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Abstract

Klotho is a longevity-associated and tissue-protective protein involved in mineral
metabolism, oxidative stress, inflammation, fibrosis, cellular senescence, and neurovascular
homeostasis. However, nearly three decades after its discovery, no Klotho-based therapy
has been approved, highlighting a translational gap that extends beyond biological vali-
dation. This review reframes Klotho translation as a pharmaceutical sciences challenge,
focusing on how to convert Klotho into a druggable, manufacturable, deliverable, and
clinically controllable therapeutic product. We summarize the isoform-specific properties
of membrane-bound «-Klotho, soluble x-Klotho, and 3-Klotho that are relevant to product
design, and review the current clinical and preclinical landscape dominated by gene-,
mRNA-, and antibody-based approaches. We further distinguish confirmed developa-
bility barriers, including renal handling and limited systemic persistence, from plausible
risks common to macromolecular biologics, such as aggregation, chemical degradation,
immunogenicity, and poor tissue penetration. Finally, we evaluate emerging delivery and
formulation strategies, including viral and non-viral gene delivery, extracellular vesicles,
hydrogels, ultrasound-targeted microbubbles, osmotic pumps, and long-acting protein
engineering. An integrated roadmap combining molecular engineering, disease-specific
delivery, pharmacokinetic/pharmacodynamic biomarkers, manufacturability assessment,
and repeated-dose safety evaluation may help transform Klotho from a promising anti-
aging molecule into a clinically viable biologic platform.
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1. Introduction

Klotho was first identified in 1997 as a gene whose disruption caused a syndrome
resembling accelerated aging in mice, whereas Klotho overexpression extended lifespan
in experimental models [1,2]. Since then, Klotho biology has expanded from an aging
phenotype to a broad network of endocrine, renal, cardiovascular, metabolic, and neuro-
protective functions [3,4]. The Klotho family primarily consists of two distinct isoforms,
a-Klotho and (3-Klotho, which differ in tissue distribution, ligand preference, and phys-
iological functions [3]. «-Klotho participates in FGF23-dependent mineral metabolism
and exerts soluble, pleiotropic actions in multiple tissues, whereas 3-Klotho functions
primarily as a co-receptor for endocrine FGF19/FGF21 signaling and is central to metabolic
regulation [5-7]. This mechanistic breadth has made Klotho one of the most attractive
biomolecules in aging-related therapeutics.
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The paradox is that strong biological rationale has not yet translated into an approved
Klotho-based medicine. The literature contains abundant evidence of benefit in models
of kidney injury, vascular calcification, cardiac remodeling, neurodegeneration, fibrosis,
and metabolic dysfunction [8-13]. Nevertheless, the visible clinical pipeline remains sparse
and early. Public records and company disclosures now include non-viral Klotho plasmid
programs, a 3-Klotho-targeting antibody agonist, a Klotho AAV-oriented program for
amyotrophic lateral sclerosis, an «-Klotho protein formulation intended for cognitive
impairment, and an x-Klotho mRNA /LNP program in healthy adult volunteers (Table 1).
These efforts indicate that the field is entering clinical translation, but they also reveal the
absence of a mature consensus on the optimal modality, route, target tissue, dosing interval,
and safety monitoring strategy.

This review assumes, in line with recent expert opinion, that the bottleneck in Klotho
translation is increasingly pharmaceutical rather than purely biological [14]. In other
words, the key question is not only whether Klotho is protective, but how Klotho can be
manufactured reproducibly, remain structurally and functionally stable, reach the correct
tissue at the correct exposure level, avoid unacceptable immune or metabolic risk, and be
administered in a way compatible with chronic disease management. This perspective
differs from conventional Klotho reviews that emphasize signaling pathways and disease
mechanisms. Here, we focus on developability, delivery, formulation, and translational
product design.

Table 1. Overview of publicly disclosed Klotho-related therapeutic programs and their transla-

tional implications.

Key Translational

Program/Agent Modality Indication Public Stage Point
Tllustrates the move
Healthy adult toward

NCT07216781 /Minicircle

Non-viral Klotho
plasmid /minicircle
gene therapy

volunteers; cognition
and health-related
measures

Phase 1 record listed
publicly [15,16]

body-as-bioreactor
expression rather than
repeated recombinant
protein dosing.

Recombinant fully

FDA clinical-trial

B-Klotho is used as a

JMT202/CSPC human anti-f-Klotho Hypertriglyceridemia; approval in the U.S,; receptor-associated
Pharmaceutical Group ~ monoclonal antibody; broader metabolic NMPA approval metabolic target rather
Limited FGFR1c/ B-Klotho disease potential obtained in May 2024 than as protein
receptor agonist with trials in China [17] replacement.
Highlights
tissue-selective
Secreted-Klotho pro- .
KLTO-202/Klotho moter/gene/delivery Amyotrophic lateral FDA Qrphan Drug . expression and
. . . . Designation reported in neuromuscular
Neurosciences system; AAV-oriented sclerosis . .
rooram July 2025 [18,19] delivery as alternatives
prog to systemic protein
injection.
Cognitive impairment Preclinical; IND One of the few publicly

JN-0413/Jocasta

Proprietary «-Klotho

associated with

submission publicly

visible efforts centered

Neuroscience protein formulation neurodegenerative stated as planned for ~ on an x-Klotho protein
disease Q42026 [20] formulation.
Represents a
Phase 1b clinical study  potentially repeatable
NCT07544420/Klothea o-Klotho mRNA Healthy adult . record and public expression platform,
: formulated in lipid volunteers/longevity- .
Bio launch announcement but requires careful

nanoparticles

associated biomarkers

[21]

dose control and
biomarker validation.
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2. Biological Functions of Klotho
2.1. Klotho Isoforms

The Klotho family is commonly discussed in terms of a-Klotho and {3-Klotho
(Figure 1). «-Klotho is expressed primarily in the kidney and choroid plexus and ex-
ists as a membrane-bound form and soluble forms generated by ectodomain shedding
or alternative processing [3,4,22,23]. Membrane-bound «-Klotho acts as an essential co-
receptor for FGF23, enabling FGF23-FGEFR signaling that regulates phosphate excretion
and vitamin D metabolism [13,24,25]. Soluble x-Klotho is a circulating or paracrine factor
with broader biological activities, including modulation of oxidative stress, inflammatory
signaling, ion channel stability, fibrosis, and cellular stress responses [11,12,26-28]. Notably,
soluble forms are generated via two distinct mechanisms: ectodomain shedding by ADAM
proteases (primarily ADAM10 and ADAM17) at the cell surface, and alternative splicing of
the KL transcript, which yields a secreted isoform lacking the transmembrane and cyto-
plasmic domains. Although both forms circulate and share core KL1-KL2 homology, they
may not be functionally equivalent. Recent quantitative analyses indicate that shed Klotho
is the predominant circulating species in both mice and humans [23], whereas the spliced
variant is expressed at substantially lower levels under physiological conditions [29].

Intracellular domain Ectodomain Distribution
P Modulate calcium-phosphate
(x A disintegrin and metalloproteinase (ADAM) homeostasis and suppress the
CYT mmm T™ KL2 = KL1 synthesis of active vitamin D E
Kidney

CYT I TM KL2 [ | KL1

Membrane-bound a-Klotho

Improve  cognitive  function
and provide neuroprotection

KL2 = KL1 < Brain

Soluble a-Klotho Anti-oxidant,  anti-inflammatory,
anti-fibrotic, anti-apoptotic effects

Heart

Regulate bile acid synthesis

8-Kloth and promote bile acid oxidation Liver
-Klotho

Figure 1. Schematic representation of Klotho isoforms, their structural domains, and tissue distribu-
tion. The main Klotho isoforms include membrane-bound «-Klotho, soluble x-Klotho, and -Klotho.
Domain structures (KL1, KL2) and the a disintegrin and metalloproteinase (ADAM) cleavage site are
indicated. Subcellular localization, tissue distribution, and representative biological functions are
summarized for each isoform. Created with BioRender.com.

These isoforms imply different therapeutic modalities. Membrane-bound «-Klotho
is difficult to replace directly as a recombinant protein because membrane localization
and receptor complex formation are essential to its canonical endocrine function. It is
therefore more naturally suited to gene, cell, or membrane-associated vesicle strategies.
Soluble x-Klotho, by contrast, is conceptually compatible with recombinant protein therapy,
mRNA expression, gene delivery, or sustained-release formulation. 3-Klotho differs from
both because it is primarily a co-receptor for endocrine FGF19/FGF21 signaling, making
it attractive as a receptor-associated target for agonistic antibodies or FGF analogs rather
than as a simple replacement protein [5-7].
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2.2. Pharmacological Activities and Safety Concerns

a-Klotho exerts protective effects through several overlapping mechanisms (Table 2).
In the kidney, the FGF23-«-Klotho axis regulates phosphate and vitamin D homeostasis,
which is directly relevant to vascular calcification and chronic kidney disease [10,13,25,30].
Soluble a-Klotho also enhances antioxidant defenses, partly through Nrf2 and FoxO-related
pathways, suppresses inflammatory programs TLR4/NF-«B
signaling [26,27,31-33]. In fibrotic disease models, soluble x-Klotho antagonizes TGF-

and such as
/Smad and Wnt/ 3-catenin signaling, thereby limiting myofibroblast activation and extra-
cellular matrix deposition [11,34-36]. a-Klotho has also been linked to anti-apoptotic, anti-
pyroptotic, autophagy-modulating, cardiovascular, and neuroprotective effects [10,37-45].

These activities are therapeutically attractive but also create safety and exposure
challenges. x-Klotho is not a single-pathway inhibitor; it is a pleiotropic endocrine and
paracrine regulator. Systemic overexpression or prolonged exposure may therefore influ-
ence phosphate balance, calcium handling, vitamin D metabolism, insulin/IGF-related
signaling, and vascular biology [3-5,36]. A therapeutic product should thus be designed
not merely to maximize soluble «-Klotho exposure, but to provide controlled exposure
within a pharmacologically effective and physiologically tolerable window.

On the other hand, 3-Klotho biology raises a different set of considerations (Table 2).
As a co-receptor for FGF19 and FGF21, 3-Klotho integrates bile acid metabolism, glucose
and lipid handling, energy expenditure, and hepatic homeostasis [5-7,46]. Antibody or
ligand-based activation of (3-Klotho-associated receptor complexes may offer metabolic
benefits, but the development logic is closer to receptor pharmacology than to «-Klotho re-
placement. For this reason, x-Klotho replacement and 3-Klotho receptor-targeting products
should be compared in a clinical pipeline table but not conflated mechanistically.

Table 2. Biological and pharmacological properties of major Klotho isoforms.

Main Structural . . Tissue Biological Therapeutic
Klotho Isoform Features Major Ligands Distribution Functions Implication
Regulates
Typel phosphate Direct recombinant
transmembrane excretion, calcium replacement is
protein containing  Acts as an essential balance, and difficult because
KL1 and KL2 co-receptor for Hichlv exor d vitamin D membrane
Membrane-bound  extracellular FGF23 signaling . E dy exXp ?Se metabolism; localization is
«-Klotho domains; can be through FGFRIc, Hﬁ ! %eylan contributes to required; more
cleaved by ADAM  FGFR3c, and choroid plexus mineral suitable for gene-,
proteases to FGFR4 [3] homeostasis and cell-, or membrane-
generate soluble suppression of associated delivery
forms [47] ectopic strategies [3]
calcification
Circulating or Most compatible
paracrine form Circulation Anti-oxidative, with recombinant
generated. by May modulate kidney-associated ant}-u.nﬂan.nnatory, prot.em,
ectodomain FGE23-related compartments anti-fibrotic, engineered
shedding or . . P ! anti-apoptotic, peptide, fusion
; signaling and brain-related . .
Soluble «-Klotho alternative . ) cardiovascular protein, mRNA,
L multiple FGF23 compartments, . .
processing; independent cardiovascular and  Protective, renal gene delivery,
contains P . protective, and EV-based delivery,
pathways other peripheral . !
KL1/KL2-related . neuroprotective or
; tissues ;
functional effects sustained-release
domains formulation [8,48]
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Table 2. Cont.

Klotho Isoform

Main Structural
Features

Major Ligands

Tissue
Distribution

Biological
Functions

Therapeutic
Implication

-Klotho

Better viewed as a

. Co-receptor for Regulate.s bile acid receptor-
Single-pass endocrine FGF19 o metabolism, o assoc1at§d
transmembrane and FGF21 Metabolic tissues, glucose and lipid metabolic target;
co-receptor signaling especially liver, handling, energy -Klotho-targeting
structurally related especiall ’ through adipose tissue, and  expenditure, antibodies or FGF
to «-Klotho but E GpFRlc Zn d & related endocrine-  thermogenesis, analogs should not
functionally FGER4 complexes metabolic organs and hepatic be conflated with
distinct [49,50] p metabolic x-Klotho

! homeostasis replacement
therapy [5,6]

3. Current Translational Landscape of Klotho-Related Therapeutics

The publicly visible translational landscape of Klotho-related therapeutics remains
early, fragmented, and modality-driven rather than indication-driven (Table 1). Current
programs do not yet converge on a single optimal therapeutic format. Instead, they
span non-viral plasmid gene therapy, mRNA /LNP-mediated o-Klotho expression, AAV-
oriented soluble «-Klotho expression systems, proprietary «-Klotho protein formulations,
and (-Klotho-targeting agonistic antibodies. Public clinical records list a non-viral Klotho
plasmid program in healthy adult volunteers and an «-Klotho mRNA /LNP Phase 1b study
designed to assess safety and tolerability in healthy adults. In parallel, company disclosures
and industry reports describe a 3-Klotho-targeting monoclonal antibody program for
hypertriglyceridemia, an AAV-oriented secreted-Klotho program for amyotrophic lateral
sclerosis, and a proprietary x-Klotho protein formulation being advanced for cognitive
impairment associated with neurodegenerative disease.

This diversity indicates that Klotho translation is not simply a matter of selecting an
indication, but of matching a biological hypothesis with a feasible product architecture.
Broadly, the current landscape can be divided into three translational categories. The first
category is a-Klotho restoration by endogenous expression, including plasmid, viral-vector,
and mRNA-based approaches. These strategies attempt to bypass some limitations of
recombinant protein administration by turning host tissues into transient or sustained
sources of Klotho. Their potential advantages include prolonged exposure, reduced in-
jection frequency, and the possibility of tissue-directed expression. However, they shift
the central challenge from protein formulation to expression control, tissue distribution,
immune response, reversibility, and long-term safety monitoring. For aging-related or
preventive indications, this shift is particularly important because long-duration expres-
sion may be difficult to justify unless the exposure window, stopping rules, and safety
biomarkers are well defined.

The second category is direct x-Klotho protein replacement or protein-based for-
mulation. This is conceptually the most straightforward approach because it resembles
conventional biologic therapy: the active molecule is manufactured, characterized, dosed,
and monitored as a defined pharmaceutical product. Compared with gene- or mRNA-based
approaches, recombinant or soluble x-Klotho protein formulations may offer better dose
titration, reversibility, and chemistry, manufacturing, and controls (CMC) controllability.
However, this modality appears underrepresented in the visible pipeline, likely reflecting
unresolved barriers related to protein half-life, conformational stability, glycosylation het-
erogeneity, aggregation risk, repeated dosing feasibility, and large-scale manufacturability.
Therefore, the scarcity of clinical protein-replacement programs should not be interpreted
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as weak biological rationale, but rather as evidence that native or near-native a-Klotho
remains a difficult biologic product to develop.

The third category is 3-Klotho receptor pharmacology, represented by agonistic an-
tibodies targeting (3-Klotho-containing receptor complexes. This modality should be dis-
tinguished mechanistically from «-Klotho replacement. 3-Klotho functions primarily as a
co-receptor in endocrine FGF signaling, especially within the FGF19/FGF21 metabolic axis.
Thus, 3-Klotho-targeting antibodies are closer to receptor agonists or pathway modulators
than to Klotho replacement therapies. Their translational endpoints are also different: lipid
lowering, insulin sensitivity, hepatic metabolism, bile acid biology, and cardiovascular
safety are more relevant than restoration of soluble x-Klotho deficiency. For this reason,
a-Klotho- and 3-Klotho-related products may be compared within the same landscape
table, but they should not be treated as a single mechanistic class.

Several implications emerge from this landscape. Firstly, expression-based strategies
appear more prominent than direct soluble x-Klotho protein replacement, suggesting
that current developers are attempting to overcome pharmacokinetic and formulation
limitations by changing the mode of Klotho production. However, these platforms shift
rather than remove translational risk, creating new concerns related to vector design, tissue
tropism, expression duration, dose control, and inter-individual variability. Secondly,
Klotho-related programs are expanding beyond conventional disease treatment toward
healthy aging, cognition, and health span-associated biomarkers. This trend raises the
evidentiary bar, particularly for safety, reversibility, biomarker validity, and clinically
meaningful endpoints.

Accordingly, modality selection should be indication-specific. Longer-duration gene
expression may be more acceptable in severe progressive diseases, whereas transient and
controllable platforms are preferable for preventive or longevity-oriented applications.
-Klotho-targeting programs should also be evaluated separately as chronic metabolic
receptor-modulating therapies rather than as x-Klotho replacement. Overall, the current
pipeline demonstrates that Klotho biology is entering translation, but it also highlights
unresolved choices regarding protein versus expression platforms, systemic versus local
delivery, transient versus sustained exposure, and «-Klotho restoration versus (3-Klotho
receptor modulation.

4. Developability Barriers: Separating Evidence from Inference

A major weakness in the current field is the tendency to discuss Klotho primarily
as a biologically active molecule without defining its product-critical quality attributes.
For a biologic, therapeutic activity is only one component of translatability. A clinically
viable Klotho product must also have predictable pharmacokinetics, acceptable stability,
reproducible potency, manageable immunogenicity risk, scalable manufacturability, feasi-
ble administration route, and batch-to-batch comparability. This distinction is particularly
important for Klotho because the term “Klotho therapy” may refer to several different
product types, including recombinant soluble x-Klotho, engineered Klotho fragments,
fusion proteins, mRNA /LNP systems, plasmid or viral-vector expression platforms, ex-
tracellular vesicles, and 3-Klotho-targeting antibodies. Each modality carries a different
developability profile and should not be evaluated using the same assumptions.

Among Klotho-specific barriers, the strongest direct evidence concerns renal handling
and systemic persistence (Table 3). Hu et al. demonstrated that the kidney plays dual roles
in o-Klotho homeostasis, contributing to both its production and clearance, and that exoge-
nously administered x-Klotho persists longer in anephric rats than in normal controls [51].
Complementing these findings, Zhong et al. provided quantitative pharmacokinetic ev-
idence that the physicochemical properties of recombinant «-Klotho can also markedly
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influence systemic exposure. Following intravenous administration of CHO-derived solu-
ble o-Klotho to rats at 0.5 mg/kg, the reported terminal half-life, systemic clearance, and
steady-state volume of distribution were 12.2 h, 15.8 mL/h/kg, and 120 mL/kg, respec-
tively [52]. By contrast, HEK293-derived soluble x-Klotho was cleared so rapidly that
systemic exposure became undetectable beyond 5 min after dosing. This striking difference
was attributed to distinct glycosylation profiles: HEK-derived soluble x-Klotho carries
rare LacdiNAc (GalNAcp1-4GlcNAc) N-glycan structures that may promote rapid hepatic
clearance through asialoglycoprotein or mannose receptors, whereas CHO-derived soluble
a-Klotho bears conventional sialylated complex-type N-glycans associated with slower
clearance kinetics [52]. These findings underscore that both renal handling and production-
dependent glycosylation can substantially shape the in vivo pharmacokinetic behavior of
recombinant Klotho, rather than representing merely manufacturing-related variables.

Taken together, these observations have several important translational implications.
First, renal function may be a major determinant of x-Klotho exposure, particularly in
patients with chronic kidney disease or acute kidney injury and in aging populations, in
whom endogenous Klotho homeostasis is already altered. Second, dose-exposure relation-
ships may differ substantially between healthy individuals and patients with impaired renal
clearance. Third, systemic «-Klotho therapy may therefore require disease-specific phar-
macokinetic/pharmacodynamic modeling rather than simple body-weight-based dosing.
Nevertheless, comprehensive human pharmacokinetic/pharmacodynamic data remain
limited, particularly with respect to absorption, distribution, clearance, tissue exposure,
exposure-response relationships, and accumulation following repeated administration.

A second evidence gap concerns pharmacodynamic measurement (Table 3). Klotho
has pleiotropic effects on mineral metabolism, oxidative stress, inflammation, fibrosis,
vascular biology, and neuroprotection. This breadth is biologically attractive but creates
a major challenge for potency assay design. A useful Klotho potency assay should not
merely detect the presence of the protein, but demonstrate preserved biological function
in a pathway relevant to the intended indication. For kidney or vascular calcification
indications, FGF23-related signaling, phosphate handling, and vitamin D metabolism may
be relevant readouts. For fibrosis, inhibition of TGF-{3 /Smad or Wnt/ 3-catenin signaling
may be more informative. For neurodegenerative or cognitive indications, oxidative stress,
synaptic function, or neuroinflammatory markers may be needed. Without indication-
specific potency assays, it will be difficult to compare different Klotho constructs, delivery
platforms, or manufacturing batches.

Other limitations are plausible but not yet fully proven for Klotho (Table 3). Like
many recombinant proteins, soluble x-Klotho may be vulnerable to aggregation, inter-
facial adsorption, oxidation, deamidation, fragmentation, glycation, and conformational
changes during manufacturing, storage, transport, or administration [53-57]. These risks
warrant systematic investigation for Klotho, particularly given its size, glycosylation, and
multidomain architecture, all of which are known to influence the developability of protein
therapeutics. Structural heterogeneity, aggregates, host-cell impurities, or non-native gly-
cosylation could alter receptor engagement, tissue distribution, clearance, and anti-drug
antibody formation [58,59]. Accordingly, recombinant or engineered x-Klotho products
would benefit from early and systematic evaluation of stress stability, glycosylation profiles,
subvisible particles, stability-indicating potency, and immunogenicity risk, even if the full
extent of these risks remains to be established for Klotho specifically. Manufacturability
should also be treated as an early translational barrier: full-length x-Klotho requires re-
producible production of properly folded and glycosylated protein, whereas fragments,
peptides, fusion proteins, gene therapies, and mRNA /LNP platforms introduce distinct
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CMC challenges related to functional completeness, receptor selectivity, vector or LNP

quality, transgene integrity, expression consistency, and residual impurities.

Table 3. Confirmed and inferred developability barriers for Klotho therapeutics.

Developability Barrier

Current Evidence Status

Klotho Product Design
Implications

Recommended Experiments

Short or variable systemic
persistence

Partly confirmed; renal
production, uptake, and
clearance have been
demonstrated for circulating
o«-Klotho [29,51].

Repeated dosing, sustained
release, or expression-based

approaches may be required.

Cross-species pharmacokinet-
ics/pharmacodynamics,
disease-state
pharmacokinetics, renal
impairment models, bioactive
exposure assays.

Limited tissue penetration
and BBB delivery

Inferred from macromolecule
size and hydrophilicity; direct
Klotho delivery data remain
limited [29].

Systemic injection may be
insufficient for CNS
indications without targeted
routes or expression
strategies.

Tissue biodistribution,
cerebrospinal fluid /plasma
ratio, receptor-mediated
transport, intranasal or
vector-based delivery studies.

Aggregation and interfacial
instability

Inferred from protein
therapeutic class behavior
[54-57].

May reduce potency and
increase immunogenicity;
critical for prefilled syringes
and long-term storage.

SEC-MALS, DLS, micro-flow
imaging, agitation/freeze—
thaw/light-stress studies,
receptor-binding assays after
stress.

Chemical degradation

Inferred; Klotho-specific
oxidation, deamidation, and
fragmentation data are
insufficient.

May affect receptor binding
and potency; requires
formulation screening.

LC-MS peptide mapping,
forced degradation, glycan
profiling, potency-stability
correlation.

Immunogenicity

Inferred from recombinant
protein and aggregate biology
[58,59].

Repeated dosing in chronic
disease could generate
neutralizing or
non-neutralizing ADAs.

In silico T-cell epitope
screening, in vitro immune
assays, ADA/NAD assays in
repeat-dose animal studies.

Physiological on-target safety

Biologically plausible and
partly supported by Klotho
roles in mineral and metabolic
regulation [3-5].

Dose escalation should
monitor phosphate, calcium,
vitamin D, FGF23,
glucose/insulin, vascular
markers.

Integrated safety
pharmacology, mineral
metabolism panels,
exposure-safety modeling.

5. Current Klotho Delivery and Formulation Strategies

Delivery and formulation strategies for Klotho should be evaluated according to

the translational problems they are designed to solve, rather than by carrier type alone.

Because Klotho can be developed as a recombinant soluble protein, an encoded transgene,

an mRNA-expressed product, a vesicle-associated cargo, or a locally released biologic, the

delivery system is not simply an auxiliary carrier but a central component of product design.

Current strategies can be broadly grouped into expression-based platforms, extracellu-

lar vesicle and cell-derived systems, recombinant protein delivery with sustained-release

formulations, and route-oriented approaches for improving clinical usability. Representa-

tive examples are summarized in Table 4 and Figure 2.

https:/ /doi.org/10.3390/pharmaceutics18091124


https://doi.org/10.3390/pharmaceutics18091124

Pharmaceutics 2026, 18,1124

90f19

Table 4. Representative Klotho delivery and formulation strategies in preclinical and transla-
tional studies.

Klotho Disease Model
Form Delivery Strategy (Administration Release Feature Key Advantages Limitations
Route)
Recombinant .
. . Long-term renal Irreversible
adeno-associated Streptozotocin- . .
. . . . . . Klotho restoration, expression,
virus carrying induced diabetic Sustained . e
. reduced immunogenicity
full-length nephropathy expression for at .
o hypertrophy and risk, complex
membrane-bound model (tail vein least 12 weeks . . .
.. fibrosis via ROCK  manufacturing and
Membrane-bound a-Klotho cDNA injection) inhibition uality control
a-Klotho [60] q y
Lentiviral Senescence- CNS-dlrecte.zd Invasive CNS
. accelerated mouse . . neuroprotection, . . .
vector-mediated Sustained brain . administration,
prone-8 model . improved memory
o-Klotho expression

upregulation [61]

(lateral ventricle
injection)

and reduced
oxidative stress

vector safety and
off-target concerns

Soluble x-Klotho

Continuous
recombinant
soluble «-Klotho

Chronic kidney
disease model

Stable systemic
exposure for

Pharmacological
proof-of-concept
for sustained

Not
patient-friendly,
not feasible for

1nfu51.orT using (cor.ltlnuf)us ip. approximately 12 exposure, chronic outpatient
Alzet mini osmotic infusion) weeks renoprotective and use
pump [9] cardioprotective
Restored Variable cargo
Urine-derived endogenous loading, scalable
extracellular Acute tubular Vesicle-associated Klotho and renal production and
vesicles naturally injury model (i.v.) Klotho cargo function, batch
carrying Klotho [8] biologically comparability not
compatible established
Klotho-enriched Combines Klotho ~ Product definition
mesenchymal stem Acute kidney EV-protected with MSC ullncl.ear, f:hfflcult to
cell-derived small . . : - regenerative and  distinguish Klotho
injury model (i.v.) Klotho delivery . .
extracellular immunomodula-  effects from carrier
vesicles [62] tory effects effects

Thermosensitive Limited to local
chitosan hydrogel Renal fibrosis Local sustained . . .. .
. . Regional retention, administration, not
loaded with model (in situ release for .
. L . attenuates renal suitable for
recombinant injection of renal approximately 14 . . .
fibrosis systemic
soluble a-Klotho capsule) days L
[63] indications
3D-printed SiIMA Myotendinous Anti-inflammatory quulres su%‘glcal
. . ... and implantation,
hydrogel with junction injury . . .
Biphasic release pro-regenerative in complex
soluble «-Klotho + (local . .
. . musculoskeletal biomaterial
MSCs [64] implantation) . .
repair characterization
K1dney—targ§ted Non-viral, disease- Preclinical only,
poly(dopamine)- . . . - . _
olyethyleneimine- AKI-to-CKD Injury-site- site-targeted, links  targeting efficiency
P L-yserine-Klo tho transition/tubular selective renal expression to and long-term
lasmid injury (i.v.) gene delivery injury safety need further
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Figure 2. Representative delivery and formulation strategies for Klotho-based therapeutics.
(a) AAV/lentiviral vectors enable sustained transgene expression and are useful for maintaining
longer-term Klotho exposure in experimental disease models. (b) Extracellular vesicles provide
biologically compatible vesicular transport for soluble or vesicle-associated Klotho and may facilitate
renal tissue repair. (c) UTMD-CMBs combine ultrasound-targeted microbubble destruction with
cationic microbubbles to support spatially guided cardiac gene delivery. (d) Mini osmotic pumps
allow continuous systemic infusion of recombinant soluble x-Klotho, providing stable exposure for
pharmacological proof-of-concept studies. (e) Local injection hydrogels retain Klotho at regional
disease sites and enable sustained or programmable local protein release. (f) PPSK NPs represent
kidney-targeted non-viral plasmid nanoparticles designed to deliver Klotho genes to injured renal
tubular epithelial cells. Created with BioRender.com.

5.1. Expression-Based Platforms: Viral Vectors, Non-Viral Plasmids, and mRNA/LNP Systems

Expression-based strategies aim to use host tissues as endogenous sources of Klotho,
thereby reducing dependence on frequent recombinant protein administration. Viral vec-
tors, including AAV and lentiviral systems, have demonstrated proof-of-concept activity
in preclinical kidney and brain models [60,61]. Their main advantage is sustained ex-
pression, which is useful for testing whether long-term Klotho restoration can modify
chronic pathological processes such as diabetic kidney injury, renal fibrosis, oxidative stress,
and aging-related neurological dysfunction. These platforms are therefore most relevant
when prolonged exposure is biologically justified, particularly in severe or progressive
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diseases. However, their translational value depends on tissue tropism, dose control,
immunogenicity, and the ability to avoid excessive or irreversible Klotho expression.

Non-viral plasmid delivery provides a more flexible approach to Klotho gene transfer.
Kidney-targeted poly(dopamine)-polyethyleneimine-L-serine-Klotho plasmid nanopar-
ticles (PPSK NPs) were designed to deliver Klotho plasmids to KIM-1-positive injured
tubular epithelial cells, thereby linking Klotho expression to sites of renal injury [65]. This
type of design is important because it addresses both Klotho restoration and disease-site
selectivity. Rather than relying only on systemic exposure, injury-responsive or organ-
targeted carriers may improve local therapeutic relevance and reduce unnecessary exposure
in non-target tissues.

Physical-field-assisted gene delivery offers another strategy for spatial control.
Ultrasound-targeted microbubble destruction has been used to deliver 3-Klotho plas-
mid to the heart, enhancing FGF21 sensitivity and attenuating post-myocardial infarction
cardiac remodeling [66,67]. This approach illustrates how external energy can be combined
with carrier design to guide transgene delivery to a defined organ. For cardiovascular ap-
plications, such spatial control may be valuable when the therapeutic goal is local pathway
modulation rather than systemic Klotho replacement.

mRNA /LNP-based Klotho delivery occupies an intermediate position between re-
combinant protein therapy and long-duration gene expression. Compared with DNA-
or viral-vector-based approaches, mRNA delivery does not require genomic entry and
generally supports transient, repeatable, and dose-adjustable expression. The key transla-
tional questions for mRNA /LNP systems are whether expression can be controlled within
a safe pharmacodynamic window, whether repeated dosing remains tolerable, and which
biomarkers best reflect target engagement.

5.2. Extracellular Vesicles and Cell-Derived Delivery Systems

Extracellular vesicles provide a biologically compatible strategy for transporting
Klotho in a membrane-associated or cargo-protected form. Urine-derived extracellular
vesicles carrying Klotho improved renal functional recovery in an acute tubular injury
model, while Klotho-enriched mesenchymal stem cell-derived small extracellular vesicles
promoted repair in acute kidney injury models [8,62]. These findings suggest that EV-based
delivery may be particularly relevant for kidney disease, where Klotho deficiency, tubular
injury, and renal repair are closely connected.

The potential value of EVs lies not only in cargo transport but also in biological context.
Vesicle membranes may protect Klotho from rapid degradation, facilitate interaction with
recipient cells, and support tissue-compatible delivery. In MSC-derived EV systems, Klotho
delivery may also be combined with the anti-inflammatory, anti-apoptotic, and regenerative
effects of the stem cell secretome. This makes EV-based strategies especially attractive for
acute kidney injury and tissue repair, where therapeutic benefit may require coordinated
biological effects rather than single-pathway intervention. For translation, however, EV-
based Klotho products require clear product definition.

5.3. Recombinant Protein Delivery and Sustained-Release Formulations

Direct administration of recombinant soluble x-Klotho remains the most straightfor-
ward replacement strategy because the active molecule can, in principle, be manufactured,
characterized, dosed, and monitored as a defined biologic product. Continuous intraperi-
toneal infusion using mini osmotic pumps maintained stable Klotho exposure in chronic
kidney disease models and improved renal and cardiac outcomes [9]. This provides impor-
tant pharmacological evidence that sustained soluble «-Klotho exposure can be beneficial.
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However, mini osmotic pumps are best viewed as experimental systems for exposure
control rather than broadly applicable clinical delivery platforms.

Sustained-release biomaterials provide a more clinically adaptable route for local or
regional Klotho delivery. Thermosensitive chitosan hydrogels have been used to achieve
sustained local Klotho release in renal fibrosis models, while 3D-printed SilMA-based
hydrogels enabled local delivery of soluble x-Klotho and mesenchymal stem cells for
myotendinous junction regeneration [63,64]. These systems address the problem of local
retention by maintaining Klotho near the disease site instead of relying on systemic distri-
bution. They may be particularly useful for fibrosis, wound repair, musculoskeletal injury,
and regenerative medicine applications.

From a formulation perspective, recombinant Klotho delivery also motivates the
development of stabilizing excipients, lyophilized preparations, depot formulations, and
long-acting protein formats. These approaches aim to preserve Klotho conformation,
maintain biological potency, extend exposure, and improve administration convenience.
Thus, sustained-release formulation should be viewed not only as a delivery strategy
but also as part of the broader effort to convert soluble x-Klotho into a practical chronic
biologic therapy.

5.4. Route-Oriented Strategies for Clinical Usability

Route convenience is especially important for Klotho-based therapeutics because
many potential indications, including chronic kidney disease, neurodegeneration, cardio-
vascular aging, and health-span-associated applications, may require repeated or long-term
administration. Subcutaneous long-acting formulations are therefore a particularly attrac-
tive direction. If combined with protein engineering or depot formulation, subcutaneous
delivery could support outpatient administration while avoiding the complexity of contin-
uous infusion.

For neurodegenerative and cognitive indications, central nervous system exposure
remains a major challenge. Intranasal or nose-to-brain delivery is conceptually attractive
because it may provide partial access to the CNS through anatomical pathways that reduce
reliance on systemic circulation. This route may be useful when peripheral Klotho exposure
is insufficient to achieve central target engagement. However, intranasal Klotho delivery
still requires optimization of formulation stability, mucosal absorption, CNS biodistribution,
and pharmacodynamic readouts.

Oral delivery represents a longer-term formulation frontier for Klotho and other
protein therapeutics. Advances in oral peptide and protein delivery, including permeation
enhancers, protective formulations, and lipid-based systems, provide useful conceptual
guidance [68,69]. For Klotho, successful oral delivery would substantially improve patient
acceptability and scalability for chronic use. Nevertheless, because Klotho is a large and
structurally complex protein, oral delivery should currently be positioned as a future
formulation direction rather than an established near-term route.

Overall, current Klotho delivery and formulation strategies have already addressed
several key translational problems. Viral vectors provide sustained expression for long-term
proof-of-concept studies. Non-viral nanoparticles and ultrasound-assisted systems improve
tissue-selective or spatially guided delivery. mRNA /LNP platforms offer transient and
tunable endogenous expression. EVs provide biologically compatible transport and renal
repair potential. Recombinant protein infusion demonstrates the pharmacological value of
sustained soluble Klotho exposure. Hydrogels enable local retention and programmable
release. Route-oriented strategies, including subcutaneous, intranasal, and eventually
oral delivery, aim to improve long-term usability. Future development should build on
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these strengths by matching each delivery strategy to the disease context, desired exposure
duration, and pharmacodynamic readouts.

6. Molecular Engineering of Klotho: Improving the Drug Before
Improving the Carrier

A key revision to the original framing is that delivery systems should not be expected
to compensate for every weakness of the native molecule. For many biologics, molecular
engineering precedes formulation optimization. Klotho should be approached similarly.
Candidate engineering strategies include Fc fusion, albumin-binding domains, PEGylation,
glycosylation optimization, protease-resistant variants, stabilized domains, and minimal
functional peptides. Each strategy must be evaluated not only for half-life extension but
also for preservation of receptor binding, pathway selectivity, and safety.

The Klotho-derived KP1 peptide illustrates the potential value of reductionist engi-
neering. By retaining a defined anti-fibrotic mechanism through interference with TGF-{3
signaling, KP1 may offer advantages in manufacturing and formulation over full-length
Klotho while potentially limiting broader systemic effects, including those related to min-
eral metabolism. As with other peptide therapeutics, however, KP1 may face inherent
developability challenges, including limited oral bioavailability and rapid systemic clear-
ance, which could constrain its clinical utility and will require careful evaluation during
development. In vivo studies in mouse models of renal fibrosis have shown that intra-
venous KP1 preserved renal function, reduced fibrotic lesions, and increased endogenous
Klotho expression, with preferential accumulation in injured kidneys [70]. However, KP1
has not yet entered human clinical trials, and its pharmacokinetic and safety profiles in
humans remain undefined. Importantly, KP1 should not be viewed as a functional substi-
tute for full-length Klotho. Rather, it represents a functionally selective peptide that retains
anti-fibrotic and anti-senescence activities through TBR2/TGF-f3 blockade and posttran-
scriptional restoration of Klotho via the miR-223-3p /IncRNA-TUGI1 axis, while its effects
on FGF23-mediated mineral metabolism remain to be systematically characterized [70,71].
This example highlights the possibility of separating Klotho biology into therapeutically ad-
dressable functional domains. Accordingly, fibrosis, neuroprotection, mineral metabolism,
and metabolic regulation may ultimately require distinct Klotho-derived or Klotho-mimetic
products rather than a single replacement strategy intended to reproduce the full spectrum
of Klotho functions.

Engineering also creates new assay requirements. A modified Klotho product should
be characterized by identity, purity, glycosylation, higher-order structure, receptor or
ligand binding, pathway-specific potency, stress stability, aggregation propensity, and
immunogenicity risk. For fusion proteins or peptides, receptor bias and loss of physiological
regulatory feedback must be assessed. The field would benefit from a consensus assay
panel that allows direct comparison of Klotho constructs across laboratories.

7. Disease- and Route-Specific Translational Design

Klotho product design should begin with the disease context. In kidney disease, the
target organ is both a source and a clearance site of x-Klotho, making renal impairment
a determinant of exposure and response. Local kidney-targeted nanoparticles, EVs, or
sustained-release systems may therefore offer advantages over untargeted systemic dosing.
Biomarkers should include serum and urinary Klotho, phosphate, FGF23, vitamin D
metabolites, renal function indices, inflammatory markers, and fibrosis-related readouts.

For neurodegenerative disease, the major challenge is delivery across or around the
blood-brain barrier. Systemic recombinant protein may not provide sufficient central
nervous system (CNS) exposure unless peripheral mechanisms are adequate. Intranasal
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delivery, CNS-tropic vectors, muscle-to-CNS endocrine expression, or engineered transport
strategies may be more plausible than conventional intravenous protein injection. Cog-
nitive endpoints should be paired with target engagement biomarkers, imaging or fluid
biomarkers, and safety monitoring for mineral and metabolic effects.

For cardiovascular and metabolic disease, «-Klotho and 3-Klotho programs should
be clearly separated. o-Klotho replacement may be relevant to vascular calcification,
endothelial dysfunction, cardiac fibrosis, and renal—cardiac cross-talk. -Klotho-targeting
therapies more closely resemble metabolic receptor agonists, especially those linked to
FGF21/FGFR1c or FGF19/FGFR4 biology [5-7]. Their endpoints should include lipid
parameters, insulin sensitivity, hepatic fat, bile acid biology, and cardiovascular safety.

For healthy aging and longevity-associated interventions, the evidentiary bar should
be highest. Participants may not have life-threatening disease, so tolerability, reversibility,
repeated-dose safety, biomarker validity, and conservative benefit claims are essential.
In this setting, transient and controllable modalities may be preferable to irreversible or
long-duration expression platforms until safety is better established.

8. Translational Roadmap and Future Perspectives

A practical roadmap for Klotho therapeutics should integrate five layers (Figure 3).
The first is modality selection, which should be guided by the target tissue, desired du-
ration of exposure, and requirements for reversibility. These considerations necessitate
balancing pharmacokinetic control, manufacturability, regulatory feasibility, and patient
convenience. In this context, each delivery modality presents distinct advantages and
limitations. Recombinant proteins offer precise dose titration but generally require frequent
administration, whereas mRNA platforms enable transient and repeatable expression at
the cost of demanding cold-chain logistics. Viral vectors can provide sustained expression,
but their use is accompanied by concerns regarding immunogenicity and limited reversibil-
ity. EVs and hydrogels, in contrast, are attractive for localized delivery, yet their broader
translation is currently constrained by limited regulatory precedents and challenges in
scalable manufacturing.
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modality according to the targe adding complex delivery solves a specific biological
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Figure 3. Translational roadmap for Klotho therapeutics. The roadmap integrates five key layers
for Klotho therapeutic development: (a) modality selection, (b) molecular optimization, (c) delivery
strategy, (d) quantitative translational pharmacology, and (e) CMC and clinical practicality. Created
with BioRender.com.

The second layer focuses on molecular optimization. Before incorporating complex
delivery systems, the therapeutic molecule itself should first be engineered to achieve an
optimal balance among stability, manufacturability, potency, and safety. For protein-based
therapeutics, this may involve Fc fusion or albumin-binding strategies to extend circulation
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half-life, glycoengineering to improve product homogeneity, and molecular minimization
to identify functional peptide domains. For nucleic acid-based approaches, optimization
strategies include codon adaptation, untranslated region engineering, and nucleoside mod-
ifications to enhance expression and reduce innate immune activation. Importantly, such
modifications must be carefully evaluated in disease-relevant potency assays, as improve-
ments in stability or pharmacokinetic properties may inadvertently compromise receptor
interactions, alter pathway specificity, or introduce additional immunogenicity risks.

The third layer addresses delivery strategy. The delivery system or route should be
selected to overcome a clearly defined biological barrier, such as achieving renal targeting,
enabling CNS access, sustaining local exposure, or controlling systemic expression. For sys-
temic protein delivery, formulation design must minimize rapid clearance and aggregation,
whereas nucleic acid delivery requires protection from nuclease degradation, efficient cellu-
lar uptake and endosomal escape, and, where necessary, cell-type-specific targeting. For
local applications, hydrogels and implantable systems can provide programmable release,
but their development requires careful assessment of degradation products and sterilization
processes. Importantly, the delivery strategy must also be compatible with the intended
clinical setting, as outpatient injection, image-guided implantation, and continuous infusion
differ substantially in terms of patient burden, compliance, and cost.

The fourth layer is quantitative translational pharmacology, which provides the basis
for linking exposure to biological activity and clinical dosing. Pharmacokinetic and pharma-
codynamic profiles, target engagement, biomarker responses, exposure-safety relationships,
and dosing schedules should therefore be established early in development. Bioanalytical
methods should distinguish exogenous from endogenous Klotho and quantify both total
and functionally active concentrations. Because renal function may substantially influence
a-Klotho clearance, pharmacokinetic studies in models of renal impairment are particularly
important for informing dose selection in relevant patient populations. Pharmacodynamic
biomarkers should capture both therapeutic activity, such as phosphate handling for «-
Klotho and metabolic markers for 3-Klotho, and on-target safety signals, including changes
in phosphate, calcium, vitamin D, glucose, and lipid homeostasis, thereby enabling early
detection of metabolic perturbations.

The fifth layer concerns CMC and clinical practicality, which should be incorporated
from the outset rather than addressed only during late-stage development. Key considera-
tions include scalable manufacturing, well-defined quality attributes, product stability and
storage, administration convenience, and the feasibility of repeated dosing. For recombi-
nant proteins, this requires robust cell line development, high-yield bioreactor processes,
efficient downstream purification, and formulation optimization to minimize aggregation
and chemical degradation. For mRNA /LNP systems, critical considerations include lipid
quality, particle size, encapsulation efficiency, and mRNA integrity. Viral vectors require
stringent control of empty-to-full capsid ratios and residual impurities, whereas EVs and
hydrogels continue to face challenges in scalability and standardization. Establishing an
early control strategy that links raw materials, in-process controls, release assays, and com-
parability protocols is therefore essential for managing process changes during scale-up and
satisfying regulatory expectations. Looking ahead, Al-guided formulation optimization
may further accelerate the development of robust delivery strategies for complex biologics
such as Klotho [72].

Several near-term priorities emerge from this roadmap. First, recombinant and engi-
neered Klotho proteins require systematic formulation stress testing together with stability-
indicating potency assays to ensure that physicochemical stability is maintained without
compromising biological activity. Second, gene- and mRNA-based strategies require quan-
titative control of transgene expression, along with predefined stopping criteria to limit
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excessive or prolonged exposure. Third, clinical trials should incorporate biomarkers that
capture both the intended pharmacological effects and potential on-target safety signals,
particularly those related to mineral and metabolic homeostasis. Finally, as company
pipelines and clinical-trial activities continue to evolve rapidly, maintaining up-to-date
information on ongoing development programs will be essential for accurately assessing
the translational landscape of Klotho therapeutics.

9. Conclusions

Klotho occupies a distinct position among aging-related therapeutic targets because
its clinical translation depends largely on the development challenges associated with bio-
logic and nucleic acid modalities rather than on strategies established for small-molecule
interventions such as senolytics or NAD* boosters. Key barriers include molecular stability,
manufacturability, delivery, tissue exposure, immunogenicity, dose control, and long-term
safety, all of which must be addressed in an indication- and modality-specific manner. The
future development of Klotho therapeutics is therefore unlikely to follow a single path-
way. 3-Klotho-directed biologics may offer opportunities to modulate metabolic signaling,
whereas o-Klotho mRNA or gene-based approaches may enable sustained or tunable
expression. Engineered soluble «-Klotho proteins and peptides may provide more conven-
tional biologic development routes, while EVs, hydrogels, and related delivery systems
could support localized or organ-targeted applications. Ultimately, the most promising
strategies will be those that match the therapeutic modality to a well-defined clinical
need and address a specific translational barrier rather than simply increasing Klotho
exposure. By integrating molecular engineering, rational delivery design, quantitative
pharmacology, biomarker-guided development, and robust CMC strategies, Klotho-based
interventions may progress from compelling biological concepts toward more clinically
tractable therapeutic approaches.
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