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Development of KCC2
therapeutics to treat neurological
disorders
Shilpa D. Kadam and Shane V. Hegarty*

Axonis Therapeutics Inc., Boston, MA, United States

KCC2 is CNS neuron-specific chloride extruder, essential for the establishment

and maintenance of the transmembrane chloride gradient, thereby enabling

synaptic inhibition within the CNS. Herein, we highlight KCC2 hypofunction

as a fundamental and conserved pathology contributing to neuronal circuit

excitation/inhibition (E/I) imbalances that underly epilepsies, chronic pain,

neuro-developmental/-traumatic/-degenerative/-psychiatric disorders. Indeed,

downstream of both acquired and genetic factors, multiple pathologies

(e.g., hyperexcitability and inflammation) converge to impair KCC2-dependent

inhibition in CNS. When KCC2 hypofunction occurs, affected neurons are

disinhibited due to impaired inhibitory responses to GABA/glycine. This

causes neuronal hyperexcitability, disinhibition within neuron circuits, and

disrupted neurological functions. More recently, KCC2 was identified as a

genetically-validated target for epilepsy, intellectual disability, and autism

spectrum disorder, and pathogenic mutations in human SLC12A5 gene were

linked to psychiatric/mood disorders. The broad therapeutic utility of KCC2-

upmodulating drugs relates to its critical role in determining inhibitory activity of

GABAergic neurotransmission, a mechanism widely targeted by several drugs.

However, in cases of KCC2 hypofunction GABAergic neurotransmission can

be depolarizing/excitatory, thereby impairing endogenous neuronal inhibition

while also limiting the effectiveness of existing therapeutics targeting/requiring

GABAergic pathway inhibition. Several preclinical reports have shown that KCC2

upmodulating treatments rescue and increase the efficacy of anti-seizure and

analgesic medications. Thus, a first-in-class KCC2-potentiating therapy would

provide a novel mechanism for restoring physiological CNS inhibition and

addressing drug resistance in patients with E/I imbalance pathologies. Herein, we

discuss progress toward and further work needed to develop the first-in-class

KCC2 therapeutics to treat neurological disorder patients.
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Introduction

The KCC2 transporter is the CNS neuron-specific Cl−

extruder essential for the establishment and maintenance of
the transmembrane Cl− gradient of mature neurons, thereby
enabling synaptic inhibition within the CNS throughout life
(Kaila et al., 2014). Inhibitory GABA/glycine signaling through
ligand-gated chloride channels (e.g., GABAARs) depends on the
Cl− gradient across neuronal membranes, and the functional
switch of GABA from excitatory-to-inhibitory during development
is primarily mediated by the electroneutral KCC2 transporter
(Kaila et al., 2014). Not only is Cl− gradient required for
inhibitory synaptic inhibition in the developing/mature CNS,
it is also a primary mechanism regulating neuronal excitability
(Pressey et al., 2023).

Since being characterized as the chief Cl− extruder in
CNS neurons, KCC2 has become a validated therapeutic target
in recent years for several neurological disorders involving
E/I imbalance within neuronal circuits. Significant KCC2-
focused clinical and preclinical research efforts by clinicians and
scientists over the past decade have implicated neuronal KCC2
hypofunction as a conserved pathology in epilepsies, chronic
pain, neurodevelopmental, neurotraumatic, neurodegenerative,
age-related, and psychiatric/mood disorders (Kaila et al., 2014; Duy
et al., 2020; Tang, 2020; Belperio et al., 2022; Hegarty and Stanicka,
2022; Liedtke, 2022; Keramidis et al., 2023; Khademullah et al.,
2023; Lam et al., 2023; Mcmoneagle et al., 2023; Pressey et al., 2023;
Tomita et al., 2023; Mcardle et al., 2024). Indeed, downstream
of both acquired and genetic factors, multiple pathological
mechanisms (e.g., hyperexcitability, neuroinflammation,
neurotrauma, impaired/delayed CNS maturation) converge to
cause KCC2 hypofunction in neurons which impairs neuronal
inhibition and leads to hyperexcitability in the nervous system
(Rivera et al., 2002; Coull et al., 2003; Lee et al., 2011; Shimizu-
Okabe et al., 2011; Puskarjov et al., 2012; Talos et al., 2012;
Zhou et al., 2012; Duarte et al., 2013; Gagnon et al., 2013; He
et al., 2014; Deidda et al., 2015; Tang et al., 2016; Dedek et al.,
2019; Fukuda and Watanabe, 2019; Hinz et al., 2019; Tang
et al., 2019; Verma et al., 2022; Sosunov et al., 2024). Affected
CNS neurons are disinhibited by KCC2 hypofunction due to
loss of inhibitory responses to GABA and glycine resulting in
neuronal hyperexcitability and dysfunction within neuronal
circuits. This leads to disruption of associated neurological
functions resulting in a broad range of neuropathologies
depending on which circuits are affected (e.g., seizures, pain,
spasticity) (Woo et al., 2002; Coull et al., 2003; Boulenguez
et al., 2010; Gagnon et al., 2013; Kaila et al., 2014; Fukuda and
Watanabe, 2019). Despite this progress, there are no FDA-
approved drugs that specifically potentiate or activate KCC2.
In this perspective, we discuss efforts to develop first-in-class
KCC2 therapeutics, highlight some key insights gained from
recent literature to provide a practical roadmap for therapeutically
targeting KCC2 to treat neurological disorders, and discuss
the translational considerations for advancing first- and best-
in-class KCC2 potentiators into the clinic to address unmet
medical needs of a variety of neurological disorder patients are
discussed.

Preclinical development of KCC2
therapeutics

The broad therapeutic utility of KCC2 potentiator drugs relates
to its critical role in determining the strength and inhibitory activity
of GABA-/glycine-ergic neurotransmission, and thus its unique
ability to restore synaptic inhibition to address pathological E/I
imbalance within CNS circuits. Increasing inhibitory GABAergic
neurotransmission is a validated therapeutic approach for many
neurological disorders, with several approved CNS drugs targeting
this pathway on the market and in clinical testing (Richardson
et al., 2024). However, GABAAR agonists and positive allosteric
modulators (PAMs) can cause global CNS activity depression
by cell autonomously hyperpolarizing the resting membrane
potential (RMP) of neurons, leading to dose-dependent cognitive
impairment and sedation/somnolence/ataxia side effects which
limit their therapeutic utility especially chronically. Additionally,
in such cases medication tolerance is an important issue when
patients need incrementally larger doses over time to achieve the
same results. For example, benzodiazepines are well documented
to develop tolerance after an initial “honeymoon” period of
good seizure control in epilepsy, and therefore have a limited
role in the long-term seizure management (Woldman et al.,
2019). Activation/potentiation of the electroneutral KCC2
transporter hyperpolarizes the chloride equilibrium potential
(ECl) to its homeostatic state in mature neurons, without affecting
RMP, priming CNS neurons to be inhibited by endogenous
GABA/glycine neurotransmission within inhibitory circuits,
avoiding excessive CNS-wide depression of neuronal activity. The
ability to fine-tune the neuronal Cl- transmembrane gradient to
enable/restore physiological levels of inhibitory neurotransmission
at GABA-/glycine-ergic synapses is a therapeutic profile unique
to KCC2 potentiators, as KCC2 is the only transporter than can
extrude Cl− from CNS neurons to set/reset the ECl. Indeed,
inhibition of Cl− import is not sufficient to achieve Cl− extrusion,
which likely underlies why KCC2 knockout mice have lethal
generalized seizures postnatally at a time when KCC2 function
is required to establish inhibitory neurotransmission in the
CNS (Woo et al., 2002; Kaila et al., 2014). Moreover, despite
several approved therapies, an unmet need for many patients
experiencing epilepsy, chronic pain, and other CNS disorders is
refractoriness or non-responsiveness to first-line medications,
whose doses are also limited by their tolerability issues. Recurrent
excitation in pathological CNS circuits drives KCC2 hypofunction
and consequently GABAergic neurotransmission can become
depolarizing/excitatory, thereby impairing neuronal inhibition
while also limiting the effectiveness of existing therapeutics
targeting or requiring GABAergic pathway inhibition for
efficacy. Therefore, KCC2 hypofunction has been implicated
in drug-resistance mechanisms, and increasing/restoring KCC2
function/expression has been shown to rescue the efficacy, and/or
increase the therapeutic window, of first-line anti-seizure and
analgesic medications (Li et al., 2016; Ferrini et al., 2017; Li
et al., 2020; Lorenzo et al., 2020; Sullivan et al., 2021; Aby et al.,
2022; Cheung et al., 2022; Lee et al., 2022; Paige et al., 2022;
Jarvis et al., 2023; Shi et al., 2023). Indeed, KCC2-upmodulating
treatments rescue the efficacy of first-line anti-seizure medications
(ASMs), such as benzodiazepines and valproic acid, as well as
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the analgesic efficacy of selective serotonin reuptake inhibitors,
morphine and NMDAR antagonist mechanisms in animal models
(Li et al., 2016; Ferrini et al., 2017; Li et al., 2020; Lorenzo et al.,
2020; Sullivan et al., 2021; Aby et al., 2022; Cheung et al., 2022; Lee
et al., 2022; Paige et al., 2022; Jarvis et al., 2023; Shi et al., 2023).

Tremendous preclinical progress has been made toward
the development of first-in-class drugs that specifically
potentiate/activate KCC2 in recent years. The CNS neuron-
specific expression profile of KCC2 makes it a very attractive
target for a CNS-penetrant small molecule, without the risk of
on-target toxicity in peripheral tissues/organ systems or even
other non-CNS neuronal cell types of the nervous system. Firstly,
Yves De Koninck’s lab and Chlorion Pharma screened over 92,500
drug-like molecules to identify KCC2 enhancers in immature
neuronal-like cells endogenously-expressing low levels of KCC2,
designed to recapitulate KCC2 hypofunction pathology and to
facilitate detection of increased KCC2 activity. This Cl− extrusion
(Clomeleon sensor) screen led to the development of CLP257,
its prodrug CLP290, and other independent hit compounds as
putative KCC2 functional enhancers that are capable of increasing
KCC2-dependent Cl− extrusion, KCC2 membrane expression,
and hyperpolarizing the ECl (EGABA) in neurons (Gagnon et al.,
2013). Importantly, Gagnon et al. (2013) also showed that the
oral efficacy for analgesia of CLP290 in a neuropathic pain model
was similar to the current first-line analgesic pregabalin, but
critically without its sedation side effects. Since then, several groups
have utilized CLP257/CLP290 to demonstrate how these KCC2
potentiator tool compounds can acutely and chronically treat
epilepsy, pain, spasticity, neurodegeneration and neurotrauma in
various animal models as well as patient tissues, demonstrating
the broad therapeutic promise of this KCC2 potentiation approach
(Ferrini et al., 2017; Chen et al., 2018; Lorenzo et al., 2020; Bilchak
et al., 2021; Dzhala and Staley, 2021; Sullivan et al., 2021; Aby
et al., 2022; Paige et al., 2022; Bilchak et al., 2023; Donneger
et al., 2023; Keramidis et al., 2023; Khademullah et al., 2023;
Pan et al., 2024).

More recently, the Moss lab and AstraZeneca screened 1.3
million compounds for activation of overexpressed KCC2 in HEK-
293 cells (Jarvis et al., 2023). This thallium (Tl+) influx screen
identified the Ovid Therapeutics licensed compound, OV350,
which binds to and activates KCC2 without modifying its plasma
membrane expression or some regulatory phosphorylation sites.
OV350 was shown to acutely treat benzodiazepine-resistant status
epilepticus (SE) in a kainite mouse model, providing preclinical
proof-of-concept for this intravenous (IV) compound for treating
refractory SE (RSE) and perhaps other medical emergencies, such
as neonatal hypoxic-ischemic encephalopathy [HIE; where CLP290
has shown efficacy (Sullivan et al., 2021)] and acute psychosis
(for which OV350 has shown efficacy in the phencyclidine model;
recently shared via Ovid’s public website).

Another group of KCC2 target biology experts at Vanderbilt,
who had previously contributed to the important discovery of
potent and selective KCC2 inhibitors (Delpire et al., 2009; Delpire
et al., 2012; Delpire and Weaver, 2016), also recently identified
small molecule KCC2 potentiators. The Weaver/Delpire group
Cl− efflux screen (SuperClomeleon sensor) in HEK-293 cells with
an inducible level of KCC2 expression identified selective KCC2
potentiator VU0500469, which also attenuated seizure-like activity
in neuronal-glial co-cultures (Prael et al., 2022).

In addition to direct activators/potentiators, several labs
have identified indirect KCC2 modulators that increase KCC2
function/expression. Liabeuf et al. (2017) screened molecules in
Tl+ influx assay in HEK-KCC2 cells from the Prestwick Chemical
Library consisting of off-patent approved drugs to identify a new
KCC2 enhancer, prochlorperazine (blocks D2 dopamine receptors
as well as other histaminergic, cholinergic, and noradrenergic
receptors) which increased KCC2 activity, hyperpolarizes the ECl
in motor neurons and alleviated spasticity in a rat spinal cord
injury (SCI) model (Liabeuf et al., 2017), providing a potential
drug-repurposing strategy. Tang et al. (2019) screened > 900
small molecules for their ability to increase KCC2 expression
in KCC2 reporter human neurons, and found several hits
including Flt3 inhibitor KW-2449 and GSK3β inhibitor BIO which
treated deficits in Rett syndrome human neurons and/or animal
models (Tang et al., 2019). Similarly, Wolfgang Liedtke’s group
screened over 1,000 cancer drugs for KCC2 gene expression-
enhancers in primary cortical neurons to identify another hit
GSK3β inhibitor Kenpaullone (Yeo et al., 2021). Kenpaullone
increases KCC2 expression, re-normalizes ECl (EGABA) in neurons,
and has analgesic efficacy in neuropathic and bone cancer pain
models (Yeo et al., 2021), as well as a sensory itch/dermatitis
model (Yeo et al., 2022). Studies have demonstrated that TCB-
2, an activator of 5-HT2A, increases KCC2 expression to treat
neuropathic pain in the SCI model and mitigates the effects of
stress on dysregulation of KCC2-dependent GABAergic signaling
(Sánchez-Brualla et al., 2018; Kimmey et al., 2019). Other indirect
expression enhancers of KCC2, including TrkB (e.g., Ana12) and
WNK (e.g., WNK-463) inhibitors, have been shown to protect
against drug-resistant severe seizures (Kang et al., 2015; Lee
et al., 2022; Vyas et al., 2024), again demonstrating the utility
of this KCC2 expression enhancer therapeutic approach. Finally,
viral-mediated increases in KCC2 expression have been used
to validate the therapeutic effects of small molecule treatments
in animal models [e.g., AAV-KCC2 and CLP290 in SCI (Chen
et al., 2018)], but also demonstrate the robustness and increasing
therapeutic effects of chronic KCC2 upmodulation in epilepsy,
pain, and SCI models (Li et al., 2016; Chen et al., 2018; Magloire
et al., 2019), as well as providing proof-of-concept for the
therapeutic utility of one-and-done viral KCC2 overexpression
gene therapies.

Clinical considerations for the
development of KCC2-targeting
therapeutics

KCC2 is a genetically validated target in human epilepsy
and neurodevelopmental disorders (Fukuda and Watanabe,
2019), providing important human data to inform indication
selection for first-in-class KCC2 therapeutics. Indeed, autosomal
recessive inheritance of compound heterozygous pathogenic loss-
of-function variants in the solute carrier family 12-member 5
(SLC12A5) gene is associated with the development of idiopathic
generalized epilepsy, focal refractory epilepsy, and early infantile
epileptic encephalopathy, with these patients also being diagnosed
with intellectual disability, ASD as well as pharmacoresistance
(Kahle et al., 2014b; Stödberg et al., 2015; Saitsu et al., 2016;
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Duy et al., 2019; Fukuda and Watanabe, 2019; Jarvela et al.,
2024). Since SLC12A5 has been included in epilepsy genetic
screening panels, the number of KCC2 mutant variants identified
has exponentially grown in recent years (see ∼900 SLC12A5
variants identified to date on ClinVar). Previously, studies of loss-
of-function KCC2 mutations in mice had also demonstrated the
critical role of KCC2 in reducing seizure susceptibility (Woo
et al., 2002; Tornberg et al., 2005; Silayeva et al., 2015; Pisella
et al., 2019). Moreover, several studies using resected tissue from
refractory epilepsy patients have demonstrated KCC2 hypofunction
in these drug-resistant seizure-generating foci (Cohen et al.,
2002; Palma et al., 2006; Huberfeld et al., 2007; Munakata
et al., 2007; Muñoz et al., 2007; Eichler et al., 2008; Pallud
et al., 2014; Donneger et al., 2023; Bakouh et al., 2024; Sosunov
et al., 2024). Interestingly, a recent report found that two
KCC2 potentiators, CLP257 and PCPZ, suppressed spontaneous
epileptiform discharges in 10 out of 13 surgically-resected tissues
from adult refractory focal epilepsy patients (Donneger et al., 2023),
building on a previous study demonstrating that depolarizing
GABAergic neurotransmission contributes to seizure propagation
in these drug-resistant seizure foci of patients (Cohen et al., 2002).
Therefore, the development of KCC2 potentiators to treat genetic
and acquired epilepsies is robustly supported by genetic, clinical,
and preclinical data.

Beyond epilepsies where genetic screening and therapeutic
resection surgeries are more common, human genetic validation
and patient tissue studies for non-epileptic neurological disorders
involving acquired KCC2 hypofunction can be more difficult. As
a result, despite a wide range of supportive preclinical evidence
for KCC2 hypofunction in neurological disorders that has been
reviewed in depth by others (Kaila et al., 2014; Duy et al.,
2020; Tang, 2020; Belperio et al., 2022; Hegarty and Stanicka,
2022; Liedtke, 2022; Lam et al., 2023; Mcmoneagle et al., 2023;
Pressey et al., 2023; Tomita et al., 2023; Mcardle et al., 2024)
and outlined above, indication selection and prioritization can
be more difficult to justify in these cases. The utilization of
human neuron models derived from patient induced pluripotent
cell lines (iPSCs) has allowed the demonstration of KCC2
hypofunction downstream of the monogenic causes of NDDs,
such as MECP2 mutant Rett syndrome neurons (Tang et al.,
2016; Tang et al., 2019). Because KCC2 plays a critical role in
brain maturation, with its expression exponentially increasing
postnatally to establish inhibitory neurotransmission in the CNS,
it is commonly implicated in the downstream E/I imbalance
pathologies of NDDs, including Syngap1 haploinsufficiency
disorder, Down syndrome, fragile X, tuberous sclerosis complex
and focal cortical dysplasia (Talos et al., 2012; He et al., 2014;
Kaila et al., 2014; Deidda et al., 2015; Tang et al., 2019;
Verma et al., 2022; Bakouh et al., 2024; Sosunov et al., 2024).
While these human iPSC models are particularly useful for
examining the contribution of KCC2 hypofunction to particular
NDDs/DEEs, because KCC2 is a mature neuron synaptic protein,
it is important that the iPSC-derived neuronal differentiation
protocols chosen for such studies enable sufficient KCC2
expression. In cases of adult-onset acquired neuropathologies,
multiple preclinical reports over the last two decades have
characterized the mechanisms by which KCC2 hypofunction
in the dorsal sensory horn of the spinal cord leads to spinal
disinhibition underlying chronic neuropathic pain (Coull et al.,

2003; Prescott et al., 2006; Jolivalt et al., 2008; Kahle et al.,
2014a; Li et al., 2019; Mapplebeck et al., 2019; Yeo et al., 2021;
Aby et al., 2022; Liedtke, 2022). In this case because of KCC2
hypofunction, impaired GABAergic inhibition along ascending
sensory/nociceptive and descending modulatory pathways (e.g.,
brain stem-derived and corticospinal pathways) facilitates chronic
pain in a pathological process known as CNS sensitization. The
intellectual disability and ASD/NDD comorbidities of biallelic
KCC2 mutant patients preclude assessment of altered pain
processing in these individuals, but KCC2 hypofunction in the
dorsal spinal cord was demonstrated in a human neuropathic pain
model (Dedek et al., 2019).

In the absence of human genetic, tissue, or model validations,
clinical biomarkers of KCC2 hypofunction pathology can also be
used to facilitate bridging the preclinical-to-clinical translational
gap. In this regard, the rate-dependent depression of the
H-reflex (HRDD) is a biomarker of GABAergic disinhibition
within the spinal cord. It also serves as a pharmacodynamic
biomarker of KCC2 function in spinal neurons: (1) HRDD is
impaired by reduced KCC2 expression or KCC2 inhibition; and
(2) impaired HRDD can be restored by KCC2 potentiation
treatment in animal models of chronic pain, SCI, and spasticity
(Jolivalt et al., 2008; Boulenguez et al., 2010; Côté et al.,
2014; Lee-Kubli and Calcutt, 2014; Toda et al., 2014; Liabeuf
et al., 2017; Marshall et al., 2017; Lee-Kubli et al., 2018;
Tom et al., 2018; Bilchak et al., 2021; Lee-Kubli et al., 2021;
Bilchak et al., 2023; Malloy and Côté, 2024; Pan et al., 2024).
Interestingly, 30–40% of patients with diabetic neuropathic
pain have impaired HRDD, reflecting spinal disinhibition-driven
chronic pain, which directly correlates with pain phenotypes
and can predict analgesic efficacy in patients (Millán-Guerrero
et al., 2012; Worthington et al., 2021b; Worthington et al., 2021a;
Zhou et al., 2022; Marshall et al., 2023). Therefore, HRDD is an
objective electrophysiological biomarker of KCC2 hypofunction,
impaired GABAergic inhibition, and neuropathic pain, and may
serve as a pharmacodynamic and disease-relevant biomarker
of KCC2 potentiation therapy in patients. Other translational
biomarkers relevant for measuring KCC2 function in the CNS
include other electrophysiological measures, such as qEEG, which
have been profiled for other CNS agents (Groeneveld and
Hay, 2016) and may enable human dose determination in the
clinic for novel KCC2 potentiator compounds. Especially event-
related potentials (ERPs) that measure impaired inhibition in
CNS circuits in healthy volunteers or patients (Premoli et al.,
2014; Cecchi et al., 2023). It will be interesting to compare
and contrast the clinical qEEG biomarker profile and ERPs of
KCC2 potentiators to other ASMs and analgesics, particularly
GABAAR PAMs. Finally, there have been some reports of
KCC2 biomarkers in the CSF of patients (Duarte et al., 2013),
which may be particularly relevant for KCC2-expression enhancer
treatments.

For a first-in-human efficacy study, the most direct method
for identifying patients with KCC2 hypofunction would be genetic
testing for pathogenic KCC2 variants, which are typically identified
when individuals recessively inherit two compound heterozygous
loss-of-function mutants. While this approach is logical, it would
be important to ensure that the mechanism of action of the KCC2
potentiator treatment could rescue the function of these mutant
proteins. For example, agents that restore surface expression of
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KCC2 would likely not rescue the function of KCC2 variants
with loss-of-function mutations in the transmembrane chloride
transport core (Fukuda and Watanabe, 2019). However, since the
mutational landscape is being characterized, and a growing number
of SLC12A5 variants are being identified, groups are beginning to
understand the pathogenic consequences of heterozygous KCC2
mutations, which have been associated with psychiatric (e.g.,
schizophrenia) and mood disorders in GWAS studies recently
(Hyde et al., 2011; Tao et al., 2012; Merner et al., 2015). In these
cases, potentiating the function of the intact allele of KCC2 could
confer a targeted therapeutic benefit, irrespective of the ability
of the KCC2 therapeutic to correct the function of the mutant
allele.

Discussion

Despite progress in the number of approved medicines for
epilepsies, psychiatry, and other excitation/inhibition (E/I)
imbalance CNS disorders in recent decades, a significant
proportion of patients remain drug-resistant or cannot tolerate the
disabling side effects of these first-line medications. Current
marketed drugs typically have overlapping mechanisms
that target ion channels or neurotransmitter systems to
globally suppress brain activity. Alternatively, by fine-tuning
ionic homeostasis and physiological inhibition within the
CNS, KCC2-potentiating therapeutics may have superior
tolerability and can address this urgent, unmet need by
converting patients from drug-resistant to drug-sensitive.
To realize the full therapeutic potential of KCC2, we need
to build a portfolio of medicines that utilize novel and
differentiated mechanisms of action, which also match the
modality to patient needs, to restore physiological inhibition
to the CNS to provide meaningful and targeted clinical
benefits to patients.

Tremendous progress has been made toward the development
of first-in-class therapeutics that target KCC2 in recent years.
Three broad classes of KCC2 therapeutics have emerged to
date: (1) Small molecule direct KCC2 activators/potentiators
(e.g., AXN-027; CLPs; OV350; VU0500469); (2) Small molecule
indirect KCC2 expression enhancers (e.g., PCPZ and repurposed
kinase inhibitors); and (3) Viral-mediated KCC2 overexpression
gene therapies (e.g., Lent-viral KCC2 in development by NxGen
Medicine for chronic lower back pain). The CNS neuron-
specific expression profile of KCC2 makes it a very attractive
target for a CNS-penetrant small molecule, precluding the
need to choose the gene therapy approach as long as chronic
treatment with the oral KCC2 potentiator small molecule is
feasible, well-tolerated and can persistently correct the KCC2
hypofunction pathology within the CNS. Moreover, the target
biology of KCC2 should avoid the cognitive/behavioral side
effects of existing approved drug mechanisms that directly
hyperpolarize neuronal RMPs. By priming CNS neurons to be
hyperpolarized by GABA and glycine at inhibitory synapses,
KCC2 potentiation therapy should enable physiological levels
of CNS circuit inhibition, without sedation/somnolence. In
regards to risks of chronic oral KCC2 potentiation therapy,
no human pathogenic gain-of-function KCC2 mutations have

been identified to date, while no clinical signs have been
reported in rodent studies of chronic KCC2 potentiation therapy
or long-term viral/CRISPR mediated KCC2 overexpression (Li
et al., 2016; Chen et al., 2018; Magloire et al., 2019; Cheung
et al., 2022). Importantly, KCC2 gain-of-function mutant mice
(T906A/T1007A) exhibit normal brain morphology and neuronal
network excitability, with improved memory function and
increased sociability and were protected from seizures (Moore
et al., 2018; Moore et al., 2019). In fact, chronic KCC2
potentiation therapy has been shown to increase efficacy over
time (Li et al., 2016; Chen et al., 2018), as opposed to
the tolerance/tachyphylaxis observed for repeated treatment
with GABAAR agonists/PAMs (Woldman et al., 2019), which
may be due to KCC2 role in synaptic spine density and
strengthening of inhibitory neuronal circuits (Li et al., 2007;
Seja et al., 2012; Fiumelli et al., 2013; Kaila et al., 2014;
Puskarjov et al., 2014; Awad et al., 2018). Interestingly, in
addition to the potential of KCC2 in treating neurodegenerative
diseases, KCC2 hypofunction has also been implicated in age-
related memory decline (Ferando et al., 2016; Keramidis et al.,
2023; Khademullah et al., 2023). Thus, the potential safety,
tolerability and precise efficacy of KCC2 potentiation therapy
is ideally suited for rapid titration and oral chronic treatment,
as required and preferred for many epilepsy, neuropathic pain
and other patients with chronic or age-related neurological
disorders.

In conclusion, we are close to realizing the first ion
homeostatic medicine for the CNS that enables GABA signaling
without global inhibition and debilitating sedation, with two
development candidates for KCC2-targeting therapeutics nearing
the clinic: (1) Axonis Therapeutics first-in-class oral KCC2
potentiator AXN-027 is set to begin first-in-human clinical trials
in healthy volunteers in Q4 2024, and (2) Ovid Therapeutics
plan to test their first-in-class IV KCC2 activator OV350 in
H1 2025. Placebo-controlled proof-of-concept clinical trials in
(1) acute psychosis for IV OV350, and (2) chronic epilepsy
and pain trials for oral AXN-027 will also pave the way for
the next generation of KCC2 potentiation therapies, such as
KCC2 expression-enhancing approaches, KCC2 gene therapies
or alternative formulations/routes of administration tailored
to patient’s needs (e.g., oral solution in ASDs/NDDs/DEEs;
nasal spray for acute pain/seizures). To improve novel drug
discovery, next generation screening assays which precisely
measure the direct activity of KCC2, but not other chloride
transporter/flux mechanism, in mature neurons at scale are needed.
Moreover, the development of additional clinical biomarkers
of KCC2 hypofunction and pharmacodynamic biomarkers of
KCC2 potentiation therapy will enable further indication selection
and patient stratification to realize the full potential of these
therapeutics to address CNS disinhibition and drug-resistance
in neurological disorder patients with unmet needs, likely
providing a more tolerable and precise medication to address
their chronic pathologies. Within the next decade, targeted KCC2
therapeutics are poised to transform precision medicine for
neurological disorders.
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