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Abstract
Since the discovery of the Kv1.3 voltage-gated  K+ channel in human T cells in 1984, ion channels are considered crucial 
elements of the signal transduction machinery in the immune system. Our knowledge about Kv1.3 and its inhibitors is 
outstanding, motivated by their potential application in autoimmune diseases mediated by Kv1.3 overexpressing effector 
memory T cells (e.g., Multiple Sclerosis). High affinity Kv1.3 inhibitors are either small organic molecules (e.g., Pap-1) or 
peptides isolated from venomous animals. To date, the highest affinity Kv1.3 inhibitors with the best Kv1.3 selectivity are the 
engineered analogues of the sea anemone peptide ShK (e.g., ShK-186), the engineered scorpion toxin HsTx1[R14A] and the 
natural scorpion toxin Vm24. These peptides inhibit Kv1.3 in picomolar concentrations and are several thousand-fold selec-
tive for Kv1.3 over other biologically critical ion channels. Despite the significant progress in the field of Kv1.3 molecular 
pharmacology several progressive questions remain to be elucidated and discussed here. These include the conjugation of 
the peptides to carriers to increase the residency time of the peptides in the circulation (e.g., PEGylation and engineering 
the peptides into antibodies), use of rational drug design to create novel peptide inhibitors and understanding the potential 
off-target effects of Kv1.3 inhibition.
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Introduction

Since the discovery of the Kv1.3 K+ channel in human T 
cells in 1984 (Chandy et al. 1984; Matteson and Deutsch 
1984) this channel was identified as a potential target for 
immunomodulation and consequently, several high affinity 
inhibitors were developed to block Kv1.3. These include 
small molecules derived from plant alkaloids (e.g., Psora-4, 
(Vennekamp et al. 2004)) and many of them are venom-
derived peptides (Chandy and Norton 2017; Norton and 
Chandy 2017; Panyi et al. 2006). One of these peptides, the 
ShK toxin-based Dalazatide has already been approved for 
clinical trials targeting plaque psoriasis (Tarcha et al. 2017). 
It is quite intriguing to imagine why a  K+ channel, rather 
than the more commonly known calcium-release activated 
 Ca2+ channel (CRAC) of T cells (Feske et al. 2005), is the 

primary target in autoimmune diseases (Panyi et al. 2004a). 
The paragraphs below will briefly introduce this concept.

Upon antigen presentation (Fig. 1) activation of T cells 
requires a  Ca2+ signal that depends critically on  Ca2+ entry 
into the cytoplasm through the CRAC channel. This chan-
nel is formed by the pore-forming ORAI subunits in the 
plasma membrane and the STIM proteins embedded in the 
endoplasmic reticulum membrane (Feske et al. 2015). Once 
CRAC channels are open, the magnitude and the kinetics of 
the  Ca2+ signal is determined by the electrochemical driving 
force for  Ca2+ entry. The driving force for  Ca2+ is governed 
by the interplay between the  Ca2+ influx through the CRAC 
channels and the consequent depolarizing effect which is 
counterbalanced by two  K+ currents, the  K+ efflux through 
the voltage-gated Kv1.3 channel and the intermediate con-
ductance calcium-activated KCa3.1 K+ channel (Cahalan 
and Chandy 2009; Feske et al. 2012, 2015). This  K+ chan-
nel dependence of the membrane potential (~ − 50 mV), 
required for efficient  Ca2+signaling, makes T cell activation 
sensitive to  K+ channel blockers. It is interesting to note 
that direct block of the CRAC channels is also an option to 
modulate immune responses (Stauderman 2018), but the T 

 * Gyorgy Panyi 
 panyi@med.unideb.hu

1 Department of Biophysics and Cell Biology, Faculty 
of Medicine, University of Debrecen, 1 Egytem ter, 
Debrecen 4032, Hungary

http://orcid.org/0000-0001-6227-3301
http://crossmark.crossref.org/dialog/?doi=10.1007/s42977-021-00071-7&domain=pdf


76 Biologia Futura (2021) 72:75–83

1 3

cell and T cell subset-specific expression of Kv1.3 makes 
Kv1.3 a more attractive target, as introduced below.

Activation and clonal expansion of lymphocytes is essen-
tial for the generation of an efficient immune response to 
pathogens and foreign antigens. Inhibition of immune 
responses, however, is required to prevent rejection of the 
transplanted organs or to treat autoimmune diseases where 
self-antigens are targeted. Suppression of T cell activation 
can be achieved using conventional immunosuppressive 
drugs, such as cyclosporin A, tacrolimus (FK-506) and 
rapamycin (Halloran 2004). As these molecules target sec-
ond messenger pathways that are common in immune cells, 
e.g., inhibition of calcineurin by cyclosporin A (Schreiber 
and Crabtree 1992), their application results in generalized 

immunosuppression. This means that inhibition of T cell 
activation and proliferation is not specific for a given autoan-
tigen-induced T cell population, and as such, the treatment 
increases the risk of infections (Kim and Perfect 1989; 
Lallana and Fadul 2011; Orlicka et al. 2013). In addition, 
nephrotoxicity of cyclosporin A and tacrolimus is significant 
even at doses used in the treatment of autoimmune diseases 
(Chighizola and Ong 2016; Halloran 2004). An ideal, selec-
tive immunosuppressor drug would target pathologically 
activated T cell subsets that induce tissue damage in auto-
immune diseases (Chiang et al. 2017). T cells can be classi-
fied into various subsets based on their cell surface marker 
expression and functional states. A seminal paper by Wulff 
et al. (2003) described that Kv1.3 is uniquely overexpressed 
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Fig. 1  The role of ion channels in T cell activation. T-cell recep-
tor (TCR, top right) stimulation by a specific antigen (green trian-
gle) leads to increased IP3 (green dots) concentration in the cytosol 
through the activation of phospholipase-C signaling cascade. The 
increased IP3 concentration activates the IP3-receptor (green chan-
nel) located in the smooth endoplasmic reticulum (sER)  Ca2+ store. 
 Ca2+-release through the activated IP3-receptor increases the  Ca2+ 
(red dots) concentration of the cytosol and consequently the  Ca2+ 
content in the sER stores decreases. This in turn activates store-oper-
ated  Ca2+ entry through the interaction of the ER  Ca2+ sensor STIM1 
(blue protein) and the pore-forming unit of the functional CRAC 
channel, ORAI1 (red channel). The resultant inward  Ca2+ flux will 
depolarize the cell membrane and activate the voltage-gated Kv1.3 

channel (light purple channel with schematic voltage sensor), whilst 
the increased intracellular  Ca2+ concentration enhances the activity 
of the  Ca2+-activated KCa3.1 channel [light blue channel with the 
associated calmodulin (CaM)]. The activation of both voltage- and 
 Ca2+-activated  K+ channels will cause  K+ efflux (purple dots) and 
consequently repolarize the membrane potential (Vm↓). Repolari-
zation counteracts the depolarizing effect of  Ca2+ entry through the 
ORAI1, thereby maintaining the electrical driving force for further 
 Ca2+ entry. The complex interplay of ion channel activities gener-
ates a characteristic  Ca2+ signal in activated T-cells (right middle of 
the cell) that regulates a plethora of cellular processes, leading to cell 
activation and cell type-specific effector functions
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in activated  CCR7− effector memory T  (TEM) cells, whereas 
 CCR7+ naïve and central memory T  (TCM) cells preferen-
tially express the KCa3.1 channel (Wulff et al. 2003). Upon 
the activation of naïve and  TCM cells the expression of 
KCa3.1 increases substantially from 10–50 to 500–600/cell 
and as such, the activation and proliferation of these T cell 
subsets becomes KCa3.1-dependent. On the contrary, the 
Kv1.3 expression selectively increases from ~ 300 to ~ 1500/
cell in  TEM upon activation which makes their activation 
and proliferation sensitive to Kv1.3 inhibition. Since over-
active and autoreactive T cells that induce tissue damage in 
many autoimmune diseases are  TEM cells, and their activa-
tion and proliferation can be preferentially suppressed by 
selective Kv1.3 blockers without affecting naïve and  TCM 
cells (Cahalan and Chandy 2009; Chandy and Norton 2017; 
Chi et al. 2012; Wulff et al. 2003), high affinity and high 
selectivity Kv1.3 inhibitors are good candidates for selective 
immunosuppression.

The applicability of Kv1.3 inhibitors in the management 
of numerous experimental autoimmune disease models has 
been demonstrated. Of these, the most significant progress 
has been achieved in the treatment of experimental auto-
immune encephalomyelitis, a rat model for multiple scle-
rosis (Beeton et al. 2005). Kv1.3 blockers were shown to 
ameliorate the symptoms in pristane-induced MHC class 
II-restricted chronic arthritis model in rats, a model for rheu-
matoid arthritis, and in experimental autoimmune diabetes 
in rats (Beeton et al. 2005). Other diseases, where Kv1.3 
inhibition and selective immunosuppression may be ben-
eficial, are psoriasis (Kundu-Raychaudhuri et al. 2014) and 
Sjogren’s syndrome (Legany et al. 2016), and more recently, 
targeting of T cell subsets using Kv1.3 inhibitors in Inflam-
matory Bowel Diseases (Crohn’s disease and ulcerative 
colitis) has been proposed (Tajti et al. 2020). Furthermore, 
several neuroinflammatory diseases are proposed to be tar-
geted by Kv1.3 inhibitors, including Alzheimer’s disease, 
where inhibition of Kv1.3 expressed in microglia seems to 
be important (Nguyen et al. 2017; Rangaraju et al. 2015). 
Several extensive reviews have addressed the applicability of 
ion channel blockers in the management of autoimmune dis-
eases (Chandy and Norton 2017; Norton and Chandy 2017; 
Panyi et al. 2006; Serrano-Albarras et al. 2019; Tajti et al. 
2020; Varga et al. 2010; Wulff et al. 2009).

Natural and conventionally engineered peptide 
toxin blockers Kv1.3

The Kalium database (http://kaliu mdb.org), which is a col-
lection of natural peptides acting on potassium channels 
mostly originating from the venoms of animals like scorpi-
ons, snakes, spiders and sea anemones, currently lists over 
300 entries (Fig. 2). A large fraction of these toxins block 
or modify the gating of Kv1.3, but the active concentration 

varies widely over the range of pM to µM. While quite a 
few are active at nanomolar concentrations, only a handful 
of natural toxins has an affinity for Kv1.3 characterized by 
a Kd value in the pM range. Some of the most effective ones 
are the sea anemone toxin ShK (Kd = 11 pM, (Kalman et al. 
1998)) and the scorpion toxins OSK1 (Kd = 14 pM, (Mouhat 
et al. 2005)), HsTx1 (Kd = 11 pM (Lebrun et al. 1997)) and 
Vm24, a toxin characterized by our group (3 pM) (Gurrola 
et al. 2012; Varga et al. 2012). They all share the typical 
structure of 30–40 residues stabilized by 3 or 4 disulfide 
bridges and use a critical lysine residue to protrude into the 
selectivity filter of the channel. Besides the lysine, other 
toxin residues also contribute to the high affinity binding via 
pairwise interactions with channel residues. These influen-
tial residues vary among the toxins, so it is not surprising 
that their selectivity profile among  K+ channels also var-
ies. On the other hand, topological similarity of the outer 
pore region among  K+ channels, especially closely related 
ones, which forms the docking site for toxins may result in 
comparable affinities of a given toxin for multiple channels. 
For example, in addition to the high affinity for Kv1.3, ShK 
also potently blocks Kv1.1, Kv1.4 and Kv1.6, OSK1 blocks 
Kv1.1 and Kv1.2, while HsTx1 also blocks Kv1.1. Interest-
ingly, Vm24, the toxin that we described showed the best 
selectivity in its natural form as it proved to be more than 
1500-fold selective over ten other ion channels tested. For 
potential therapeutic use a minimum of 100-fold selectivity 
is desired of a compound, which is rarely found in natural 
toxins if they are tested on multiple channels.

Due to their inherent high affinity for their targets these 
toxins are attractive lead compounds for drug development, 
and consequently significant effort has been invested into 
improving their selectivity. Careful systematic sequence 
analysis along with mutational and docking simulation stud-
ies have identified residues both in toxins and in channels 
that are determinants of strong binding. This information 
allowed the engineered modification of toxins to tailor their 
selectivity in the desired direction (Fig. 2). For example, 
in the case of HsTx1 docking and molecular dynamics 
simulations were used to predict the effect of point muta-
tions in the toxin sequence on binding to Kv1.3 (Rashid 
et al. 2014). Confirming the predictions, the HsTX1[R14A] 
mutant retained its high affinity for Kv1.3 but barely blocked 
Kv1.1, improving its selectivity to over 2000-fold for Kv1.3 
over Kv1.1. Similar enhancement of toxin selectivity was 
achieved with OSK1 and AnTx based on sequence analysis 
and comparison with other  K+ channel-blocking toxins. In 
OSK1, a double mutant version showed improved affinity 
for Kv1.3 with a Kd = 3 pM, but without any gains in selec-
tivity (Mouhat et al. 2005). However, an additional muta-
tion brought on great improvement in selectivity, although 
with a slight decrease in affinity for Kv1.3. Likewise, our 
group used sequence analysis to design a modified version of 

http://kaliumdb.org
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AnTx, a scorpion toxin blocking Kv1.2 and Kv1.3 channels 
with similar potencies, in order to improve its selectivity for 
Kv1.3 (Bartok et al. 2015a). The AnTx[N17A/F32T] double 
mutant version maintained the high affinity of the natural 
toxin for Kv1.3 while losing its potency for Kv1.2, resulting 
in a selectivity over 16,000-fold. Subsequent NMR-based 
structure analysis showed different flexibilities of the natural 
and modified toxin, which probably underlies the observed 
difference in selectivity.

How much the pharmacological properties of a natural 
toxin can be refined by engineered modifications is best 

exemplified by the ShK toxin (Pennington et al. 2009), 
which has been developed into an experimental drug for 
autoimmune diseases called Dalazatide (Tarcha et al. 2017). 
Based on docking simulations first the critical lysine of ShK 
was mutated to a non-natural amino acid to improve toxin 
selectivity (Kalman et al. 1998). Then various N-terminal 
extensions were tested, of which the addition of a phospho-
tyrosine via a linker proved advantageous for toxin proper-
ties. However, this molecule, ShK-170, had stability prob-
lems especially at higher temperatures due to pH-related 
hydrolysis and oxidation processes (Pennington et al. 2009). 

venomous animals molecular biology

AI-based design

phage display

Kv1.3 in TEM

mul�ple sclerosis rheumatoid arthri�s type 1 diabetes psoriasis …………..

……..

Fig. 2  Strategies to obtain Kv1.3 inhibitor peptides discussed in the 
paper. Native peptides can be isolated from venomous animals, like 
scorpions (https ://uploa d.wikim edia.org/wikip edia/commo ns/f/ff/
Vaejo vis_Mexic anus.jpg). Alternatively, peptide toxins can be gen-
erated using recombinant techniques or solid phase peptide synthe-
sis (not shown). Peptide modifications can be rationalized based on 
sequence analysis and docking, or can be the result of artificial intel-
ligence (AI)-based design (https ://www.innoa rchit ech.com/blog/artif 
icial -intel ligen ce-deep-learn ing-neura l-netwo rks-expla ined). Phage 
display technology can work together with molecular biology to 

result in novel peptides (immobilized channels are in blue, phages 
display various peptides indicated by red objects, the ones carrying 
diamonds bind the channel). Dashed arrow indicates other approaches 
not discussed in the review, e.g., venom gland transcriptome analysis. 
The target of the peptide (green ribbon diagram) is the Kv1.3 chan-
nel (purple) in effector memory T cells  (TEM) and the diseases where 
peptides can be used as experimental therapeutic tools are listed in 
the bottom. Dashed arrow indicates other diseases not discussed in 
the review

https://upload.wikimedia.org/wikipedia/commons/f/ff/Vaejovis_Mexicanus.jpg
https://upload.wikimedia.org/wikipedia/commons/f/ff/Vaejovis_Mexicanus.jpg
https://www.innoarchitech.com/blog/artificial-intelligence-deep-learning-neural-networks-explained
https://www.innoarchitech.com/blog/artificial-intelligence-deep-learning-neural-networks-explained
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To overcome these problems several analogs were produced, 
of which ShK-192 containing a methionine isostere and a 
C-terminal amide was found to be the most stable. The mod-
ified toxin was confirmed to be a potent and selective blocker 
of Kv1.3, which effectively inhibited the proliferation of  TEM 
cells and suppressed delayed-type hypersensitivity in rats. It 
could be detected in the blood at effective channel-blocking 
concentrations even 72 h after a subcutaneous injection. It 
was also found to be non-toxic in trials as long as 4 weeks, as 
judged by blood cell counts, blood chemistry or histopathol-
ogy. Thus, the multi-aspect refinement of the natural ShK 
toxin serves as a proof of concept for the pharmacological 
value of peptide toxins.

Artificial Intelligence (AI)‑guided drug design 
and phage display: novel alternatives to drug 
discovery

The examples above demonstrate the power of rational drug 
design, which is expected to receive a boost from artificial 
intelligence (AI) via machine learning techniques (Fig. 2), 
as increased computing power and more sophisticated algo-
rithms will allow more accurate predictions. Despite the ever 
deeper understanding of the molecular mechanisms underly-
ing diseases and great advancements in medical methods and 
technology, the introduction of new drugs continues to be 
a very time-consuming and costly procedure. Although the 
last few years show a promise of some improvement, data 
from the past two decades indicate that about 90 percent 
of drugs entering Phase I trials eventually fail to make it to 
approval (Mullard 2019; Smietana et al. 2016).

AI is envisioned to gain increasing roles in multiple 
aspects of drug development in the future such as predic-
tion of peptide structures from primary sequences, the inter-
action of drug molecules with target proteins, the binding 
affinity, the physicochemical, pharmacokinetic and toxicity 
parameters of potential drug molecules, the repurposing of 
currently used drugs (Fernandez-Ballester et al. 2020) and 
even the prediction of potential side effects. Efforts are also 
being made to use AI techniques for virtual screening to 
replace high throughput screening as the initial step in test-
ing and scoring the binding of molecules of large libraries 
to target proteins in silico.

As the pharmacological characterization of peptide tox-
ins demands substantial experimental work, the targets of 
most toxins have not been identified yet, and most of the rest 
have only been tested on a limited number of ion channels. 
Thus, the possibility of predicting the targets solely based on 
primary sequence or basic structure by computational meth-
ods seems tempting. It is reasonable to assume that closely 
related toxins, especially those sharing identical disulfide 
bridge structures and some residues at key positions will 
bind to the same or very similar channels. Many supporting 

examples can be found for this notion among toxins blocking 
 KV channels (Bartok et al. 2015b). However, counterexam-
ples also exist, for example among spider toxins with high 
sequence similarities having different ion channel families as 
targets (Diochot et al. 1999; Middleton et al. 2002). Yet, the 
viability of the approach is supported by a study, in which 
the most likely ion channel target type was identified for a 
large number of conotoxins, peptides from the venoms of 
cone snails, with high accuracy simply based on their pri-
mary sequences with improved machine learning algorithms 
(Asuncion 2019).

Thus, bioinformatics methods that use statistical analy-
sis to determine patterns and descriptors from the primary 
structure of peptide toxins may be used to identify plausible 
target ion channel families, such as  KV versus  NaV channels. 
However, currently these methods seem inadequate to pre-
dict selectivity among channel subtypes within the families, 
which would be crucial to avoid undesired reactions with off 
target channels during a potential therapeutic application 
(Kaas and Craik 2015).

Prediction of toxin-channel interactions to that detail 
requires the use of docking programs or molecular dynam-
ics simulations. Current docking programs aim to find the 
correct orientation of the peptide blocker as it binds to the 
channel surface based on interatomic forces and surface 
potentials. Even though by now many docking programs 
exist, their use requires many approximations. An essential 
prerequisite for predicting blocker binding is detailed knowl-
edge of the channel structure. Obtaining structures by X-ray 
crystallography required tedious long-lasting work with low 
success rate, but with the advent of improved cryo-EM tech-
niques the number of determined structures grows daily at 
an increasing rate (Lau et al. 2018). Of these, the structure 
of the rat Kv1.2/Kv2.1 paddle chimera in lipid nanodisks 
was determined recently using cryo-EM which provides 
highly relevant data for the pore architecture of a  K+ chan-
nel closely related to Kv1.3 (Matthies et al. 2018). Although 
the X-ray crystal structure of Kv1.3 is currently not known, 
a cryo-EM structure of the channel is under review (http://
dx.doi.org/10.2139/ssrn.34672 50). Analysis of the cryo-EM 
structure of the bacterial NavAB/human Nav1.7  Na+ channel 
chimera in complex with the tarantula toxin Huwentoxin-
IV allowed the identification of the key toxin residue that 
interacts with the voltage-sensor of the channel and stabilize 
the complex in the resting state (Wisedchaisri et al. 2021). 
This and other cryo-EM structures of the toxin-channel com-
plexes may be extremely useful in guiding AI-based drug 
design (Lau et al. 2018).

Still the programs today are unable to routinely deliver 
accurate docking configurations of channel-toxin complexes 
without applying multiple restrictions and boundary condi-
tions, which require prior structural knowledge or assump-
tions (Gordon et al. 2013). Lacking these prevents true in 

http://dx.doi.org/10.2139/ssrn.3467250
http://dx.doi.org/10.2139/ssrn.3467250
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silico high-throughput screening of toxins due to the high 
number of possible docking orientations and the conse-
quent high computing costs. NMR measurements can sup-
ply interatomic distances for channel-toxin complexes, but 
these represent ensemble averages possibly originating from 
distinct gating conformations. Toxin pore blockers that bind 
by inserting a lysine or arginine side chain into the pore 
are easier to model, since this imposes many restrictions 
on the possible orientations thereby greatly reducing their 
number and thus the computing demand. For the same rea-
son both the channel and the toxin may be modeled as rigid 
structures as in the lock and key model, but the induced 
fit model considering the flexibility of both partners is the 
more realistic description of the interaction requiring more 
computing power.

As appealing as it may sound, machine learning algo-
rithms also require large amounts of experimental input data 
of known ligand-receptor interactions. Currently the PDB 
database contains the high-resolution structure of over 1000 
membrane proteins, of which more than 300 belong to ion 
channels (Fernandez-Ballester et al. 2020). While numer-
ous peptide toxin—ion channel docking interactions have 
already been published, the data quantity is likely to be 
only a small fraction of what would be required for efficient 
pattern recognition by neuronal network-based deep learn-
ing techniques (Mak and Pichika 2019). Thus, the highly 
promising prospects of AI in developing peptide toxin-based 
drugs currently seems to be limited by the shortage of exper-
imental input data and the time-consuming experimental 
verification of in silico predictions.

As explained above, one possibility to create novel 
molecules for targeting ion channels is to understand the 
molecular interactions leading to the high affinity and 
specificity binding of inhibitors to the channels. Although 
these approaches resulted in several high affinity inhibitors 
of Kv1.3, finding novel inhibitors with unique properties 
is time consuming and is limited, among others, by the 
amount of toxins that can be isolated from the venoms. This 
obstacle can be circumvented by creating a scaffold-based/
target-biased library and a high-throughput selection strat-
egy, introduced into the development of Kv1.3 inhibitors by 
Takacs et al. in 2009 (Takacs et al. 2009). This technology 
is based on the selection of a peptide scaffold, in this case 
the scaffold of the α-KTx toxins (Miller 1995; Rodriguez de 
la Vega and Possani 2004), and applying the phage-display 
technology (Fig. 2) for targeting ion channels (Li 1997). 
Using this method, and applying the restrictions derived 
from the basic scaffold of the peptides, the authors gener-
ated 11,200 toxin variants in a combination library. Phages 
expressing the peptides were sorted based on high affinity 
binding to an immobilized ion channel construct (Kv1.3 
pore domain grafted to the bacterial KcsA  K+ channel). As a 
result, they have identified a novel toxin, called Mokatoxin-1 

(referring to the Hungarian word “móka” which translates 
to English “fun”) constructed from the combination of Ce3 
toxin (P0C163, α-2.10), AgTx2 (P46111 α-3.2) and ChTX 
P13487 α-1.1). The novel peptide has nanomolar affinity for 
Kv1.3 (Kd ~ 1 nM) and displays more than 1000-fold and 
620-fold selectivity for Kv1.3 over Kv1.1 and Kv1.2, respec-
tively. Thus, this novel, high throughput technique allows 
the isolation of novel, high affinity blockers of ion channels. 
The strategy was used to create peptide toxins targeting the 
bacterial KcsA  K+ channel (Zhao et al. 2015) and the devel-
opment of the high affinity inhibitor of the human voltage-
gated proton channel, hHv1, Corza6 (C6) (Zhao et al. 2018).

Efforts to increase plasma lifetime of the peptides: 
conjugation to antibodies, PEGylation 
and nanocomplex formation

Peptide toxins are ~ 4000 Da peptides therefore they have 
very short half-life, e.g., ~ 50 min. in Lewis rats upon a sin-
gle dose of 50 µg/kg for SHK(L5) administered subcutane-
ously (Beeton et al. 2005) [our knowledge of the plasma 
half-life of Dalazatide in humans is limited (Tarcha et al. 
2017)]. The short half-life poses a significant limitation to 
the therapeutic application of peptides. In order to increase 
the plasma lifetime of peptide toxins several innovative 
strategies were used recently. One of these is to create a 
Kv1.3 targeting antibody. This was engineered by graft-
ing the selective Kv1.3 blocker, Vm24, into the ultralong 
complementary determining region of a humanized bovine 
antibody (Synagis), resulting in Syn-Vm24-CDR3L (Wang 
et al. 2016). The grafting resulted in a significant improve-
ment in the stability as compared to the Vm24 peptide (84% 
of the antibody remained intact versus the recorded 52% 
in case of the pure Vm24 in rat serum after 72 h incuba-
tion) and even if the affinity of the Syn-Vm24-CDR3L was 
decreased approximately 200-fold as compared to Vm24 
 (IC50 = 0.59 nM vs. ~ 0.003 nM) it still remained potent in 
sub-nanomolar concentrations and showed high selectivity 
against human effector memory T-cells, in which  KV1.3 is 
the predominant potassium channel. Another potent selec-
tive Kv1.3 blocker, HsTx1[R14A], the analogue of HsTx1, 
was also engineered recently by PEGylation (Tanner et al. 
2017) as well as Poly(Lactic-co-Glycolic Acid) (PLGA) 
microsphere formulation (Jin et al. 2020) to improve the 
pharmacokinetic parameters with retained selectivity and 
biological effects. PEGylation was achieved by conjugat-
ing the toxin with an activated 30kD monomethoxy-PEG-
aldehyde and it resulted in a 1300-fold decrease in affinity 
as compared to the pure HsTx1[R14A] resulting an  IC50 of 
35.9 ± 6.3 nM (vs. the  IC50 = 27 ± 9 pM for the pure toxin) 
which is still reasonable. The selectivity was not altered as 
a consequence of PEGylation and the (rat) serum half-life 
was dramatically increased to 37.3 h (vs. the less than 1 h in 
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case of pure toxin) and it was still present in detectable con-
centrations for 14 days (Tanner et al. 2017). This increased 
half-life permits a less frequent, weekly administration of 
PEG-HsTx1[R14A]. Contrary to the covalent modifications 
above, PLGA (Poly(Lactic-co-Glycolic Acid) microsphere 
formulation of HsTx1[R14A] means the encapsulation of the 
toxin molecules into an emulsion system, resulting micro-
spheres in the size-range of several µm depending on the 
applied PLGA materials. Subcutaneous administration of the 
toxin-loaded PLGA-RG503H microspheres in rats caused a 
relatively rapid burst release of HsTx1[R14A]; however, it 
provided detectable plasma concentrations well above the 
therapeutic level for up to 11 days compared to the ~ 8 h for 
subcutaneous administration of the non-formulated toxin 
(Jin et al. 2020).

Outlook

Peptide blockers of Kv1.3 seem to be promising therapeutic 
tools in the management of autoimmune diseases. A signifi-
cant body of knowledge has been assembled already about 
native and rational drug design-guided/engineered toxins 
that are inhibiting Kv1.3 with high affinity and specific-
ity. Novel techniques, such as phage display and AI-guided 
drug design is utilized to produce new, and possibly better 
Kv1.3 inhibitors. Conjugation of the peptides to carriers or 
incorporating them into microspheres improves the plasma 
residency time of the peptides. However, several questions 
remain to be addressed. One of the key questions is the off-
target effect of the Kv1.3 inhibitors. Originally, the tissue 
distribution of Kv1.3 was reported to be very limited, mostly 
in immune cells and in the central nervous system (Panyi 
et al. 2004b). This limited tissue distribution of Kv1.3 is 
challenged by multiple studies indicating the expression of 
Kv1.3 in human vascular smooth muscle cells (Cidad et al. 
2015), and in a variety of cancers (reviewed in (Teisseyre 
et al. 2019)). The consequences of Kv1.3 expression in these 
cells must be evaluated and the potential side-effects need 
to be minimized using, for example, targeted drug delivery 
(Tesauro et al. 2019). Another challenging field is the design 
of peptides that penetrate the blood brain barrier (BBB) to 
reach the central nervous system, which may be desirable in 
the Kv1.3-based prevention of relapses in multiple sclerosis 
where the BBB might still be a barrier for drug penetra-
tion (Lund et al. 2013). BBB penetration of the toxins may 
also be crucial to target Kv1.3 expressed in microglia in 
neurodegenerative diseases, such as Alzheimer’s disease, 
Parkinson’s disease and in chemically-induced status epi-
lepticus seizures [reviewed recently in Tajti et al. (2020)]. 
In line with these, several strategies were developed to shut-
tle peptides across the BBB that include the conjugation to 
cell penetrating peptides or targeting membrane transporters 
(Oller-Salvia et al. 2016; Sanchez-Navarro et al. 2017).
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