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Exit pathways of therapeutic antibodies
from the brain and retention strategies

Linda Schellhammer,’* Michal Beffinger,’? Ulisse Salazar," Jon D. Laman,® Thorsten Buch,’
and Johannes vom Berg'-%*

SUMMARY

Treating brain diseases requires therapeutics to pass the blood-brain barrier (BBB) which is nearly imper-
meable for large biologics such as antibodies. Several methods now facilitate crossing or circumventing
the BBB for antibody therapeutics. Some of these exploit receptor-mediated transcytosis, others use
direct delivery bypassing the BBB. However, successful delivery into the brain does not preclude exit
back to the systemic circulation. Various mechanisms are implicated in the active and passive export of
antibodies from the central nervous system. Here we review findings on active export via transcytosis
of therapeutic antibodies - in particular, the role of the neonatal Fc receptor (FcRn) - and discuss a possible
contribution of passive efflux pathways such as lymphatic and perivascular drainage. We point out open
questions and how to address these experimentally. In addition, we suggest how emerging findings could
aid the design of the next generation of therapeutic antibodies for neurologic diseases.

AIMS AND SCOPE

Brain delivery strategies for therapeutic antibodies and other protein-based therapeutics are intensely investigated in both academia and the
pharmaceutical industry and are well-covered in scientific literature. In comparison, much less is known about the fate of these drugs once they
have entered the brain parenchyma. This review article summarizes the current understanding of the fate of antibody-based therapeutics for
neurological diseases of the central nervous system (CNS) once they have passed the blood-brain barrier (BBB). After a brief review of relevant
anatomical structures and the most common delivery strategies to pass or bypass the BBB, the main focus of this article is, therefore, on the
CNS to blood antibody efflux. We point out open questions and potential experimental strategies to address these, as well as implications for
drug development to target brain diseases.

THE CENTRAL NERVOUS SYSTEM AND ITS BARRIERS

The mammalian CNS is isolated from the periphery by unique anatomical structures: 1) The BBB, which limits direct access of substances in the
blood to the brain parenchyma'; 2) a distinctive barrier formed between spinal cord parenchyma and the surrounding vasculature?; 3)
the cerebrospinal fluid (CSF)-brain barrier and 4) the blood-CSF barrier, which separate the brain parenchyma from the CSF space and
the CSF from the blood, respectively.”" Furthermore, in the vicinity of the cribriform plate and along the cranial nerves and venous sinuses
of the dura mater run the meningeal lymphatic vessels, which drain CSF to the regional lymph nodes.”® This system was prominently
described by Michael Bradbury and by Helen Cserr in the 1980s and in the early 1990s,”” and has been steadily gaining attention over
the last decades. The history and complexities of the field have been discussed recently.'®

The BBB is a highly specialized vascular system of brain endothelial cells supported by pericytes and bolstered up by astrocytes forming
the glia limitans.'" It serves as an interface between the CNS and the periphery while at the same time isolating the CNS from potentially toxic
substances in the blood, including metabolites, but also inflammatory molecules and infectious agents. The barrier function of the BBB relies
on firmly interconnected endothelial cells, which form many adherens junctions and tight junctions, preventing the passage of most molecules
other than small lipophilic compounds. The BBB endothelium contains multiple ion pumps and transporters, including ATP-binding cassette
(ABC) and solute carrier (SLC) families of influx and efflux transporters, which shuttle nutrients into and clear metabolites out of the brain.>'?

Importantly, endothelial cells forming the BBB express the neonatal Fc receptor (FcRn). FcRn is a heterodimeric protein formed of a heavy/
alpha chain (encoded by the gene FCGRT) and a light chain (beta2 microglobulin).'*'* FcRn was initially discovered for intestinal IgG uptake in
neonatal rodents'® and continues to function during adult life beyond the neonatal period. In the endolysosome, FcRn binds the Fc moiety of
IgG antibodies (Abs) at lysosomal pH (pH ~5.5), which allows salvage from the sorting endosome and release back into the circulation at
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neutral pH, thus prolonging their half-life. A similar mechanism has been described for albumin, although the binding sites of IgG Fc and
albumin on FcRn are not overlapping.'® While recycling and transcytosis of IgG in epithelial cells and endothelial cells through FcRn is
well established, for albumin mostly the recycling function has been so far experimentally confirmed."’

The blood-spinal cord barrier is morphologically and functionally analogous to the BBB, including the presence of non-fenestrated endo-
thelium and glia limitans. However, its barrier function appears to be less stringent, presumably due to reduced expression of adherens and
tight junction proteins.”

Two additional barriers confine the CSF compartment toward the blood and toward the brain parenchyma

The blood-CSF barrier is present throughout the arachnoid mater, formed by a layer of cells called the arachnoid barrier layer. A different type
of blood-CSF barrier exists within the choroid plexus: Blood vessel endothelial cells in this organ express carrier receptors, but, in contrast to
the endothelium of the BBB, are fenestrated and do not form tight junctions, thus allowing macromolecule permeability.' The barrier function
is in this case ensured by the choroid plexus epithelium, which is also responsible for the secretion of CSF into the ventricles. Those epithelial
cells, in addition to various transporters, also express FcRn.>'

Toward the brain parenchyma, forming a CSF-brain barrier, the subarachnoid space is isolated by the pia mater and glial cells. A similar
barrier composed solely of astroglia endfeet and their associated basement membrane is present along the perivascular spaces limiting free
exchange of molecules with the brain parenchyma. Within the ventricles, the brain parenchyma is loosely separated from CSF by a lining of
ependymal cells, which do not form tight junctions and permit exchange of macromolecules between brain interstitial fluid and CSF."**

In summary, tight control over the traffic across CNS barriers is maintained through specialized anatomical and cellular structures including
tight junctions, ion pumps, channels, and transporter proteins. Under these circumstances, many therapeutics, including intravenously in-
jected antibodies, are kept from entering the CNS.

THE CENTRAL NERVOUS SYSTEM BARRIERS IN DISEASE

CNS diseases can trigger changes in the function of the CNS barrier systems. These alterations are often related to increased permeability
and have been observed in autoimmune neuropsychiatric disorders, epilepsy, neurodegenerative disorders, and brain cancer, among
others.'®"” Infection-induced BBB permeability triggers the deposition of immunoglobulin G (IgG) within the brain in a model of autoimmune
psychiatric disorder.”’ In epilepsy, dysfunctions of the BBB are etiopathologically central to the disease and cause as well as aggravate
seizures.”’ In multiple sclerosis and Parkinson's disease, increased barrier permeability has been observed and may play a role in the devel-
opment of these diseases.'®?* In a preclinical marmoset model of multiple sclerosis, systemically administered therapeutic antibodies were
detectable in the white matter lesions.”® Furthermore, in Alzheimer's disease, the blood-CSF barrier also appears to be affected.”

Perhaps the most severe cases of CNS barrier breakdown occur in malignant brain cancers. Indeed, BBB permeability can be used for
tumor staging and diagnosis of glioblastoma, using magnetic resonance imaging with gadolinium as a BBB-non-permeable contrast
agent.'%%°

Notably, the disease-triggered barrier dysfunction can be spatially or temporally limited, observable as focal increase in BBB permeability
in preclinical Alzheimer’s disease models.”® Also in multiple sclerosis, barrier permeability is increased temporally, depending on the phase of
the disease.”’ Even in high-grade gliomas, some tumor regions do not show BBB dysfunction.”” In general, the exposure of brain tissue to
systemically present substances can be both a triggering factor as well as a consequence of a disease.

STRATEGIES TO INCREASE ANTIBODY DELIVERY TO THE BRAIN

The favored way for administering therapeutic biologics, in particular antibodies and Fc-fusion constructs, is often parenteral, which is advan-
tageous over oral administration, as it bypasses the proteolytic environment of the digestive tract and provides better control of dosing. Yet,
an active ingredient still must pass the BBB to enter the brain. As only small and lipophilic molecules passively cross the BBB, it is inherently
difficult to bring biologics into the CNS parenchyma.'“%*” Nonetheless, there are various approaches to overcome this limitation. We sum-
marize four fundamental methods for biologics: (1) induction of BBB permeability, (2) charge-optimization to allow adsorption-mediated
transcytosis (AMT), (3) receptor-mediated transcytosis (RMT), and (4) bypassing the BBB via direct CNS delivery. For detailed reviews refer
10,3032

(1) Inducing BBB permeability (Figure 1A). One of the best-studied approaches is focused ultrasound (FUS). Mechanistically, FUS affects
the tight junctions in the BBB endothelium by the application of ultrasound with or without the administration of microbubbles into the
vasculature.®* While most FUS research has been focused on delivering non-antibody therapeutics and nanoparticles, preclinical data
and recent trials suggest that FUS is also well-suitable for the safe delivery of antibodies.>**> An alternative method to enhance BBB
permeability is the use of pharmacotherapeutics, such as the potassium channel inhibitor minoxidil sulfate or the osmotic pressure
regulator mannitol.***” Using osmotic BBB disruption, therapeutic antibodies were successfully delivered into the parenchyma, which
improved the outcome of bevacizumab (anti-VEGF) treatment in patients with glioma.”’
Adsorption-mediated transcytosis (AMT, Figure 1B). Instead of permeabilizing the BBB, the therapeutic itself is modified for efficient
transport across the BBB in this approach. Positively charged molecules are endocytosed and transported through the BBB via AMT. In
mice, charge optimization increased brain uptake of chemically modified antibodies with an isoelectric point above 9.5.” However,
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Figure 1. Strategies to increase antibody delivery to the brain across the BBB

(A) Permeabilization: (1) Focused ultrasound (FUS) induces a steady oscillation of intravenously administered microbubbles, which transiently permeabilize the
BBB (reviewed in®’; 2) Pharmacological reduction of BBB function, e.g., using potassium channel agonists to increase brain uptake of an anti-Her-2 Ab.** (3)
Osmotic permeabilization of the BBB showed positive effects on the delivery of therapeutic antibodies.”

(B) Charge-optimization: During adsorption-mediated transcytosis (AMT), positively charged molecules are endocytosed and transported through the BBB.*
(C) Engaging transcytosis receptors: Receptor-mediated transcytosis (RMT) is often used with the IR, LRP1, or TfR. The affinity to the receptor determines release
in the parenchyma or accumulation in the endothelium.* (1) High-affinity antibodies to TfR accumulate in the BBB endothelium instead of penetrating the
parenchyma.”®*” (2) This is avoided by lowering the TfR affinity and adding a second specificity to direct homing to the CNS. This requires a bior
multispecific antibody format, such as the modular brain shuttle system.**“° A similar engineering approach is necessary for IR,*' LRP1,% CD98hc** or other
targets.

(D) Bypassing: Direct delivery via the olfactory epithelium® or by direct injection into the CSF** or the brain parenchyma.*

AMT also increased uptake in the liver, kidney, lung, and heart, thus decreasing the delivery specificity. Furthermore, the cationization
of an antibody can interfere with its target specificity, toxicity, and immunogenicity and thus needs to be carefully evaluated.*”
(3) Receptor-mediated transcytosis (RMT, Figure 1C). RMT leverages influx receptors for nutrient carriers present at the BBB. Antibodies
targeting receptors such as the insulin receptor (IR),"" low-density lipoprotein receptor-related protein type 1 (LRP1),%” or the trans-
ferrin receptor (TfR)* are transported from the luminal to the abluminal side of the endothelium. With only 1-10% of antibodies de-
tected in the CNS parenchyma after systemic dosing, the fraction of biologics that pass the BBB with RMT still remains substantially
lower compared to what the body periphery is exposed to.**™**
Bypassing the BBB via direct CNS delivery (Figure 1D). Another option is to circumvent the BBB altogether and to directly administer

=

biologics into the CNS. This also obliterates the necessity for continuous and high systemic exposure. One administration route is intra-
nasal application. In mice, antibodies cross the olfactory epithelia via paracellular or transcellular transport, the latter being
potentially FcRn-dependent.”**”*° However, distribution in the parenchyma forms a steep concentration gradient starting from the
brain entry points around the olfactory and trigeminal nerves.** In addition, murine and human nasal anatomy differ substantially.
Currently, the mechanism governing the antibody penetration of the CNS through the nasal cavity in humans remains only partially
understood.”’

Another approach is direct injection into the CNS parenchyma or the CSF. Apart from intrathecal injections in the lumbar spinal cord, these
are invasive neurosurgical interventions. Intracranial delivery and surgical resection can be combined in the context of brain tumors. Alterna-
tively, catheters can be implanted, allowing intracerebral injection, microperfusion, or administration by convection-enhanced delivery.*®>%>?
Convection-enhanced delivery also has been employed to treat other CNS diseases, such as Parkinson'’s disease.> Recent improvements in
catheter design and placement techniques enable acute brain injections, but also long-term repeated therapy in an outpatient setting (over
18 months).>”

Direct injection into the CSF requires the antibody to cross the CSF-brain barrier and penetrate the target site, a slow and inefficient
process that appears to depend on the diffusion and convective flow around leptomeningeal blood vessels.* This route is potentially
useful for high-affinity antibodies which target the CNS, as antibodies applied to CSF are usually rapidly cleared into the blood circu-
lation.” In rats, antibodies injected into the CSF of the lumbar spinal cord reached the brain tissue at concentrations 3.8-fold higher
than upon intravenous injection.57 In humans, intrathecal delivery of trastuzumab (anti-HER2) has been tested against leptomeningeal
disease, and rituximab (anti-CD20) for recurrent CNS lymphoma.”®? Unfortunately, the apparent CSF half-life of trastuzumab is only
4.1 4+ 3.0 h, and also for rituximab, CSF concentration in these studies dropped to approximately 5% of the initial dose within three
days post-application.”®“°

Beyond neuro-oncology, the intraventricular administration of an anti-Nogo-A antibody in a phase | clinical trial for the treatment of acute
spinal cord injury demonstrated good tolerability, but also this trial revealed an overall short half-life and a high variability in drug levels in the
CSF among patients.”'
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Figure 2. Mechanisms of antibody clearance from the CNS

(A) Receptor-mediated export: IgG antibodies administered directly into the parenchyma end up in the blood due to receptor-mediated export, potentially by
FcRn. In addition, the presence of the cognate antigen critically influences the distribution and clearance.®”

(B) Perivascular convective clearance: antibodies can be transported by passive diffusion through the brain parenchyma or by convection via the interstitial fluid
(ISF).5%¢

Taken together, multiple options exist for introducing therapeutic antibodies into the CNS. The desired CNS concentration, acceptability
of systemic exposure, and feasibility of invasive interventions define the preferred delivery method. Yet, the fate of the antibody within the
CNS is governed by additional factors.

MECHANISMS OF ANTIBODY CLEARANCE FROM THE CENTRAL NERVOUS SYSTEM

While research has focused on the delivery of antibodies to the CNS to enhance therapeutic efficacy, the fate of such therapeutic antibodies
after reaching the brain remains largely understudied. Two main concepts describe the passage of antibodies from the CNS into the systemic
circulation: receptor-mediated passage (Figure 2A) and passive convective clearance (Figure 2B). Importantly, there is a striking difference
between experimental findings, depending on the delivery setting. This is exemplified by work focusing on the role of FcRn: While preclinical
studies using local delivery provide experimental evidence for a receptor-mediated export of antibodies from the brain to the blood, results
from studies using the systemic application of antibodies suggest no relevant role of receptor-mediated brain-to-blood export.

Receptor-mediated export

Zhang and Pardridge were among the first to study IgG efflux from the brain to the blood in 2001.°® They applied a mouse monoclonal IgG2a
antibody that did not recognize an epitope in the brain via intraparenchymal administration into rat brains and analyzed its efflux into the
circulation. They observed an Fc-dependent efflux mechanism, which neither interfered with albumin, Fab, nor TfR. Kinetic analysis distin-
guished two phases, a high- and a low-affinity efflux phase. The measured intracranial half-life of IgG was below 1 h, whereas medium mo-
lecular weight dextran (~70 kDa) and albumin (66 kDa) showed half-lives of 10-12 h. These efflux rates were too high to be explained by pas-
sive leakage, pointing toward an Fc-specific receptor-based transport mechanism. Only one year later, the same group confirmed the
expression of the neonatal Fc receptor (FcRn) in the BBB.'® In retrospect, the Fc-receptor-based mechanism described by Zhang and Par-
dridge strongly resembles the later described FcRn-mediated efflux.

In 2005, Deane et al. investigated the brain clearance of radiolabeled B-amyloid complexed with an anti-B-amyloid antibody (mlgG2b) in
mice.®” They found the clearance to depend on two mechanisms: a) interaction of B-amyloid with the LRP1 receptor and b) interaction of IgG
with FcRn. Accordingly, blockade of either LRP1 by deleting the RAP encoding gene, or blockade of the IgG-FcRn interaction by deleting fegrt
or b2m genes in mice reduced clearance by up to 68%. They also assessed brain clearance of an intracranially applied mlgG2b antibody in the
absence of antigen and found that it is transcytosed across the BBB. This export was observed to be saturable by adding excess antibody. In
contrast to the B-amyloid-antibody complexes, the clearance of the unbound antibody was not affected by blocking the LRP1 receptor. It was,
however, reduced in mice lacking either the a or the B,m subunit of FcRn. These data point toward the involvement of FcRn in exporting IgG
antibodies from the brain parenchyma to the blood, similar to its function in another CNS immune-privileged site, the eye.®” The active
involvement of FcRn has been confirmed with other B-amyloid binding IgG constructs.”’*® However, as binding to FcRn takes place in the
intracellular compartment, Deane et al. also hypothesized that an additional receptor may exist that facilitates IgG endocytosis.

Finally, in 2013, Cooper et al. conducted a study similar to the one reported by Zhang and Pardridge, but used antibodies with modified
FcRn affinity.*” Using amino acid substitutions in the IgG-FcRn binding interface, they generated FcRn-high- and FcRn-low-binding variants
that they injected intracranially into rat brains. In line with previous findings, they observed approximately 2-fold increased brain tissue reten-
tion of the FcRn-low-binding antibody variant compared to the FcRn-high-binding variant. They also demonstrated that this mechanism was
saturable by excess IgG.
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Figure 3. Different findings from experimental approaches relying on local or systemic dosing

(A) Local administration: Studies suggesting a role of FcRn in exporting antibodies from brain/CSF to the systemic circulation used experimental methods of the
local administration of antibodies into the CNS.***>¢7

(B) Systemic administration: Studies using the systemic administration of antibodies concluded that FcRn does not influence the distribution of IgG in the brain
and did not identify an alternative export receptor.’%’ /47>

Taken together, these studies provided experimental evidence for an FcRn-mediated export of antibodies from the brain to the blood. In
contrast, studies using the systemic application of antibodies suggest that FcRn is irrelevant for brain-to-blood export.

Garg and Balthasar investigated the transcytosis of mIgG1 across the BBB in wild-type (WT) and 8,m™~ mice by assessing the distribution
of an intravenously administered radiolabeled IgG in blood and brain.”” They compared the brain-to-plasma ratio as a primary outcome. Their
results confirmed that FcRn plays a role in prolonging the serum half-life of IgG, showing significantly reduced IgG levels over time in gzm ™/~
mice. However, the brain-to-plasma exposure ratio did not differ between WT to 8,m™'~ mice, and they concluded that FcRn does not affect
the deposition of IgG in the brain. The same group extended their analysis by studying also FcRn™~ animals, deficient in the FcRn alpha chain,
and FeyRIIb~~ and FeyRI/RIIIT/~ animals, deficient in the respective Fey receptors, in a similar setting.”’ Fcy receptors are another group of
receptors able to bind IgG and are also expressed in the CNS: FcyRI, FeyRlla, FeyRllb, and FeyRllla have been described on microglia,
whereas FcyRI and FcyRllb are found on astrocytes and neurons.’” In contrast to IgG-FcRn interaction, binding of IgG to FcyR occurs at
the cell surface at neutral pH. The interaction of IgG with FcyR can induce endocytosis, trigger cell activation (high-affinity receptor FcyRI,
low affinity receptors FcyRlla, and FeyRllla), or inhibition (FeyRIlb and low affinity) in various myeloid cell types, lymphocytes, and non-immune
cells.”* In a second study by the Balthasar group’" the low brain antibody levels could be explained by rapid local catabolism or swift convec-
tive elimination but also supported the hypothesis of an active IgG export from the brain. Yet, the authors excluded the role of both FcRn and
FcyR as no differences compared to WT control animals were observed.”’

Furthermore, a study by Chen et al. compared antibody levels in multiple organs of WT and FeRn™~ animals upon the systemic application
of human IgG1.”* They showed a significant role of FcRn in the distribution of IgG in various tissues, including the liver and spleen. However,
the participation of FcRn in IgG deposition in brain tissue appeared negligible in this study. Eigenmann and colleagues measured tissue up-
take of systemically applied untargeted human IgG1 antibodies, modified to be either FcRn binding or non-binding.”” They confirmed the
importance of FcRn for the clearance of antibodies from organs such as the liver but did not find a significant contribution of FcRn to brain
antibody levels.

The authors of this second group of studies in which the consequence of systemic IgG delivery (Figure 3B) was investigated, concluded that
FcRn did not influence the distribution of IgG in the brain and did not identify an alternative export receptor.”%”"’*/> This conclusion contrasts
with studies performed using direct delivery of IgG into the brain parenchyma (Figure 3A). One potential explanation for this discrepancy is
that upon systemic delivery, the impact of FcRn on blood pharmacokinetics of IgG is much more substantial and therefore masks any effect at
the BBB/brain parenchyma. As only minute amounts of IgG pass the BBB, influx and efflux are in equilibrium without the apparent involvement
of FecRn-mediated export.

A recent study demonstrated substantial antibody brain deposition upon the systemic administration of a human IgG1 FcRn-high-binding
variant with higher serum prevalence.”® This effect was abolished in FcRn™~ mice and the same antibody with an unmodified Fc or with
reduced FcRn affinity showed in comparison lower brain deposition. While the authors in this case suggest an involvement of FcRn in
brain-to-blood transcytosis, it is conceivable that high systemic recycling and thus higher serum levels result in a shorter time to reach equi-
librium between the blood and CNS compartments.

Developing novel in vitro models enabled the investigation of influx and efflux effects independently. Using such an approach, Finke and
colleagues showed that the efflux can be saturated by excess IgG.”” This saturation depends on the sialylation of the Fc and can be potentially
explained by the glycosylation-related changes in the intracellular trafficking of endocytosed IgG. However, a confounding factor might be a
relatively low level of sialylation in the tested antibody and the sialylation-dependent changes in the FcRn affinities between fully sialylated
and desialylated proteins.”® Moreover, human and rodent FcRn exhibit fundamental differences in glycosylation, which influences the cellular
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distribution and direction of transcytosis of IgGs,’” a factor to be considered in particular when comparing human and rodent models of FcRn-
mediated transcytosis.

Finally, FcRn is likely not the only factor involved in IgG efflux. Transcytosis receptors do not necessarily need to bind the Fc part of the
19G.*""8% Such receptors will likely play a role in endocytosis or endosomal trafficking in the BBB and may even interact with FcRn.*” For
a summary of the studies discussing IgG transport mechanisms in the CNS context, see Table 1.

Passive convective clearance and leakage

Whereas the studies discussed above identified receptor-mediated export, studies of in vitro BBB models also support the possibility of
passive IgG efflux (**; Figure 2B). These observations are essential for understanding the fate of therapeutic IgG antibodies in the brain pa-
renchyma, as the egress can be driven not solely by directional shuttling but also by the endocytosis and trafficking of intracellular vesicles,
independently of FcRn.

In addition, next to passive diffusion through the interstitial fluid (ISF) of the brain parenchyma, antibodies and other macromolecules can
be transported by advection, including bulk flow along the white matter tracts and along the perivascular spaces toward the CSF. This efflux
route to the CSF is impaired for immune complexes, which may have direct functional implications for an antibody binding to targets such as
B-amyloid.® In rats, swift clearance of both an IgG antibody (150 kDa) and the low molecular weight tracer inulin (~5 kDa) from the CSF with a
half-life around 50 min has been described. While a direct passage from the ventricle into the circulation has not been demonstrated, the
apparent independence of molecular weight appears unexpected.®® Yet, for substantially larger molecules there may be a size dependency
for CSF to blood drainage: Upon intrathecal administration, the efflux rate for an IgM format antibody (950 kDa) was approximately two times
lower than for an IgG antibody.®

One of the most extensive studies on the fate of intrathecally administrated antibodies has been conducted by Pizzo and colleagues in rats,
using a variety of methods including ex vivo fluorescence and magnetic resonance imaging of Alexa Fluor 488 and gadolinium labeled an-
tibodies, respectively.”> Next to important findings on direct entry of antibodies from the CSF into the perivascular space, the authors
confirmed drainage of IgG to the deep cervical lymph nodes as had been demonstrated decades earlier with isotope-labelled albumin in
rabbits.? In addition, IgG and single domain antibodies also appeared to efflux via the cribriform plate to the nasal mucosa and often also
to the superficial cervical lymph nodes.”

While only few recent studies focused on passive convective clearance of antibodies in detail, a larger body of literature studied isotope
labeled albumin or fluorescent dyes as tracers. When 125! isotope-labelled albumin was injected into the lateral ventricle of sheep, only
approximately 8-25% of the total amount appear to efflux from the brain and was recovered either in the cervical and thoracic duct or in
the blood.® Similar results were obtained when 125I-HSA was injected in the lumbar CSF. When taking into account the amounts of macro-
molecular tracer recovered in blood and lymphatic vessels, the authors concluded that around 50% of the CSF drainage in sheep is through
the lymphatic system.®* Employing high-resolution stereomicroscopy in lymphatic-reporter mice, a more recent study concluded that the ma-
jor CSF outflow route of fluorescent dyes, such as 3kDa-AF680 or near-infrared labeled PEGylated tracers is through lymphatic vessels.®’
Furthermore, the flow of the interstitial fluid also carries macromolecules toward the ventricles as has been shown for albumin labeled
with gadolinium or fluorescent dyes, which may serve as a sink for solutes, including antibodies, in the brain.®*%”

Overall, unspecific, non-receptor-mediated processes appear to contribute to the observed clearance of macromolecules of a wide size
range up to 150 kDa, a size corresponding to human IgG.”>?" As passive egress of macromolecules from the CNS has been mainly studied
using fluorescent dyes the transferability of the findings to therapeutic antibodies is limited. Further studies are needed to specify the exact
contribution of each drainage path to the swift clearance of therapeutic antibodies from the brain. For example, in the context of local appli-
cation, the differential drainage from distinct brain regions to deep and superficial cervical lymph nodes may benefit from further investigation
when different doses of antibody are applied. Similarly, drainage from the spinal cord to lumbar lymph nodes may be playing an important
role in antibody clearance. In addition, direct injection into the CNS parenchyma may provoke tissue damage depending on the infusion vol-
ume, rate, and the target region.

Overall, despite considerable efforts to increase CNS exposure of therapeutic antibodies, our current understanding of the different
mechanisms that drive antibody egress back into circulation is surprisingly limited and several open questions remain to be answered
with existing and novel experimental approaches (Box 1).

IMPLICATIONS FOR DRUG DEVELOPMENT TO TARGET BRAIN DISEASES

Reaching sufficient CNS exposure with therapeutic antibodies remains challenging due to the poor BBB permeability of biologics, followed
by their rapid removal from the CNS through passive efflux or active receptor-mediated transcytosis. Increasing the intraparenchymal half-life
of therapeutic antibodies could thus play a major role in developing novel therapies for CNS diseases. Indeed, several approaches are
conceivable to prevent the efflux of antibodies from brain tissue.

One strategy is the saturation of FcRn by adding excess binders, e.g., free Fc fragments or specific blocking peptides, thus preventing the
FcRn:Fc interaction. A local co-injection of antibodies and FcRn-blocking or FcRn-saturating agents, such as antibody (fragments) or intrave-
nous immunoglobulin (IVIg), would potentially reduce the net export. However, if the therapeutic is to be applied systemically, the added
blocking compounds must cross the BBB to reach their site of action. Furthermore, systemic FcRn blockade will also affect half-lives of all other
IgGs in the system, as well as gut transcytosis and cellular uptake in organs such as the liver and spleen.”>%” This effect creates a dilemma for
systemic dosing: Only a small fraction of systemically applied antibody is being shuttled into the brain, even if increased via RMT approaches.

6 iScience 26, 108132, November 17, 2023



€202 L1 J2quiaAoN ‘Ze180L ‘9z 82ULIdS!

L

Table 1. Summarized findings on BBB transcytosis of IgG antibodies aj
Reference Findings and hypothesized mechanism  Saturation Route Type of drug/Ab Model Readout 9_
Zhang, 2001%° Fc receptor-mediated transcytosis of IgG yes i.c. mlgG2a TfR-specific rat efflux ]
from brain to blood and isotype ctrl g
Banks, 2002°" anti-B-amyloid Ab influx through extracellular ~ N/A iv. anti-p-amyloid IgG mouse influx (]
pathways; efflux detected but mechanism goat polyclonal B-amyloid overexpression
not elucidated (SAMP8 and ICR strains)
Deane, 2005 IgG efflux only by FcRn, not LRP; yes i.c. (ISF anti--amyloid Mouse efflux
B-amyloid-complexes by LRP and microinjections) mlgG2b 4G8 APPswe™~ (Tg2576)
FcRn; age-dependency 82m—/— FcRn~"~
RAP~/~
FeRy ™/~
Boado, 2007%° FcRn plays a significant role in IgG yes i.c. anti-B-amyloid IgG rat efflux
efflux from the brain
Garg, 20097° FcRn is not involved in the uptake N/A iv. mlgG1 7E3 mouse tissue-to-blood ratio
of IgG into the brain p2m—/—
Abuqayyas, 2013”"  FcRn, FcyRI, FeyRllb, or FeyRIll are N/A iv. migG18C2 mouse C57BL/6 FcgRI/ tissue-to-blood ratio
not involved in the limited brain Rlll—/— FcgRIlb—/— FcRn—/—
uptake of IgG
Proulx, 2012%° LRP1 receptor-mediated internalization, yes N/A IVIg polyclonal MEF-1 cells internalization and
recycling, and transcytosis recycling in vitro
St-Amour, 20137 Mechanism unknown, maybe FcRn or yes i.p. IVIg polyclonal mouse influx
LRP1 or antigen-specificity due to 3xTg-AD APPge x
polyclonal IVig PS 1146y X taupsor,
Cooper, 2013%7 FcRn plays a significant role in IgG yes i.c.andi.n. higG1 N434A and H435A rat efflux
efflux from the brain (high and low FcRn binder)
without a target in the CNS
Strazielle, 2013%? Unidirectional transport mechanism, N/A N/A IVIg polyclonal in vitro model of choroidal influx and efflux
correlated with FcRn expression endothelial cells
Chen, 20147* FcRn is not involved in IgG N/A i.v. higG1 mouse tissue-to-blood ratio
distribution to the brain FcRn™"~
Eigenmann, 2017’ FcRn is involved in IgG clearance N/A iv. Humanized IgG1 with normal mouse tissue clearance modeling
from the liver but not from the brain and reduced FcRn binding
Finke, 201777 Unclear mechanism; FcRn inhibition N/A N/A anti-AB mlgG2b 4G8 (sialylated) in vitro model of brain influx and efflux
by sialylation? and mIgG1 6E10 (asialylated) vascular endothelial cells
Tien, 20237¢ Unidirectional transport mechanism, yes iv. Humanized I1gG1, high (YTE) mouse, FcRn™"~ influx

brain deposition correlated with

FcRn expression and affinity

and abolished FcRn affinity
(AA) mutants

efflux, brain-to-blood transport; i.c., intracranial; ICR, mouse strain; i.n., intranasal; ISF, interstitial fluid; i.v., intravenous; i.p., intraperitoneal; influx, blood-to-brain transport; IVlg, intravenous immunoglobulin;
LRP1, Low Density Lipoprotein Receptor-related Protein 1; MEF-1 cells, mouse embryonic fibroblasts; n/a, not applicable; RAP, Lrpap1™ ™" targeted mutation affecting LRP1; SAMPS8, Senescence Acceler-
ated Mouse-Prone 8; 3xTg-AD APPg,. x PSTy146v X taupsorr, transgenic model with three mutations associated with early onset familial Alzheimer's Disease, APPswe, Amyloid Beta Precursor Protein with

Swedish mutation, PST\146v, PsenT gene for Presenilin-1 with M146V mutation which is linked to human AD, taupsgq. protein equivalent to human mutant tau.
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Box 1. Open questions and potential experimental strategies to address mechanisms that drive antibody egress from CNS back into the circulation

e What is the quantitative influence of individual leakage pathways at a given dose?
e How does the dose affect the contribution of individual pathways?
® Do other mechanisms contribute to leakage and export of therapeutic antibodies from the CNS?
e Test a defined set of antibodies from the same species as the experimental model used, modified to answer particular questions, e.g.,
specificity: binding or not binding a brain antigen
role of Fc receptors: mutants with a range of affinities to the particular Fc receptor
charge
RMT targets
competitor reagents (e.g., for co-administration)

® Experimental in vivo models, including transgenic animals (allowing e.g., conditional receptor deletion in endothelium) and large animal models and
microsurgical manipulation of potential drainage pathways
e Use of different observation modalities resolving temporal dynamics, such as
short term processes in high resolution vs.
long term processes with whole animal imaging and
continuous administration vs. pulse-chase setting
... employing detection modalities such as isotope labels and PET-CT imaging vs. live imaging of fluorescently labeled test reagents or tissue clearing in
combination with light sheet microscopy

A reduced blood concentration due to global FcRn blockade will directly translate into lower quantities of antibody that are available for RMT
to reach the CNS parenchyma. In this case, a constant saturation of the systemic compartment with antibodies is necessary, requiring a high
dosing frequency. On the other hand, if a high systemic antibodly titer is tolerable, an increase in FcRn affinity to reach higher serum preva-
lence and eventually also higher brain exposure’® may represent a viable strategy for systemic dosing and could be even combined with RMT.

An alternative approach is to directly prevent FcRn-mediated export by reducing the affinity of the IgG to FcRn. As demonstrated by
Cooper and colleagues, reducing IgG:FcRn interaction can improve the brain retention of locally applied IgG antibodies.*” However, this
approach increases the retention in the CNS at the cost of fast systemic degradation. Yet, such FcRn-non-binding therapeutics would be
well-suited for direct administration behind the BBB. Direct intracranial delivery is feasible, not only in the case of brain cancer but also in
neurodegenerative diseases such as Parkinson’s disease.””>* Further studies would need to validate if the increase in retention due to
FcRn affinity reduction translates to improvements in the efficacy and screening of individual mutations maybe be necessary in the context
of a particular antibody, as FcRn affinity is not exclusively governed by the IgG constant domain.”®?* The situation is similar for IgG effector
functions such as antibody-dependent cell-mediated cytotoxicity, any new Fc mutation may require independent optimization in the context
of the whole therapeutic molecule.”

Brain tissue retention of antibodies also improves by adding a moiety binding to a brain-expressed epitope. This approach is auspicious,
exemplified by the long intracranial half-life of systemically applied anti-B-amyloid antibodies, approximately 30 days in the CNS versus 6 days
systemically.”® As IgGs are naturally bivalent, designing bifunctional molecules and precise tuning of the affinity of a specific binding moiety
conferring sufficient immobilization while ensuring sustained on-target bioactivity is conceivable. For antibodies that act via the multimeriza-
tion of the target, for example in the case of agonistic antibodies against growth factor receptors,”*”” further design adjustments will be
necessary.

An archetypical example of biologics with two (or more) specificities are antibodies designed for RMT. Here the interplay between the
transport entity and the therapeutically relevant binding part(s) needs to be well-balanced to avoid sequestration within the BBB.*® Also,
it appears that the choice of the individual RMT receptors to target may have a profound effect on intraparenchymal half-life. Compared
to TfR, CD98hc may in this regard confer longer CNS exposure of transcytosed antibodies.*?

On a sidenote, it is tempting to speculate about the fate of albumin-based biologics or biologics that entail an albumin binding domain to
increase serum half-life by piggy backing onto FcRn based albumin recycling. Assuming that albumin, unlike 1gG, is not transcytosed but
rather recycled,'” such therapeutics may only be subject to passive efflux upon local intraparenchymal administration.

While in most cases the development of therapeutics may be aimed at bringing them to and retaining them in the brain, in some cases,
active export from the CNS is required for their mechanism of action. A well-studied example is Alzheimer’s disease, where antibody therapies
were designed to facilitate the removal of beta-amyloid deposits from the brain.®*¢’°®

Whether an efflux blockade is necessary and which approach to use must be carefully evaluated for each disease and therapeutic inde-
pendently. For example, a successful therapy against brain cancer with immune checkpoint-blocking antibodies might require high local con-
centrations but not necessarily high systemic exposure. The latter might trigger generalized adverse events. Even more so, delivery of an
agonistic, proinflammatory antibody requires establishing an optimal dose in a narrow range, in which the activation of the immune system
does not lead to overt adverse events. In such cases, bypassing the BBB via local delivery to spare the periphery may be advantageous and
reducing FcRn-mediated export at the expense of low systemic prevalence is desirable. Different requirements may apply to other CNS dis-
eases and necessitate the careful balancing of the therapeutic dose, route of administration, and optimization of the local brain retention
properties. Finally, increased permeability of the BBB and blood-CSF barrier in some diseases will have a major impact on the efflux route.
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In conclusion, the efflux of IgG antibodies from within the CNS underlines that getting in is only part of the journey. Equally important is
how to ensure sustained exposure to a therapeutic. We need to carefully evaluate the way biologics are designed for brain targeting. Novel
approaches and rigorous, systematic testing to answer open questions are required to guide the design of the next generation of therapeu-
tics and to better help patients suffering from brain disorders.
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