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CROSSING THE BLOOD-BRAIN BARRIER IN MPS II
The blood-brain barrier (BBB) has long been recognized as the principal obstacle in

the treatment of neuronopathic lysosomal storage diseases (LSDs). Neuronopathic

mucopolysaccharidosis II (MPS II; Hunter syndrome) has traditionally represented

one of the most significant challenges in the treatment of rare diseases. Conventional

enzyme replacement therapy (ERT) does not cross the BBB, thereby limiting its

effectiveness in addressing neurocognitive decline. The recent Phase I/II clinical trial

of tividenofusp alfa-eknm, a transferrin receptor (TfR)-targeted fusion protein of

iduronate-2-sulfatase (IDS), provides the most substantial evidence to date that

systemic, receptor-mediated transport across the BBB is achievable in a clinical

setting
[ 1 ]

. The significance of this advancement extends far beyond MPS II:

tividenofusp alfa-eknm received FDA approval on March 25, 2026
[2,3]

.

Tividenofusp alfa-eknm, an IDS enzyme fused to a TfR -targeting Fc domain,

exemplifies a rational and mechanism-driven approach to harnessing receptor-

mediated transcytosis. Although the concept is not novel, this represents one of the

first large-scale, longitudinal human datasets demonstrating that a BBB-penetrant

ERT can induce biochemical corrections within the central nervous system (CNS).

For the first time, a systemically administered ERT has demonstrated robust and

durable biochemical correction within the CNS of pediatric patients with MPS II, an

achievement that previous generations of ERTs have not attained.

The field has struggled with surrogate endpoints that fail to reflect CNS pathology.

Here, the alignment among the mechanism (enzyme delivery to the brain), the

substrate reduction (CSF HS), and the neurodegeneration markers (serum

neurofilament light chain [NfL]) is unusually tight. This strengthens the argument

for biomarker-driven accelerated pathways in neuronopathic LSDs. Kariolis et al.
[4]

provide compelling human evidence that receptor-mediated transcytosis (long

validated in mice and nonhuman primates
[4]

) can be harnessed safely and repeatedly

in children. Over a median of 117 weeks, 47 male participants, primarily with
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neuronopathic mucopolysaccharidosis type II, received weekly intravenous infusions (initially to determine

the dose, followed by a maintenance dose of 15 mg/kg body weight). This administration led to a 91%

reduction in CSF heparan sulfate, with 93% of participants reaching levels seen in unaffected children by

week 24. The sustained 76% decline in serum NfL through week 153 demonstrates that the TfR-targeted

transport vehicle is functioning as designed
[1]

. Clinical and organ measures revealed improvements in

hearing thresholds, normalization of liver volume, and signs of stabilization or slight improvement in early

cognitive performance and adaptive behavior. However, immunogenicity was high (79% with antidrug

antibodies), and this did not seem to blunt the CSF HS response during the observation period.

Pharmacokinetic analysis showed a serum half-life of 11-18 h, with a dose-proportional increase in

maximum serum concentration and a more-than-dose-proportional increase in area under the

concentration-time curve. Especially given the historical failure of standard ERT to influence CNS substrate

burden, the durability strengthens the case for the therapeutic efficacy of the TfR-mediated transport

mechanism and suggests potential clinical benefit pending confirmatory studies in other LSDs.

Regarding safety, as observed in other ERTs, infusion-related reactions were common, affecting 87% of

participants. Every participant had at least one adverse event; 38% had at least one serious adverse event, and

87% had infusion-related reactions, including two events that met the criteria for anaphylaxis. 6% had severe

reactions, though these were clinically manageable and rarely resulted in halting treatment. About half of the

subjects experienced anemia, with a slight decrease in mean hemoglobin concentration around week 13,

followed by a return to baseline with the maintained dose. There were no deaths or obvious cardiac or non-

hematologic laboratory safety signals, but other frequent adverse events included upper respiratory tract

infection, fever, cough, vomiting, diarrhea, rash, COVID-19, and rhinorrhea
[1]

. Taking high immunogenicity

into account, the results from this trial are consistent with the previous ERTs in MPS II, particularly in the

ERT-naïve group. Additionally, the reductions in titers and the lack of pharmacodynamic effect suggest the

need for a long-term immunogenicity analysis.

The study's strengths include long-term treatment exposure, concordant preclinical and clinical biomarker

effects, a relatively large and phenotypically appropriate international pediatric cohort for a rare disorder, a

thorough multidomain outcome assessment, and a strong mechanistic rationale based on TfR-mediated

brain delivery. This study is an open-label, non-randomized study design, which limits causal inference. The

lack of comparisons and neurocognitive assessments in such a heterogeneous pediatric population may limit

the generalizability of the outcomes. Moreover, the study was conducted in a predominantly neuronopathic

population, which limits the generalizability of the conclusions to non-neuronopathic diseases. As

encountered in many other LSDs, biochemical correction does not always reflect functional rescue, especially

in hard-to-treat tissues like the CNS and cartilage/bone, since time is critical for both. Therefore, it is

important to test tividenofusp alfa-eknm in the natural history of neuronopathic MPS II in a controlled

setting.

MECHANISM OF TfR-TARGETING STRATEGIES AND THEIR THERAPEUTIC APPLICATION
TfR-mediated transcytosis is a receptor-mediated mechanism for delivering large therapeutic proteins across

the BBB. However, why is this a strong approach in the field? TfR is abundant in endothelial cells, providing

high potential for uptake, and is critical for transporting the iron-transferrin complex into the brain. Most

importantly, it is accessible via the bloodstream. Once the therapeutic molecule is bound to TfR, the TfR-

cargo complex is internalized via clathrin-mediated endocytosis and subsequently enters endosomes, where

it is released into the brain parenchyma. In MPS II, the IDS enzymes on the abluminal side of the brain,

following transcytosis, hypothetically bind to mannose-6-phosphate receptors (M6PR) on brain cells,

microglia, neurons, and astrocytes, to enable lysosomal delivery
[5,6]

. Although the precise mechanism remains

to be elucidated, it is plausible that the BBB-crossing TfR-enzyme complex is further internalized by both
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Figure 1. Mechanism of TfR-mediated ERT strategies. Following transcytosis, neuronal cells take up the TfR-ERT complexes via M6PRs and
TfRs. TfR: Transferrin receptor; M6PR: mannose-6-phosphate receptor; ERT: enzyme replacement therapy; TfR-ERT: transferrin receptor-
mediated enzyme replacement therapy.

TfRs and M6PRs expressed on brain parenchymal cells [Figure 1]. Given that TfR is a key glycoprotein in

iron metabolism, and neurons, astrocytes, and microglia rely on iron uptake for physiological functions, the

presence of TfR on these cells supports this possibility.

Currently, two clinical strategies - pabinafusp alfa
[7,8]

 and tividenofusp alfa-eknm
[1]

 - have been implemented

to fuse IDS enzymes. Pabinafusp alfa (JR-141) is a first-generation, bivalent TfR-binding, full anti-TfR

monoclonal antibody approved in Japan (2021) for weekly intravenous infusion at 2 mg/kg. Reduction of HS

by pabinafusp alfa is comparable to that of Elaprase (Elaprase®, Shire Human Genetic Therapies, Inc.,

Cambridge, MA, USA) in the periphery, while CSF HS levels are significantly reduced by week 52 but often

remain above normal in many patients. Pabinafusp alfa leverages TfR-mediated transcytosis to cross the BBB

and deliver IDS directly to CNS compartments. In the Phase 2/3 study, this mechanism produced robust

CNS substrate clearance, with significant reductions in CSF HS, alongside parallel reductions in systemic
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Table 1. Brain-penetrating TfR-targeting proteins to facilitate enzyme transcytosis across the BBB in LSDs

Indication Therapeutic domain Fusion protein targeting TfR Ref.

Hurler syndrome
(MPS I)

α-L-Iduronidase (IDUA)
Lepunafusp alfa (JR-171): IDUA fused to Fab fragment of
humanized anti-human TfR antibody

NCT04227600[15,16]

Hunter syndrome
(MPS II)

Iduronate-2-sulfatase (IDS)
Pabinafusp alfa (JR-141): IDS fused to humanized anti-
human TfR antibody

[8,17]

Hunter syndrome
(MPS II)

Iduronate-2-sulfatase (IDS)
Tividenofusp alfa-eknm (AVLAYAH™; DNL310,
ETV:IDS); IDS fused to engineered TfR-binding Fc
fragment

NCT05371613
NCT06075537
NCT04251026[18,19]

Pompe disease Acid α-glucosidase (GAA) Anti-TfR-GAA fusions [20]

Pompe disease Acid α-glucosidase (GAA)
DNL952 (ETV:GAA): GAA fused to engineered TfR-
binding Fc fragment

NCT07354724

Sanfilippo syndrome
Type A (MPS IIIA)

Sulfoglucosamine sulfohydrolase (SGSH)
DNL126 (ETV:SGSH): SGSH fused to engineered TfR-
binding Fc fragment

NCT06181136

Sanfilippo syndrome
Type A (MPS IIIA)

Sulfoglucosamine sulfohydrolase (SGSH) cTfRMAb-SGSH: IgG-SGSH fusion protein [21]

GAGs. Despite this strong biochemical response, neurological outcomes were more variable, with 21/28

patients showing stabilization or improvement, reflecting partial rescue of neurocognitive trajectories. Long-

term follow-up indicates that early initiation enhances CNS benefit, consistent with a mechanism in which

timely lysosomal correction prevents irreversible neuronal injury. Safety remained favorable, with mild-to-

moderate infusion reactions similar to those with conventional ERT. The key limitation is the disconnect

between efficient biochemical correction and more modest functional recovery, highlighting the challenge of

reversing established neurodegeneration even with effective BBB transport
[8]

.

In contrast, tividenofusp alfa-eknm (DNL310) is a next-generation fusion of IDS enzymes via a platform

called transport vehicle cargo. The transport vehicle is an engineered Fc fragment that binds to TfR

monovalently and with lower affinity, thereby improving transcytosis over lysosomal degradation
[4]

.

Mechanistically, bivalent TfR binding, as seen with pabinafusp alfa, allows simultaneous binding of two TfR

molecules, inducing receptor crosslinking. This crosslinking diverts TfR from its normal recycling pathway

toward endolysosomal compartments, resulting in intracellular retention, receptor downregulation, and

limited transcytosis. Consistent with this, multiple studies demonstrate that high-affinity or multivalent TfR

antibodies enhance lysosomal trafficking and reduce receptor availability, leading to poor brain penetration

and sequestration within brain endothelial cells. Monovalent, lower-affinity TfR engagement by tividenofusp

alfa-eknm avoids receptor clustering, supports transient binding, and preserves TfR recycling. This promotes

efficient transcytosis and significantly improves CNS exposure
[5,9-11]

. The strong biochemical and mechanistic

evidence for tividenofusp alfa-eknm strengthens its position as the first FDA-approved BBB-crossing ERT

for weekly intravenous infusion at 15 mg/kg. There was a significant reduction of GAGs by tividenofusp alfa-

eknm in the periphery and normalization of urine HS in the majority of patients, as well as nearly complete

correction of CSF HS levels by week 24, which was sustained through week 153 (see Table 1).

By comparison, intrathecal idursulfase-IT bypasses the BBB by direct CSF administration and produces

strong biochemical activity, achieving ~72% CSF GAG reduction at 52 weeks in the Phase 2/3 trial. However,

the study did not meet its primary cognitive endpoint (P = 0.5669), and clinical responses were variable, with

a signal of greater benefit in younger patients (<​ 6 years). Long-term extension data indicate that treatment is

generally well tolerated but is limited by the need for invasive intrathecal delivery systems and associated

procedural risks
[12]

. A biomarker analysis from the same Muenzer-led trial linked baseline neurofilament

light chain levels and CSF substrate burden to clinical outcomes, reinforcing the idea that earlier intervention

may be critical
[13]

. Overall, idursulfase-IT provides reliable improvement in CSF biomarkers but yields more

modest and inconsistent neurocognitive benefit [Table 2].
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Table 2. CNS-targeted enzyme delivery in MPS II: clinical, biochemical, and safety comparison

Feature
Pabinafusp alfa
(bivalent TfR IgG)[8] IT-idursulfase [12,22] Tividenofusp alfa-eknm (monovalent

TfR Fc) [1]

Delivery
IV, BBB transcytosis via TfR (bivalent, high
affinity)
Weekly IV infusion

Direct CNS delivery via
intrathecal administration
Repeated lumbar puncture or
implanted intrathecal device

IV, BBB transcytosis via TfR (monovalent,
affinity-tuned)
Weekly IV infusion

CNS exposure
Receptor-mediated transcytosis, but with
potential endothelial trapping

Bypasses BBB entirely via CSF
delivery

Optimized transcytosis with reduced
receptor crosslinking

CSF biomarker effect
(HS/GAG)

Significant reduction (P <​ 0.001) ~72% reduction in CSF GAGs
~90%-93% reduction; near normalization in
most patients

Peripheral biomarker
effect

Strong (serum, urine GAG reduction
comparable to standard ERT)

Maintained via concomitant IV
ERT

Strong (normalization of urine GAGs in
majority)

Neurocognitive
outcomes

Modest stabilization/improvement;
heterogeneous response

Primary endpoint not met;
possible benefit in younger
patients

Stabilization/improvement in adaptive
behavior (emerging data)

Durability
Sustained biochemical and clinical benefits
in long-term data

Long-term tolerability shown;
efficacy remains limited

Sustained biomarker normalization and
clinical stability in extension studies

Safety
Generally well tolerated; mild-moderate
infusion reactions

Generally tolerable, but
invasive procedures add risk

Infusion reactions/ hypersensitivity
manageable

Key limitations
Possible endothelial trapping; moderate
clinical CNS benefit

Invasive delivery; limited
clinical efficacy despite
biochemical effect

Clinical benefit still under confirmation;
long-term outcomes pending

Combination
therapy potential

First-generation BBB shuttle (approved in
Japan)
Possible synergy with other CNS-directed
approaches

CNS-directed approach
Could complement systemic
therapies for rapid CSF
correction

Next-generation BBB shuttle (optimized
design)
Explicitly positioned for combination
strategies

Both applications have demonstrated infusion-related immune reactions, which should be considered in

future implementations. From our perspective, several mechanistic questions remain unresolved. Not all

lysosomal enzymes can be fused at the C-terminus due to the proximity of their catalytic or structural

domains, necessitating N-terminal fusion instead. For example, the IDS enzyme is connected to the hinge

region of the Fc fragment at the C-terminus. As a result, it is uncertain how an engineered Fc fragment with

transferrin-binding capability would behave if the N-terminus of other enzymes were fused to its C-

terminus. Specifically, could such an orientation alter the Fc’s TfR-binding angle and consequently affect

cellular uptake? Furthermore, it remains to be determined whether such configurations could inadvertently

promote crosslinking between infused cargo during circulation. Another concern is the size of the cargo

being infused; some lysosomal enzymes are larger or tend to form dimers in the bloodstream. When these

enzymes are linked to engineered transferrin-binding Fc fragments, their overall molecular size increases

considerably, potentially impeding TfR-mediated internalization. Additionally, extending this strategy to

other LSDs raises questions regarding the role of the hinge region. While Fc monomers are stabilized

through disulfide bonds within the hinge region and homodimer-promoting interactions at the CH3-CH3

interface, which maintain dimer stability even in the absence of the hinge, it remains uncertain whether

removing the hinge would preserve the correct structural orientation necessary for TfR engagement or

whether such modifications might impair the function of the fusion construct. Overall, although the IDS-

based approach shows promise relative to current therapeutic approaches, further investigation and

optimization are required to adapt this strategy for broader application to other LSDs.

AN INTEGRATIVE APPROACH TO GENE AND CELL THERAPIES
Although ERT has demonstrated clinical efficacy, its impact on LSDs remains limited by a short circulating

half-life, restricted biodistribution to challenging tissues such as the CNS and skeletal system, and the

necessity for lifelong, high-burden weekly or biweekly infusions. Despite advances in ERT through
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TfR-binding Fc engineering, many fundamental limitations persist. Gene and cell therapies may address

these constraints by enabling sustained, endogenous enzyme production, cross-correction, and, depending

on the platform, direct delivery to the CNS and other tissues or prolonged systemic secretion. Consequently,

these emerging modalities offer the potential for more durable, physiological, and comprehensive anatomical

correction compared to ERT alone, thereby establishing a strong rationale for the integration or combination

of these innovative TfR-ERT strategies to optimize therapeutic outcomes in LSDs.

In addition to gene and cell therapies, combination approaches may further enhance therapeutic recovery.

TfR-ERT or similarly designed enzymes could be used as pre-treatment until stable expression is achieved

via gene/cell therapy. Early TfR-ERT-like administrations would reduce accumulated storage materials,

thereby creating a more favorable biochemical environment for subsequent gene/cell therapies to correct the

disease pathology at the functional level. In clinical practice, children who receive HSCT at an early age have

limited opportunities for re-transplantation if the initial graft provides only partial correction. The second

HSCT carries substantially higher risks if the first graft fails, particularly in skeletal dysplasias such as MPS

IVA. This limitation underscores the need for alternative strategies, such as engineered ERTs, that can be

administered safely when needed and do not require additional conditioning. Saikia et al.
[14]

 demonstrated

the potential of a combination therapy using HSCT with AAV-mediated gene delivery in MPS IVA mice.

Although the mechanisms may differ from TfR-ERT, their findings highlight that combinatorial approaches

can achieve near-complete correction of skeletal pathology
[14]

.

To date, various approaches, including ERT, HSCT, AAV vectors, lentiviral vectors, and CRISPR/Cas9, have

been explored primarily as standalone interventions delivering a single therapeutic gene. However, these

monotherapies have predominantly resulted in slower disease progression rather than achieving functional

correction, especially in challenging-to-reach tissues such as the brain and bone. In this context, the TfR-

ERT platform exemplifies a versatile strategy that can be incorporated into any gene or cell therapies to

maximize overall therapeutic efficacy in LSDs and other diseases.
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