) are emerging. Jerry Madukwe, the Editor-in-Chief
of Trends in Pharmacological Sciences asked authors of the August 2022 special issue to reflect on the global
challenges in the field and what they see as the future of neuroimmunology research for CNS disease therapy.

Therapeutic complement intervention

Although the recent approval of complement inhibitors in neurological diseases has
rekindled the interest of biopharma in this space, | believe that therapeutic complement in-
tervention in the CNS is still in its infant stage with regard to the delivery of broadly efficacious
therapies that can alleviate symptoms in patients with established neurological disease.

We are still faced with significant knowledge gaps. We are far from establishing what would
be the projected impact of complement inhibition on a chronic basis in such patients, espe-
cially considering that complement activation may exert opposing effects in the CNS: on
one hand, promoting neurogenesis and clearance of cell debris but also exerting neurotoxic
effects or promoting synapse elimination during neurodegeneration and aging. As a result,
the development of CNS-targeted complement therapies needs to adequately reconcile
these mechanistic aspects and also overcome certain translational hurdles. Challenges
that need to be addressed along the clinical path include: the development of bona fide
markers for monitoring complement activity in CNS compartments, stratifying eligible
patients for therapy, the design of tailored therapeutics that can effectively cross the
blood-brain barrier with favorable biodistribution profiles, the selection of the optimal thera-
peutic window and duration of clinical intervention, and the choice of optimal therapeutic
target depending on the hierarchical contribution of various complement effectors to
CNS pathogenic processes.
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While complement drug discovery has witnessed a true transformation through the
recent expansion of clinically approved therapeutic options, the field of neuroinflammation
has only now began to ‘sow the seeds’ of complement’s pathogenic involvement. More
definitive answers to key questions at the translational and clinical levels are expected to
advance new complement therapies closer to the bedside.

Immunoneurology has a potential to transform the treatment of brain
disorders

For the past two decades, the dominant therapeutic strategy for degenerative brain dis-
orders was to target the disease typifying misfolded proteins, including beta-amyloid
(Ap) and tau in Alzheimer's disease (AD), a-synuclein in Parkinson's disease, the
huntingtin protein in Huntington disease and SOD, TDP43, and COORF72 in amyotro-
phic lateral sclerosis. Following this prevailing therapeutic hypothesis, the company
that | founded in 2001, Rinat Neuroscience, developed an antibody against A,
ponezumab, that was shown to be effective in animal models of AD and was taken
Arnon Rosenthal into the clinic by Pfizer, which acquired the company and the drug. Ponezumab was
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subsequently discontinued after Phase 2 for lack of efficacy.

While ponezumab was in clinical trials, the failure of the Ap vaccination therapy, which
was the first attempt to remove misfolded proteins in AD, was reported, leading me to
rethink the therapeutic potential of targeting misfolded proteins. The vaccine appeared
effective in removing A plagques but was not associated with any discernable clinical or
survival benefit, suggesting that targeting A3 and possibly other misfolded proteins may
not be sufficient as a therapy, regardless of the disease etiology.

At the same time, human genetic polymorphism studies, primarily of AD risk, revealed
that although AD is characterized by the destruction of synaptic connections and the
death of nerve cells, the culprit of the disease may be a dysfunctional brain immune
system, which is composed of a macrophage-like cell type designated microglia.
Human genetics further revealed that neurodegeneration is associated with suppression
and/or insufficient activity of microglia.

These findings led Alector, the company that | founded in 2013, to develop immuno-
neurology as a broad therapeutic strategy for dementia and neurodegeneration. The
idea is to target microglia checkpoint receptors that human genetics identified as risk
factors for AD and, through modulation of these receptors, harness, recruit, rejuvenate,
and repolarize the aging microglia to better counteract multiple disease pathologies.

Well-functioning microglia have been shown to remove misfolded proteins, seal leaky
blood vessels, optimize neuronal connections, and improve the functions of astrocytes,
which nourish neurons and recycle neurotransmitters; oligodendrocytes, which produce
myelin; and endothelial cells, which maintain intact blood-brain barrier. Thus, microglia, if
harnessed with the right therapeutics, have the built-in capacity to respond to most
pathologies associated with brain dysfunction.

Immuno-oncology revolutionized the treatment of cancer by harnessing T cells to fight
tumors. Immunoneurology has a similar potential to transform the treatment of brain
disorders by harnessing microglia to fight brain pathologies and advance us toward a
world where dementia and neurodegeneration are disorders of the past.

Identification of early inflammatory-related biomarkers for neuro
degenerative disease

The neuroimmunology field has significantly advanced in the past two decades towards
the understanding of the impact of inflammatory mediators on the development of
neurological diseases, in particular in neurodegenerative disorders. My interest in the
field started long before the inflammasome was described, while completing my PhD
studying the cytokine interleukin-1beta and my postdoc focused on purinergic P2X7
receptors. Now, we know that inflammatory mediators play a role in the development
of neurological diseases and, more precisely, in neurodegenerative diseases. Because
the inflammatory response could start at a low level and, subclinically, decades before
the neurological clinical symptoms appear in patients, it is challenging to translate the
knowledge from preclinical models, where animals could be treated early enough, to
humans when neurodegeneration has fully established. Since most of the cytokines
used as biomarkers are either not specific, or difficult to detect in the blood of patients,
the identification of early inflamsmatory-related biomarkers for disease in human patients
should be a priority. We need to establish either: (i) a combination of biomarkers, which
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could include the identification of dysregulated homeostatic factors and danger signals
beyond cytokines; and/or (i) functional biomarkers that could let us know the functional
status of the inflammatory cells before chronic subclinical inflammation could damage
the brain. In any case, even after proving an indisputable inflammatory blueprint for
neurodegenerative diseases and establishing early stratification of patients that would
develop a neurodegenerative condition in the future, the new challenge will be how to
design long-term clinical trials with experimental treatments before the establishment
of the disease. Approval for trials of this kind by drug regulatory agencies and funding
from pharmaceutical companies may not be very feasible. In the meantime, we will
need to assess the effect of novel blockers of inflammatory pathways, such as novel
blockers of the NLRP3 inflammasome, to diminish the symptoms of already established
neurodegenerative diseases at early stages of diagnosis.

Harnessing microglial states for selective intervention

My research focuses on investigating the physiological roles of microglia in the healthy
CNS and theirimpairment upon the exposure to environmental risk factors for neurolog-
ical diseases and pathological challenges across the lifespan. These environmental
risk factors include chronic psychological stress, viral and bacterial infection, sleep
disturbances, unhealthy diets, and aging. Microglia have emerged as critical resident
cells of the CNS that are necessary for its maturation, activity, plasticity, and integrity
throughout life. Environmental risk factors for disease and genetic variants compromise
these beneficial functions. Depending on the stage of life, this results in a wide range of
pathological conditions, including neurodevelopmental and neuropsychiatric disorders,
as well as neurodegenerative diseases. Recent advances in single-cell transcriptome and
proteome analyses, combined with cutting edge, correlative microscopy approaches
such as three-dimensional electron microscopy, have allowed us to uncover different
microglial states (e.g., dark microglia) performing specialized, contextually dependent
functions. ldentifying the microglial states, which are notably involved in neurodegenera-
tion, synaptic loss, demyelination, and improper glial support, is expected to provide
novel therapeutic avenues across a wide range of pathological conditions in which
microglia are implicated across life. This provides a unique opportunity to develop
efficacious and safe treatments, selectively targeting the microglial states performing
contextually relevant functions, without compromising other microglial functions required
for health. However, microglia differ not only between stages of life, CNS regions, sex,
and context of health and disease, but also between species. A challenge thus pertains
to the translation of the findings from animal models to human. The development of
selective radiotracers for microglial states will allow studies in humans, using positron
emission tomography combined with other imaging modalities, to uncover their relation-
ships to disease onset, progression, and response to pharmacological treatment across
a wide range of pathological conditions.

Addressing the complexities of immune cell interactions in glioma
microenvironment and brain drug delivery

My path to the neuroimmunology field began during my PhD study (revealing a mecha-
nism for how the axon-macrophage interplay promotes axonal regeneration upon injury)
and continued during my postdoc training (elucidating a context-dependent crosstalk
between cancer cells and macrophages/microglia in brain cancer). The goal of my labo-
ratory at Northwestern University is to: study how glioma cells can shape an immunosup-
pressive tumor microenvironment in a context-dependent manner, elucidate the
molecular mechanisms for how infiltrating immune cells affect brain tumor growth,
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understand how such tumor—immune symbiosis affects the effectiveness of immunother-
apies, and finally develop novel neuroimmunology-based therapeutics for patients with
pbrain cancer. The symbiotic interactions between the host and infiltrating immune cells
are critical for the development of neurological diseases, including brain cancers. Despite
the molecular understanding of neuroimmunology increasing, and a large number of
neuroimmunology-based therapeutics have been developed, many challenges remain
on how to successfully translate preclinical findings into the clinic. The first challenge
is the remarkable heterogeneity of both host cells and infiltrating immune cells in
neurological diseases. Developing context-dependent neuroimmunology-based thera-
peutics is necessary. To this end, comprehensive studies using single-cell technologies
[e.g., single-cell RNA sequencing (scRNA-seq) and cytometry by time of flight (CyTOF)]
followed by functional validations are needed to identify novel context-dependent host—
immune symbiosis. The second challenge is the use of mouse models. Mouse models
may not be able to completely recapitulate the immune landscape of patients with neuro-
logical diseases. Developing novel genetically engineered mouse models that closely
recapitulate human neurological diseases is required to better characterize the host-
immune symbiosis and to screen and validate drug candidates. The third challenge is
the blood-brain barrier that limits drug delivery into the brain. Advanced technologies
(e.g., nanotechnology and exosome delivery system) may help to overcome this
challenge. Together, | believe that filling these gaps will lead to identification of novel
and effective neuroimmunology-based therapeutics for neurological diseases.
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