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The challenge of the blood-brain barrier. The blood-brain barrier (BBB) presents a
significant challenge in developing effective treatments for central nervous system
(CNS) disorders. Various approaches are being explored to overcome this
pharmacological challenge, including shuttle technologies, viral vectors, non-viral
delivery particles, intranasal distribution, and devices for direct delivery to the CNS.

63 licensing deals/M&A in 2019-2024, and USD2.5bn raised in venture financing in
2019-2023. We have analysed the clinical development landscape, recent transactions,
and financing activity to better understand which technologies are advancing to the clinic
and gaining traction. Shuttle technologies — particularly those targeting the transferrin
receptor (TfR) — are among the most advanced and widely expected to gain approval in
niche markets. Biopharma companies and investors have shown significant interest in
BBB technologies, with 63 strategic transactions (licensing/acquisitions) over the past
six years and USD2.5bn raised in total from venture financing between 2019 and 2023.
Viral vectors and receptor-mediated transport technologies have received the most
attention from strategic partners and venture capitalists.

Recombinant enzymes employing TfR shuttle technologies are leading the way.
Denali Therapeutics and JCR Pharmaceuticals are advancing assets for the treatment
of MPSII (mucopolysaccharidosis type Il, or Hunter Syndrome), a genetic disorder
resulting from the accumulation of sugars in the body, particularly in the CNS. With a
BLA filing expected in 2025, Denali Therapeutics’ DNL310 could be the first to market
in the US. JCR Pharmaceuticals’ pabinsurf alfa has been approved in Japan
(IZCARGO) to treat MPSII and the company is running a global Phase Ill study
(STARLIGHT) to support registration in additional markets. Other shuttle technologies
earlier in clinical development are deploying monoclonal antibodies, with Roche’s lead
‘Brainshuttle’ programme delivering trontinemab (a version of its amyloid-beta (AB)
antibody gantenerumab) in Phase /1l trials for Alzheimer’s disease and has demonstrated
rapid amyloid plaque clearance along with a reduction in key biomarkers (tau, ptau181,
and neurogranin) in CSF. Viral vector approaches — particularly those harnessing the
ability of Adeno Associated Virus (AAV) to deliver a nucleic acid medicine or the
therapeutic protein itself — remain of significant interest, with an initial focus on orphan
markets.

Emerging technologies could revolutionise the treatment of neurological disorders.
Despite recent deal-making and financing activity, as well as clinical catalysts, there are
challenges that could hamper the translation of BBB technologies into blockbuster
therapies, including poor translational models, difficulty in accessing brain tissue, and a
lack of biomarkers. As the field continues to evolve, we expect emerging technologies
and innovators to address some of these issues, to fully unlock the potential and
revolutionise the treatment of neurological disorders.
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Introduction

Disorders of the central nervous system (CNS) have steadily increased over the past 30 years,
with neurological diseases now constituting the world’s leading cause of disability and health
burden'. Despite the number of organisations developing potentially transformative therapies
to address these diseases, most drugs designed to treat neurological illness struggle to cross
the brain’s protective barrier — known as the blood-brain barrier (BBB)2. With the advent of more
complex drugs (such as monoclonal antibodies and nucleic acid-based medicines), the ability
to effectively deliver these molecules across the blood brain-barrier to specific regions in the
central nervous system has emerged as an existential problem to realising the full clinical value
of these transformative medicines.

Biology of the blood-brain barrier

Coined by German scientist Max Lewandowsky, the term ‘blood-brain barrier (BBB) is a
complex network of cells and extracellular molecules designed to regulate the transport of
molecules and ions into the brain. With a vascular network branching out more than 400 miles,
the BBB supplies oxygen and nutrients to the tissues of the brain® and prevents the release of
potentially harmful agents into the extracellular space (see below)*.

Figure 1: Overview of the blood-brain barrier
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The integrity of the BBB is orchestrated by a variety of cells and structures working together in
a dynamic cellular environment constituting the neurovascular unit (NVU). The main
components of the NVU are:

H Brain endothelial cells (BECs). These are present in the capillaries of the BBB, and
regulate the import and export of substances between the circulatory system and the CNS.

B Pericytes. These support tight junction formation between endothelial cells and secretes a
basal membrane that supports surrounding cells and capillaries.

B Microglia. These control neuronal division and maintain BBB integrity.

B Astrocytes. These regulate efflux transporter receptors and filter substances from the BBB
to neurons and glial cells.

In addition to this cellular network, there are physical barriers in the CNS that affect how drugs
are transported®. These include a variety of extracellular enzymes that can directly inactivate
or tag molecules for removal and protein ‘pumps’ (known as efflux pumps) that direct waste

! Steinmetz J, Ong L, Vos T, etc. Global, regional, and national burden of disorders affecting the nervous system, 1990-2021: A systematic
analysis for the Global Burden of Disease Study 2021. Lancet Neural. 2024;23:344-381. doi: 10.1016/s1474-4422(24)00038-3

2 Zhou X, Smith QR, and Liu X. Brain penetrating peptides and peptide-drug conjugates to overcome the blood-brain barrier and target CNS
diseases. Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2021;13(4):e1695. doi: 10.1002/wnan.1695

3 Kisler K, Nelson AR, Montagne A, and Zlokovic BV. Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease. Nat
Rev Neurosci. 2017;18(7):419-434. doi: 10.1038/nrn.2017.48
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drug products back into the blood stream to prevent accumulation of potentially toxic
compounds in the brain.

Despite this relatively complex and forbidding barrier to the brain tissue, nutrients still require
access to the neuronal space for the brain to carry out its necessary functions. While the BBB
allows for passive diffusion of some small water- and lipid-soluble molecules into the brain
tissue, large molecules (such as sugars and complex proteins) cannot cross the BBB®. These
essential nutrients use active transport routes into the brain. The active transporter systems on
the surface of brain endothelial cells move large molecules using cellular energy. Three major
transporter routes deliver large molecules to the brain:

B Carrier mediated transport (CMT). CMT transfers molecules in and out of the BECs
through pores or channels. CMT uses electrochemical or concentration gradients to pump
glucose, amino acids, ions, and a few drugs such as L-DOPA into the brain tissue®. As CMT
controls bidirectional movement, these transporters can affect the retention of drugs’. CMTs
include the CD98 heavy chain (CD98hc) transporter, large neutral amino acid transporter 1
(LAT1), and the glucose transporter 1 (GLUT1)5.

B Adsorptive mediated transport (AMT). AMT is an electrostatic process’. AMT shuttles
positively charged molecules across the cell membrane using vesicles (small vessels)®. This
non-specific transport can move positively charged peptides or proteins such as albumin.

B Receptor-mediated transport (RMT). RMT ferries large molecules such as proteins and
lipids into the brain®. These molecules fit together like a key in a lock, where the receptor
ligand fits into a specific ‘receptor’ on the cell’s surface. The cell membrane engulfs the
complex into the small vesicle. The vesicle transports the complex across the cell, releasing
it into the brain. This transport process is called transcytosis®. RMTs include the transferrin
receptor (TfR), insulin receptor (IR), basigin (Bsg), insulin-like growth factor (IGF-1), and the
low-density lipoprotein (LDL) receptor-related protein family.

Given the physical, enzymatic and cellular barriers orchestrating a dynamic barrier to protect
the brain, it is no surprise that the BBB has presented a significant obstacle to drug development
in neurology. While small molecules can diffuse into the brain, a limited universe of molecules
easily pass into the brain — namely those that are lipid soluble with a size of less <400 Daltons®.
Furthermore, given the larger size of many newer biologic medicines such as monoclonal
antibodies, it is generally accepted that well below 1% of these therapies will enter the brain®.

Drug development in CNS diseases

Despite these hurdles in delivering drugs across the BBB, neurology is an active and growing
area of drug development. Given the commercial success of treatments for Multiple Sclerosis
(MS), the promise of high-profile programmes intended to address Alzheimer’s Disease (e.g.,
Eisai/Biogen’s Legembi (lecanemab), Eli Lilly’s donanemab), and the increasing awareness of
the disproportionate effect neurodegenerative diseases might have on an ever-ageing global
population, the CNS drug development space has recently seen substantial private and public
investor interest. There are 900+ drug pharma and biotech companies advancing one or more
assets to address CNS diseases. The pipeline comprises close to 1,900 drugs in development,
primarily by public companies (see below).

5 Wu D, Chen Q, Chen X, Han F, Chen Z, and Wang Y. The blood-brain barrier: structure, regulation, and drug delivery. Signal Transduct
Target Ther. 2023;(8(1):217. doi: 10.1038/s41392-023-014181-w

6 Alajangi HK, Kaur M, Sharma A, Rana S, Thakur S, Chatterjee M, Singla N, Jaaiswal PK, Singh G, and Barnwal RP. Blood-brain barrier:
Emerging trends on transport models and new-age strategies for therapeutics intervention against neurological disorders. Mol Brain.
2022;15(10:49. doi: 10.1186/s13041-022-00937-4

" Terstappen GC, Meyer AH, Bell RD, and Zhang W. Strategies for delivering therapeutics across the blood-brain barrier. Nat Rev Drug Discov.
2021;20(5):362-383. doi: 10.1038/s41573-021-00139-y

8 Wu D, Chen Q, Chen X, Han F, Chen Z, and Wang Y. The blood-brain barrier: structure, regulation, and drug delivery. Signal Transduct
Target Ther. 2023;(8(1):217. doi: 10.1038/s41392-023-014181-w

9 Pardridge WM J Cereb Blood Flow Metab 2012

©Yy and Watts Neurotherapeutics 2013
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Figure 2: CNS therapy company by financing status

Figure 3: CNS assets by financing status
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The space is dominated by some of the largest multi-national biopharmas, which allocate a
substantial amount of R&D capital — the largest of which have far more than 10 programmes
between preclinical and commercial stage. Considering the focus of clinical development, most
are directed towards the treatment of neurodegenerative diseases, pain and epilepsy — with
500+ clinical stage programmes progressing toward commercialisation. Given the development
activity in diseases directly affecting brain structures and biologic medicines, the importance of
improved BBB delivery presents an acute challenge to much of the biopharma space (see below).

Figure 4: Neurology therapy by indication

Figure 5: Neurology therapy by stage of development
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Note: TBI= traumatic brain injury, SCI= spinal cord injury

Technologies for blood brain barrier delivery

In this ecosystem, there are a variety of approaches being deployed to enable medicines to
efficiently cross the blood brain barrier and engage their target. Broadly, the technologies can
be divided into shuttle technologies, viral vectors, non-viral delivery particles, and devices
enabling delivery to the CNS.

Shuttle technologies

Shuttle technologies exploit the established biology in the CNS, co-opting known CMTs and
RMTs discussed above. Mainly deployed to enable the transport of large molecule biologics
such as recombinant enzymes and monoclonal antibodies, companies have engineered the
active drug substance with a targeting moiety that engages with the receptor target of interest,
ferrying the drug cargo into the CNS. These approaches are among the most advanced
development stage programmes in BBB technologies largely focused on the transferrin
receptor (TfR) and CD98hc.



Figure 6: Shuttle Technologies
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The two most clinically progressed products here are recombinant enzymes employing TfR
shuttles for treatment of MPSII (mucopolysaccharidosis type Il or Hunter Syndrome), a genetic
disorder resulting from the accumulation of sugars in the body, particularly in the CNS. JCR’s
pabinafusp alfa is a fusion protein consisting of a humanised anti-transferrin receptor antibody
and iduronate-2-sulfatase enzyme meant to break down extraneous sugars. In 2021, the
ministry of health in Japan approved the product under the trade name IZCARGO for the
treatment of MPSII, while a global Phase Ill study (the STARLIGHT Study) is recruiting 80
patients in partnership with Takeda to support registration in additional markets with primary
completion expected in January 2026. Similarly, Denali’s lead programme in its Transport
Vehicle programme is an enzyme-TfR conjugate (Tividenofusp alfa/DNL310) meant to break
down sugars that have built up in the CNS of MPSII patients. In a Phase I/II trial, DNL310
normalised key biomarkers in cerebrospinal fluid of MPS Il patients and several clinical
outcomes. Besides a 90% reduction in CSF HS levels being maintained until week 104, DNL
310 led to an increase in normal urine glycosaminoglycans from 5% at baseline to 77% at week
24, sustained until week 129 and an improvement in serum neurofilament levels, a marker of
neuronal injury. The company expects complete enrolment in the Phase 1/l COMPASS frial
by year-end and to file the BLA application in 2025.

Other clinical stage assets are employing shuttle modalities tethered to monoclonal antibodies
for neurodegenerative disease. Roche recently released data for its lead ‘Brainshuttle’
programme trontinemab, a version of its amyloid-beta (AB) antibody gantenerumab modified
with a TfR shuttle technology, highlighting best-in-class potential based on the fast and
sustained impact on amyloid plaque removal, reduction in key biomarkers, and improved safety
profile. Results from the completed dose escalation phase in 60 patients showed fast amyloid
plaque depletion of 91 centiloid units (CL) at the highest dose (3.6mg/kg, n=16) after 12 weeks
of treatment. The clearance dropped to 107 CL after 28 weeks with 67% of participants on
3.6mg/kg becoming amyloid negative. Only three amyloid-related imaging abnormalities-
edema/effusion incidents were observed across 160 participants dosed so far, although there
was one patient death that led to a protocol amendment to exclude patients with superficial
siderosis (<56% of patients with Alzheimer’s disease). Roche has said it expects the next data
readout in H1 2025, which should guide the ultimate design of the registrational study. Lastly,
Aliada has initiated a Phase | safety study for ALIA-1758, an anti-pyroglutamate (3pE)-AB mAb
programme combined with a TfR binder and the company was acquired by Abbvie in October
2024 in a USD1.4bn deal. In addition to these clinical stage shuttle programmes there are a
variety of preclinical programmes (see above).

Furthermore, gantenerumab/trontinemab illustrates an important point with respect to the
regulatory path for BBB technologies. Some delivery technologies where a known medicine is
combined in a unique formulation or applicator are reviewed under a unique regulatory
framework, where bioequivalence or a single clinical trial would be sufficient for approval (e.g.,
the FDA’s 505(b)(2) framework). However given these shuttle modalities are biologically active,
they will in most cases require a more traditional regulatory path, even if — as in the case of
trontinemab — the shuttle moiety is applied to a well-studied molecule. Indeed, regulatory
experts have highlighted the concerns for off target effects of some shuttle technologies, given
their expression beyond the CNS, as well as issues with respect to immunogenicity and chronic
delivery of novel drug products to the CNS™.

Viral vectors

Another approach under active investigation is to use a virus’s natural ability to enter the CNS
and infect tissues. Most of these technologies build off the ability of Adeno Associated Virus
(AAV) to infect CNS tissue. Sponsors have further engineered viral particles to increase CNS
penetrance, evade the immune system, and specifically target sections of the brain. These AAV
vector approaches (see below), harbour a nucleic acid medicine in the viral particle, which, after
infecting the target cell, generate copies of a missing or defective gene. However, there is
increasing interest in using viral vectors to deliver a genetic copy of therapeutic protein (such
as VectorY mAb delivery technology) to the CNS — using a patient’s protein product machinery

" https://www.ncbi.nlm.nih.gov/books/NBK507352/
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to make the therapy at the site of the disease. Most of these companies are still focusing on
orphan markets with relatively well-understood genetics to increase the probability of affecting
the natural history of the diseases via repair or replacement of the defective gene.

Figure 7: Selected CNS AAV companies by stage, target Indication, and capsid type for
lead programme with financing since 2019
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Despite their promise, there are limitations of viral vectors relative to other BBB technologies.
First, the natural immunogenicity of a virus can complicate repeat dosing as a patient could
have pre-existing immunity to the virus or mount an immune response against the viral medicine
after the initial treatment. Thus, a number of drug sponsors are attempting to map and alter
immunogenic epitopes of viruses to reduce immunogenicity while retaining the CNS tropism.
Additionally, while many AAV serotypes will preferentially infect neuronal tissue, there is still
the potential for systemic off target effects, an issue that many sponsors are attempting to
address. For example, Capsida and ShapeTx have noted their engineered viruses have more
than 1,000x higher tropism for CNS than peripheral tissues'2. Another limitation of virus is the
size of cargo able to be packaged into the vector, as virus particles have only so much space
to contain a genetic cargo.

Additional biologic platforms

In addition to exploiting shuttle and viral biology, additional biological approaches are under
investigation. For example, lipid spheres (such as engineered nanoparticles or modified
endogenously occurring exosomes) can be loaded with a therapeutic payload similar to viral
vectors for CNS targeted delivery. Conceivably, these approaches can avoid the
immunogenicity issue seen with viral vectors and optimise for payload size. Furthermore, as
many of the viral and non-viral platforms aim to deliver naked nucleic acid-based medicines
such as silencing RNAs, some organisations are engineering nucleic acid chemistry to increase
tropism, distribution and durability in the CNS (see below).

"2 https://capsida.com/science-innovation/#engineeringsection; https://www.globenewswire.com/en/news-
release/2023/01/05/2583655/0/en/ShapeTX-to-Showcase-Groundbreaking-Advances-in-CNS-in-vivo-RNA-Editing-CNS-Targeting-AAVs-
and-TruStable-AAV-Manufacturing-at-the-J-P-Morgan-41st-Annual-Healthcare-Conference.html
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Figure 8: Additional approaches to BBB penetration

Company Most recent  Total raised Platform
financing type (USDm)
RNA-based technology
Switch Therapeutics Series A ~68 CASi platform with strong potency, durability, and deep brain distribution
Leal Therapeutics Series A 39 Oligonucleotide chemistry platform for BBB delivery
Atlanta Therapeutics Series A 130 Branched siRNA with widespread distribution in the brain and spinal cord

Non-viral delivery technology

Autobahn Series C ~60 BDDS platform that uses a non-lipid nanoparticle to deliver nucleic acids
Ovensa Series A ~17 Nanomedicine platform (TRIOZAN) using N,N,N-trimethyl chitosan for BBB delivery
llias Series B ~38 Exo-Target platform that enables BBB targeting with exosomes

Other/undisclosed platform

AC Immune Public  Market cap- Developing antibody-small molecule that conjugates with brain-penetrating
~300 properties using the morADC platform

Biorchestra Series C ~234 Brain targeting chemistry platform

4B Technologies Series B 14 Multiple enabling platforms including cross-BBB delivery

NeuVasQ Technologies Series A ~24 Technology that aims to improve BBB integrity

Source: Pitchbook
Note: BDDS= Brain targeting drug delivery system, CASi= Conditionally activated siRNA

Devices

In contrast to co-opting biologic mechanisms via systemic distribution, some companies are
using innovative devices to deliver drugs to the CNS. In many cases these approaches will
directly administer the drug in the brain tissue or into the cerebrospinal fluid. This is not without
clinical precedent, as two commercial-stage genetic medicines, Spinraza and Zolgensma, use
direct delivery approaches to ensure the medicines reach the appropriate tissues in the CNS.
Overall, there are a wide range of approaches and routes for therapy from infusion into the
cerebrospinal fluid to more targeted surgical delivery to specific regions of the brain in clinic
(see below), with data released to-date summarised below:

B Allievex. Developing an enzyme replacement therapy, AX-250, for MPS Il that is delivered
directly into the CSF via an intracerebroventricular (ICV) injection through an implanted
device. Preliminary data (N = 6) from 2018 showed that AX-250 was well tolerated, restored
heparan sulfate levels, halted cognitive decline, and reduced liver sizes.

B Alcoyne Therapeutics and Biogen. Alcoyne has partnered with Biogen to develop an
implantable medical device (ThecaFlex DRx) that enables subcutaneous administration of
Spinraza into the CSF instead of repeat intrathecal dosing. The device has received a CE
mark and is being evaluated in clinical trials in the US.

B Passage Bio. Progressing a AAV1 vector gene therapy that is delivered via a one-time
injection into the CSF through the cisterna magna (ICM injection) for the treatment of
Frontotemporal dementia patients with GRN mutations (FTD-GRN). Preliminary data
showed potential for best-in-class efficacy, with CSF PGRN expression elevated 6-fold at
day 30 in five patients, and up to 10-fold at day 180 in two patients.

B AviadaBio. Evaluating a AAV9 vector to deliver a functional copy of the GRN gene to the
thalamus for patients with FTD-GRN. The one-time infusion is delivered using MRI-guided
stereotactic neurosurgical procedure. Preclinical data from non-human primates showed
tolerability and broad biodistribution of progranulin expression.
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Figure 9: Clinical brain delivery technologies

Delivery technology, lead asset Company Patient population(s) Status

Intracerebroventricular (ICV) delivery, Allievex MPS Il Phase Il/Ill ongoing with up to 5 years of data in 20
tralesinidase alfa (AX-250) patients, expected readout H1 2025

Falcon Enabled Drug Delivery/ThecaFlex Alcoyne Therapeutics, = SMA Investigation Device Exemption (IDE) study ongoing,
DRx System, Spinraza (nusinersen) Biogen expected readout H1 2026

programme

Intra-cisterna magna (ICM) injection, Passage Bio FTD with GRN mutations  Phase 1/1l/2 ongoing, with 12-month data from cohort 1
PBFT02 and interim data from cohort 2 expected in H1 2025
Minimally invasive, stereotactic AviadoBio FTD with GRN mutations  Phase I/ll initiated in April 2024, expected readout H1
neurosurgical procedure targeting the 2026

thalamus, AVB-101

Source: Clinicaltrials.gov, press releases
Note: FTD: frontotemporal dementia, MPS |lI: Mucopolysaccharidosis type Ill, SMA: spinal muscular atrophy

Intranasal

Although the aforementioned technologies primarily address systemic delivery through
intravenous or subcutaneous routes, note that intranasal administration offers a unique
approach to CNS drug delivery. This completely bypasses the blood-brain barrier, providing a
direct pathway to the CNS. As the olfactory epithelium and trigeminal neuronal pathway offer
direct connections between the nasal cavity and the brain'®, there are available commercial
small molecules and peptides delivered via a nasal spray to treat diseases as diverse as allergy,
opioid overdose, migraine, and epilepsy. However, the mucosal layer in the nasal cavity
presents its own barrier challenges for more complex and larger biomolecules™. While the
focus of this review has been systemic routes of administration, some public companies are
developing novel devices or formulation chemistry for traditional small molecule and peptide
intra nasal delivery (e.g., Atai, Impel, Oragenics, Paxmedica, Virpax, among others) while some
companies are developing formulation and delivery systems for macromolecule/biologic
approaches (e.g., Tiziana’s intranasal delivery of its anti-CD3 mADb, foralumab, and NurExone’s
intranasal exosome delivery of RNA).

'3 https://www.tandfonline.com/doi/epdf/10.3109/10717544.2013.838713?needAccess=true
4 Darshana S, June S, “Nasal Delivery of Proteins and Peptides”. Glob J Pharmaceu Sci, 2017, Vol 1(4), 555569
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Market landscape

To understand how these technologies are maturing from a corporate and commercial
perspective, we have assessed the strategic transactions including licensing/acquisition and
venture financings for private companies.

Strategic transactions

From 2019 to October 2024, there have been 63 licensing and acquisitions for approaches that
can overcome blood-brain barrier (BBB) delivery challenges, with more than three quarters for
viral vectors (28/63, 44%) and RMT (23/63, 37%) (see below). RMT is of particular interest as
it harnesses natural cellular mechanisms to internalise molecules, and has the potential to be
specific and more permeable to large drug-receptor complexes than other approaches. To date,
transferrin receptor (TfR) has been the most widely exploited and independently validated, with
12/23 RMT deals in our dataset leveraging TfR alone or with another target (CD98) while the
remainder use LRP1 (4/23), IGF1R (2/23) or unnamed novel targets (5/23). Given their potential
to introduce long-term expression of an introduced transgene, AAVs have been clinically
exploited for gene therapy applications. Strategic interest in AAV approaches for gene therapies
has been fuelled by the approval of Zolgensma (2019; Spinal muscular atrophy); all the deals
for vector-based technologies leveraging AAV were for neurodegenerative disorders
(Parkinson’s, Alzheimer's), neuromuscular diseases (ALS, Dystrophies), or inherited CNS
disorders with neurological manifestations particularly epilepsies (Fragile X, Rett Syndrome,
Refractory temporal lobe epilepsy). Other emerging approaches include invasive delivery
options (intracerebral, intranasal, spinal), and non-viral delivery options such as nanoparticles
and cell penetrating peptides.

Figure 10: BBB transactions by year/technology type (January 2019—-October 2024)
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Given the early days in development of many of these technologies, most deals in this space
have focused on preclinical assets/technologies. Furthermore, the most common deal type has
been a co-development agreement given an originator technology could be appropriate for a
partner’s active drug product (see below).

11



DNB Markets | Frontiers in CNS therapeutic development
12 November 2024

Figure 11: BBB transactions by stage and deal type (January 2019-October 2024)
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From a value perspective, economics for these agreements are significantly structured.
Notably, the preclinical deals have garnered substantial investment with an average upfront
value of USD65m and ~USD1bn in milestones (see below).

Figure 12: BBB transactions with disclosed financials by stage and value (January
2019-October 2024)
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Financing

Over the past four years, there has been consistent interest in venture-backed financing for
BBB delivery technologies.
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Figure 13: Breakdown of BBB companies with at least one Figure 14: BBB financings by year and technology type
financing since 2019 (January 2019—-December 2023)
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Vector-focused companies accounted for ~40% of all companies with raises during this period
(12/31), with the remaining focusing on a broad range of approaches from devices to
nanoparticles (see above). Total private investments averaged USD500m annually, driven
primarily by the large amount raised by vector technology companies.

Figure 15: BBB financings total raise by year (January 2019-December 2023)
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Vector technology companies raised the most in the period assessed, particularly in 2021, when
vector technology companies included in the analysis raised USD437m (see below).
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Figure 16: BBB financing total raise by year and technology type (January 2019—December 2023)
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Overall, the blood-brain barrier technology market has seen robust transaction and venture
financing activity over the past 4-5 years, driven by the pressing need for effective neurological
treatments. With ~USD2.5bn raised in aggregate in venture financings from 2019 to 2023, the
bulk of which was driven by innovative vector-based platforms, we believe we will likely see
assets co-opting vector technologies entering the clinic in the near term. Furthermore, much of
the transaction activity has been for viral vectors or technologies using receptor-mediated
transcytosis with TfR remaining the target of choice. As developers and their pharma partners
progress these programmes to clinical trials, it will be interesting to see which technologies and
indications beyond viral vectors/TfR driven RMT and rare neurological diseases achieve clinical
and commercial success.
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Challenges

There are substantial challenges in developing medicines that efficiently cross the BBB and
target the affected area of the CNS. Historically CNS diseases have one of the highest clinical
trial failure rates among therapeutic categories'’®. Poor translational models, difficulty in
accessing human tissues, the lack of biomarkers, and the brain’s complex neurochemistry all
contribute to higher failure rates for CNS drugs'®. However, there are specific challenges to the
translation of BBB technologies into effective medicines.

Validation of the drug in brain tissue

A key component of developing a technology to optimise the delivery of a medicine to an
anatomical location is the ability to measure and validate the success of that approach in
humans. However, the BBB presents a unique challenge as directly measuring drug levels in
human brain tissue is associated with many hurdles”. First, when considering transport shuttle
based approaches, the expression of targets (such as TfR, CD98) in clinical development are
not expressed in commonly used animal models'®. Second, researchers have traditionally used
ex-vivo assessment such as post-surgery or necropsy histology, in-vivo microdialysis, or in-vivo
positron emission tomography (PET) to monitor drug distribution in the CNS, each of which has
limitations with respect to invasiveness, resolution, and practicality. For example, PET is limited
by its ability to distinguish between total compound and that bound to the target and is mainly
limited to hydrophobic compounds. Nevertheless, newer methods combine real-time
neuroimaging with radiocontrast media to detect drugs moving across the BBB in humans such
as single-photon emission computed tomography (SPECT), and magnetic resonance imaging
(MRI)'%20, As a result, the field is increasingly turning to multimodal in vitro, preclinical, in-vivo
human, and modelling approaches to refine a drug’s PKPD profile in the CNS2',

Safety issues

Recent clinical experience with side effects associated with monoclonal antibodies (mAbs)
targeting amyloid-beta such as lecanemab and donanemab in Alzheimer’s Disease raise the
question — is more drug product better with respect to delivery of novel medicines to the CNS?
Treatment with these mAbs has been associated with adverse reactions in humans as around
21% of patients using the antibodies for Alzheimer’s Disease develop amyloid-related imaging
abnormalities (ARIA), which can result in cerebral haemorrhage, oedema, or effusion?2. Some
studies suggest longer drug circulation times in the blood could help to decrease these
unwanted effects, raising the question whether a larger bolus of targeted antibody could
exacerbate the issue?.

However, emerging data on the mechanism of ARIA and data comparing clinical data from
matched antibodies with and without a BBB targeted moiety, suggest more might be at play
than purely the amount of active drug product that is eventually delivered to the CNS. An
emerging hypothesis is that ARIA pathology is the result of therapeutic antibodies binding to
vascular cell associated amyloid protein, rather than neuronal cell associated amyloid, resulting
in the vascular haemorrhage?*. This raises the question whether more precise targeting to non-
vascular cells might improve, not exacerbate, this side effect and early data from targeted
antibodies suggest this could be the case. As discussed above, Roche’s trontinemab and
gantenerumab are mAbs targeting amyloid; however, trontinemab contains a tag that binds the

'® https://go.bio.org/rs/490-EHZ-999/images/ClinicalDevelopmentSuccessRates2011_2020.pdf

'6 Stephenson D, Belfiore-Oshan R, Karten Y, Keavney J, Kwok DK, Martinez T, Montminy J, Muller MLTM, Romero K, and Sivakumaran S.
Transforming drug development for neurological disorders: Proceedings from a multidisease area workshop. Neurotherapeutics 2023;20:1682-
1691. doi: 10.1007/s13311-023-01440-x.

7 Tian M, Ma Z, and Yang GZ. Micro/nanosystems for controllable drug delivery to the brain. Innovation (Camb). 2023;5(1);100548. doi:
10.1016/j.xinn.2023.100548

'8 Al Feteisi H, Al-Majdoub ZM, Achour B, Couto N, Rostami-Hodjegan A, Barber J. Identification and quantification of blood-brain barrier
transporters in isolated rat brain microvessels. J Neurochem. 2018;146(6):670-685

® Tian M, Ma Z, and Yang GZ. Micro/nanosystems for controllable drug delivery to the brain. Innovation (Camb). 2023;5(1);100548. doi:
10.1016/j.xinn.2023.100548.

2 yan Osch MJP, Wahlin A, Scheyhing P, Mossige |, Hirschler L, Eklund A, Mogensen K, Gomolka R, Radbruch A, Qvarlander S, Decker A,
Nedergaard M, Mori Y, Eide PK, Deike K, and Ringstad G. Human brain clearance imaging: Pathways taken by magnetic resonance imaging
contrast agents after administration in cerebrospinal fluid and blood. NMR Biomed. 2024;18:€5159. doi: 10.1002/nbm.5159.

21 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6062484/

2 pgarwal, A, Gupta V, Brahmbhatt P, Desai A, Vibhute P, Joseph-Mathurin N, and Bathla G. Amyloid-related imaging abnormalities in
Alzheimer Disease treated with anti-amyloid-p therapy. Radiographics. 2023;43(9):€230009. doi: 10.1148/rg.230009.

2 Gklinos P, Papadopoulou M, Stanulovic V, Mitsikostas DD, and Papadopoulos D. Monoclonal antibodies as neurological therapeutics.
Pharmaceuticals (Basel). 2021;14(2):92. doi: 10.3390/ph14020092.

24 hitps://www.alzforum.org/news/conference-coverage/aria-inflammatory-reaction-vascular-amyloid
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transferrin receptor shuttling the mAb across the BBB via RMT. As one would expect, Roche
has reported initial data showing higher rates of trontinemab localisation in the CNS (via CSF
fluid) than gantenerumab?. Intriguingly, data emerging from these studies suggests the
targeting antibody has a cleaner safety profile with lower rates of ARIA than gantenerumab and
other amyloid targeted mAbs, which suggests more CNS uptake, which could reduce local
and/or systemic off target effects26. As new modalities and targets are used it remains to be
seen if the potential increase in safety associated with BBB targeted in this instance is broadly
applicable to modalities and targets or a unique aspect of amyloid beta targeting in AD.

Targeting specific areas of the brain

In many respects, entry to the CNS is the first of many steps in efficiently targeting a medicine
to the relevant region of the brain given the brain comprises multiple distinct areas and
structures, each of which with its own distinct function. For example, in some diseases, such
as Rett Syndrome (which results from a disruption of the MeCP2 protein), the affected areas
are diffuse and delivery of target medicine needs to be broadly distributed?”. However, many
diseases of the brain involve specific structures and cells requiring more precise targeting. For
example, deep brain structures in the basal ganglia are preferentially disrupted in diseases
such as Huntington’s Disease and Parkinson’s Disease, leading to the distinctive motor
symptoms in patients?. Similarly, the Dorsal Cochlear Nucleus (DCN) is a particular structure
in the brainstem, which is affected in genetic diseases such as spinocerebellar ataxias?®. As a
result, researchers are trying to engineer delivery approaches that deliver medicines or
switching on genetic payloads only in the proper anatomical location, and many vector
companies, such as Affinia and Latus, are aiming to engineer viruses for specific regional
tropism3°,

% https://medically.gene.com/global/en/unrestricted/neuroscience/ADPD-2021/adpd-202 1-presentation-kulic-translation-of-rg6 102-an-a.html
2 https://medically.gene.com/global/en/unrestricted/neuroscience/ADPD-2024/adpd-2024-presentation-kulic-rapid-dose-dependent-
amylo.html

27 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10248472/

28 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7497570/)

2 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5221462/

30 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10250345/)
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Conclusions

The BBB serves as a crucial biological defence mechanism, shielding the CNS from potentially
harmful substances and pathogens circulating in the bloodstream. However, this protective
function presents a significant hurdle in the treatment of CNS disorders, as it also impedes the
delivery of therapeutic agents to their intended targets in the brain. While it is still early days for
the myriad technologies circumventing the BBB to optimise CNS pharmacotherapy, venture
and pharma activity over the past five years suggests that BBB-focused technologies are here
to stay. Ongoing work to address the challenges mentioned in this note underscore that these
technologies have the potential to leapfrog current drugs, potentially revolutionising the field of
CNS therapeutics.

The current late-stage pipeline of assets includes enzyme replacement and antibody
approaches. The most advanced technologies use the TfR receptor shuttle to optimise enzyme
replacement therapy for MPS Il, JCR’s JR-141, and Denali’s DNL310. Denali has said it expects
to file a biologics licence application (BLA) in 2025; if successful, DNL-310 could be the first
FDA approved drug using RMT to achieve brain penetration and distribution. Such an event
would likely not only drive value for Denali’'s platform but also bolster investors and
consolidators to make judicious investments and collaborations. In contrast, the earlier stage
pipeline broadens the repertoire of diseases to more common neurological disorders such as
Alzheimer’s and Parkinson’s. Biopharma might wait for commercial success or best-in-class
potential in these more prevalent conditions before we see M&A in the space.
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