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A B S T R A C T   

There are more than 100 autoimmune diseases (AD), which have a high prevalence that ranges between 5% and 
8% of the general population. Type I diabetes mellitus, multiple sclerosis, systemic lupus erythematosus and 
rheumatoid arthritis remain the health problem of highest concern among people worldwide due to its high 
morbidity and mortality. The development of new treatment strategies has become a research hotspot. In recent 
years, the study of the ion channels presents in the cells of the immune system, regarding their functional role, 
the consequences of mutations in their genes and the different ways of blocking them are the subject of intense 
research. Pharmacological blockade of KV1.3 channel inhibits Ca2+ signaling, T cell proliferation, and pro- 
inflammatory interleukins production in human CD4+ effector memory T cells. These cells mediated most of 
the AD and their inhibition is a promising therapeutic target. In this review, we will highlight the biological 
function of KV1.3 channel in T cells, consequence of the pharmacological inhibition (through anemone and 
scorpion toxins, synthetic peptides, nanoparticles, or monoclonal antibodies) as well as the possible therapeutical 
application in AD.   

1. Introduction 

The immune system can recognize its own antigens and not establish 
a response against them, this process is known as antigenic tolerance. 
When antigenic tolerance is lost and an immune response against it is 
created, autoimmunity and autoimmune diseases (ADs) are constituted 
[1]. There are more than 100 ADs, which have a high prevalence that 
ranges between 5% and 8% of the general population, with a higher 
presence in women [2]. ADs are a significant clinical problem, due to 
their complexity and chronicity. Its etiology is multifactorial, among 
which genetic, epigenetic, environmental, and infectious aspects stand 
out [3]. Once the disease is established, various changes in the cells of 
the immune system occur; being of special importance those that are 
presented in T lymphocytes (T cells) and B lymphocytes (B cell) [4]. In 
recent years, the study of the ion channels presents in these cells and 
their role in immune function, are subject of intense research [5], 
particularly KV1.3 and KCa1.3 channels which participate in regulation 
of Ca2+ signaling to induce T-cell proliferation and activation, and 
cytokine production [6]. Effector memory T cells (TEM cells), which are 
very relevant in the pathogenesis of ADs, may be inhibited through the 

blocking of KV1.3 channels on the cellular membrane [7]. Blocking of 
KV1.3 channels from in vitro studies with TEM cells [8] and in vivo 
studies with animal models of AD [9], generating an interesting 
response that include attenuation of both cell function and disease 
manifestations. The first clinical trials with KV1.3 channels inhibitors 
are beginning to be planned in humans with promising results [10]. 

In this work we review the highlight of biological function of KV1.3 
channel in T cells, consequence of the pharmacological inhibition as 
well as the possible human therapeutical application in ADs. 

2. Voltage-gated ion channel structure and evolution: a very 
efficient biological strategy 

Voltage-gated ion channels are essential for the functioning of the 
nervous, musculoskeletal, cardiovascular, digestive, hematopoietic, 
immune systems, among others, and are of utmost importance in the 
evolution of eukaryotes [11]. These channels are found in some pro-
karyotes, and their roles in these organisms are poorly known [12]. The 
superfamily of voltage-gated ion channels includes voltage-gated po-
tassium channels (KVs), voltage-gated Ca2+ channels (CaVs) and 
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Contents lists available at ScienceDirect 

Journal of Translational Autoimmunity 

journal homepage: www.sciencedirect.com/journal/journal-of-translational-autoimmunity 

https://doi.org/10.1016/j.jtauto.2022.100146 
Received 12 December 2021; Received in revised form 20 January 2022; Accepted 22 January 2022   

mailto:carlos.canas@fvl.org.co
www.sciencedirect.com/science/journal/25899090
https://www.sciencedirect.com/journal/journal-of-translational-autoimmunity
https://doi.org/10.1016/j.jtauto.2022.100146
https://doi.org/10.1016/j.jtauto.2022.100146
https://doi.org/10.1016/j.jtauto.2022.100146
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtauto.2022.100146&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Translational Autoimmunity 5 (2022) 100146

2

voltage-gated sodium channels (NaVs), and are found in many living 
beings, suggesting that are extremely ancient [13]. 

KVs are tetramers composed of units, and each unit has 6 trans-
membrane subunits. T1 located at the cytoplasmic N-terminus [14,15] 
with a pore loop (P-loop) and a voltage-gated proton channel [16]. 

The functional heterogeneity of KVs arises from the multiple genes, 
splice variants and combinatorial of polypeptides to form hetero-
multimeric channels [17]. The amino acid residues TVGYG located at 
the P-loop of all four units is highly conserved [18]. Metazoan KVs 
channel are inactivated through occlusion of P-loop [19] or conforma-
tional change [20]. Interestingly, these channels fulfill essential func-
tions in mammal neurons [21], cardio myocytes [22] and cells of the 
immune system [23], among others, whose main function is to balance 
the Vm with the potassium output of the cell in response to increase of 
intracytoplasmic Ca2+. 

Some KVs channels evolved into CaVs channels, which are involved 
with the development of movement as such as in ciliates [24]. Early in 
eukaryotic evolution, the cells acquired a mechanism through channels 
to maintain an adequate intracellular concentration of Ca2+, not only to 
avoid its toxicity, but also to participate in effects associated with 
signaling capacity, mechanism that probably have been developed early 
in evolution simultaneously with the formation of intracellular com-
partments and vesicle trafficking [25]. 

Possibly Nav channels were derived from CaV channels [26]. NaVs 
are responsible of electrical signaling in excitable cells and are found in 
most bilaterians and believed to have evolved at the origin of the ner-
vous system (i.e., sponges and placozoans) [27,28]. NaVs have a 
beta-subunit, present in mammalian vertebrates; the gene for this 
beta-subunit is found in the zebrafish (Danio rerio), but the protein is not 
expressed, which constitutes a link in the evolutionary process [29]. 

3. Ion channels in cells of the immune system 

Cells of the immune systems express various ion channels necessary 
for different cellular functions, achieving different ion concentrations in 
the intracellular compartments. The most important regulations are 
related to the influx of Na+, Ca2+, Mg2+ and Zn2+ or efflux of K+ and 
Cl− [30]. In the context of the immune system, one of the most 
important functions are related to the activation of proteins involved in 
intracellular signaling. 

Antigen presenting cells (APCs) such as dendritic cells or B cells, 
utilize three pathways of antigen (Ag) presentation. The Ag is presented 
to different T cell receptors (TCR)s. Major histocompatibility complex 
(MHC) class I molecules, presents Ag to the CD8+ T cell, MHC class II 
molecules to CD4+ T cell and CD1 molecules which are MHC class I-like 
molecules, present lipid Ags to diverse T cells [31]. The presentation of 
specific Ags to T cells by cell-to-cell interactions, results in the produc-
tion of cytokines and additional APCs stimulation. The best understood 
cell signaling pathway family in APCs is that mediated by the 
mitogen-activated protein kinases (MAPK) [31]. The MAPK family 
consists of three main members: p38, ERK and JNK [32,33]. 

After antigen presentation from the MHC molecules, the TCR acti-
vates tyrosine kinases, increasing intracellular Ca2+ and activating 
phospholipase C–γ1 (PLC-γ1) [34]. Activated PLC-γ1 generates the 
second messenger’s inositol 1,4,5-trisphosphate (IP3) and diacylglycerol 
(DAG). IP3 joins IP3 receptors (IP3R) in the endoplasmic reticulum (ER) 
membrane and triggers Ca2+ flow from ER to cytoplasm [35], and its 
activates both nuclear factor κB (NF-κB) and nuclear factor of activated 
T cells (NFAT). DAG activates Ras-dependent signals, which are 
important for the induction of cytokines [36]. See Fig. 1. 

The passage of Ca2+ from the ER to the cytoplasm, determines a 

Fig. 1. After antigen presentation from antigen pre-
senting cells (APCs) trough major histocompatibility 
complex (MHC) class I molecules, the T cell receptor 
(TCR) activates tyrosine kinases which mediates in-
creases in intracellular Ca2+ by activation of phos-
pholipase C–γ1 (PLC-γ1), generating the second 
messenger’s inositol 1,4,5-trisphosphate (IP3) and 
diacylglycerol (DAG) by hydrolysis of 
phosphatidylinositol-4,5-bisphosphate (PIP2). IP3, 
which binds to IP3 receptors (IP3R) in the endo-
plasmic reticulum (ER) membrane and triggers in-
creases in intracellular Ca2+ from ER and activation 
of both nuclear factor of activated T cells (NFAT) and 
nuclear factor κB (NF-κB). Passage of Ca2+ from ER 
to the cytoplasm determines a reduction in the con-
centration of this ion in the ER, phenomena that ac-
tivates stromal interaction molecules (STIM)1 and 
STIM2, which then translocate to ER-plasmatic 
membrane junctions, where they bind to ORAI1, a 
Ca2+ release–activated Ca2+ channel (CRAC) chan-
nel and mediates store-operated Ca2+ entry (SOCE). 
It generates even more the increase of intra-
cytoplasmic Ca2+. Ca2+ influx depends additionally 
on membrane potential (Vm) which is restored by 
KV1.3 and KCa3. (Adapted from Feske et al., 2015).   
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reduction of this ion in the ER, phenomenon that derives in activates 
stromal interaction molecules (STIM)1 and STIM2, which then trans-
locate ER to inner of plasmatic membrane. STIM1 and STIM2 join to 
ORAI1, a Ca2+ release–activated Ca2+ channel (CRAC) channel and 
mediates store-operated Ca2+ entry (SOCE), generating even more in-
crease of intracytoplasmic Ca2+ [37]. SOCE is an essential mechanism 
regulating Ca2+ homeostasis [38]. T cells of CRAC channel deficient 
patients have a reduction of IL-2, IL-4, IL-10, IFNγ, TNFα, IL-17A and 
GM-CSF expression [37,39]. 

Ca2+ influx depends additionally on Vm established by two K+
channels, KV1.3 and KCa3.1. KV1.3 activation is generated by mem-
brane depolarization, whereas KCa3.1 activation is generated by Ca2+
binding to the calmodulin [40]. See Fig. 1. 

Other Ca2+ channels reported in T cells are P2X4, P2X7, transient 
receptor potential (TRPM)2 and TRPM7 among others. P2X4 is involved 
in T cell migration [41] and P2X7 inhibits regulatory T cell (Treg) dif-
ferentiation [42]. Deletion of TRPM7 in murine T cells impairs cell 
development and function [43]. 

4. Immunologycal impact of ORAI1 and Kv1.3 channels 
inhibition 

Dysregulated T cell response is characteristic of autoimmunity. The 
inhibition of T cells is a target of scientific research for potential medi-
cation development. Calcium signaling is fundamental for T cell effector 
function and calcium signaling inhibitors as cyclosporine A, partially 
satisfies the objective of adequately immunosuppressing of patients who 
require it and is not exempt of adverse reactions [44]. 

Pharmacological inhibition of ORAI1 with small molecules inhibitors 
have been tested in animal models [45–52]. Few trials have been done in 
humans [53]. The inhibition of other ion channels being a major concern 
[54]. These inhibitors do not appear to be superior to medications such 
as ciclosporin A. Functional antibodies against human CRAC, have been 
developed and characterized for the neutralization of Ca2+ entry via 
CRAC channels [55,56]. Anti-Orai1 antibodies in vitro has been show 
inhibition of T cell proliferation and cytokine production in mouse 
model of graft-versus-host disease (GVHD) [57]. Human studies are 
lacking. 

Autoreactive memory T cells are implicated in the pathogenesis of 
Ads, mainly CD4+CCR7− CD45RA− effector memory TEM cells 
phenotype, which have elevated Kv1.3 channel expression. This 
phenotype is observed in multiple sclerosis (MS) [58], type-1 diabetes 
mellitus (T1DM) and rheumatoid arthritis (RA) [59,60]. 

The development of immunosuppressants through blocking of Kv1.3 
channel are based on toxins from the Caribbean Sea anemone (ShK 
toxin) (Stichodactyla helianthus) [61] and various scorpions as Vaejovis 
mexicanus (Vm24 toxin) [62], Isometrus maculates (ImKTx88 toxin, Imk) 
[63], Heterometrus spinifer (HsTX1) [64], Centruroides margaritatus 
(margatoxin) [65] among others; monoclonal antibodies [66]; and 
nanoparticles with small interfering RNA (siRNA) [67]. 

Many toxins affect other related potassium channels (Kv1.1, Kv1.2, 
Kv1.6, Kv1.7) of neurons and muscle cells, potentially cause adverse 
effects [68]. Vm24 toxin from V. mexicanus is a potent and selective 
Kv1.3 channel blocker, an important finding for development of im-
munosuppressants for human [69,70]. Blockade of Kv1.3 channels with 
Vm24 does not affect the viability of TEM cells and inhibit the secretion 
of IFN-γ, TNF, IL-4, IL-5, IL-9, IL10, and IL-13 [62]. 

Kv1.3 inhibition with ShK suppress cytokine production, inhibits 
proliferation of TEM cells and ameliorates disease manifestation in an-
imal models of delayed type hypersensitivity, T1DM, RA and MS [71]. 
HsTX1 is effective in control of pristane-induced arthritis model of RA 
[64]. Imk administration ameliorated experimental autoimmune 
encephalomyelitis severity [63]. 

From elsewhere, nanoparticles that selectively down-regulate Kv1.3 
reduced CD40L and interferon-γ (IFNγ) in TEM cells from lupus nephritis 
patients in vitro [67]. 

On the other hand, taking into account both that naive and central 
memory T cells (TCM) up-regulate both Kv1.3 and KCa3.1 channels and 
that in autoimmune condition actived TEM cells by auto-antigen specific 
may selectively up-regulate Kv1.3 channels, with no significant up- 
regulation of KCa3.1 channels [72], a selective inhibition of Kv1.3 
channels, without blockage of KCa3.1 channels, can selectively inhibit 
proliferation of TEM cells, without affecting naive and TCM cells. The 
use of blockers which can selectively inhibit Kv1.3 channels without 
inhibiting KCa3.1 channels or other important Kv channels (such as 
Kv1.1 or Kv1.5) can be a promising approach in treatment of T-cell 
mediated autoimmune diseases. 

5. Clinical application of channel blockers 

Dalazatide (ShK-186, SL5) is the first medication inhibitor of Kv1.3 
channel used in human for the treatment of autoimmune condition as is 
the psoriasis. It is a synthetic peptide derivative of ShK [73]. In vivo 
studies with dalazatide is showed the inhibition of immune response of 
TEM cells without effect in naïve or central memory T cells [74]. Ani-
mals chronically treated with dalazatide do not show altered immunity 
against infections compared to dexamethasone [74]. 

A randomized phase 1b trial was conducted to evaluate both the 
safety and clinical response of repeat doses of dalazatide in adult pa-
tients with mild-to-moderate plaque psoriasis [10], showing that this 
medication was well tolerated and improve psoriatic skin lesions. 
Additionally, dalazatide reduced inflammation markers. 

From elsewhere, over-activated T cells produce pro-inflammatory 
cytokines in pulmonary parenchyma, contributing substantially to the 
pathogenesis of the chronic obstructive pulmonary disease (COPD), 
concluding that inhibition of Kv1.3 channel can be an important ther-
apeutic target [75]. Also, in inflammatory bowel disease (IBD) its use-
fulness has been postulated [76]. 

Immunohistochemical analysis of postmortem human brain of pa-
tient with Alzheimer’s disease presents a significantly higher Kv1.3 
staining intensity, leading to conclude that potential therapeutic targets 
could be the KV1.3 channel inhibition [77]. Based in animal models of 
MS, the therapeutic based in KV1.3 inhibition is promising [78]. Other 
autoimmune diseases such as RA or T1DM are also possible future 
therapeutic targets for Kv1.3 inhibitors, based on the knowledge of the 
pathogenesis of these diseases and the results of in vivo studies in animal 
models already mentioned. 

6. Conclusions and perspectives 

Inhibitors of Kv1.3 channels are an important tool both for the study 
of the pathogenesis of ADs and for the possible development of drugs for 
their management. Dalazatide, an inhibitor of these channels, showed 
safety and effectiveness in the treatment of patients with plaque psori-
asis. New experimental models are necessary in this regard to answer 
different questions and give way to clinical studies in humans. Diseases 
such as RA, T1DM or MS will be targeted by these types of drugs, in the 
hope of achieving the best possible balance of effectiveness/safety. 

Author contributions 

CAC, S C-V and F C-H wrote the manuscript and contributed to the 
medical observations. All authors read and approved the final 
manuscript. 

Funding 

No sponsor is declared. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
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C.A. Cañas et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.autrev.2009.12.002
https://doi.org/10.7759/cureus.8094
https://doi.org/10.1172/JCI78088
https://doi.org/10.1172/JCI78088
https://doi.org/10.1186/1741-7015-11-197
https://doi.org/10.1186/1741-7015-11-197
https://doi.org/10.1146/annurev-immunol-032414-112212
https://doi.org/10.1146/annurev-immunol-032414-112212
https://doi.org/10.1111/j.1600-065X.2009.00816.x
https://doi.org/10.1111/j.1600-065X.2009.00816.x
http://refhub.elsevier.com/S2589-9090(22)00007-7/sref7
http://refhub.elsevier.com/S2589-9090(22)00007-7/sref7
https://doi.org/10.1186/s12964-018-0257-7
https://doi.org/10.1186/s12964-018-0257-7
http://refhub.elsevier.com/S2589-9090(22)00007-7/sref9
http://refhub.elsevier.com/S2589-9090(22)00007-7/sref9
http://refhub.elsevier.com/S2589-9090(22)00007-7/sref9
https://doi.org/10.1371/journal.pone.0180762
https://doi.org/10.1113/expphysiol.1989.sp003349
https://doi.org/10.1113/expphysiol.1989.sp003349
https://doi.org/10.1152/physrev.00005.2008
https://doi.org/10.1242/jeb.110270
http://refhub.elsevier.com/S2589-9090(22)00007-7/sref14
http://refhub.elsevier.com/S2589-9090(22)00007-7/sref14
http://refhub.elsevier.com/S2589-9090(22)00007-7/sref14
https://doi.org/10.1038/nature03650
https://doi.org/10.1038/nature04700
https://doi.org/10.1126/science.1519059
https://doi.org/10.1113/jphysiol.1996.sp021409
https://doi.org/10.1126/science.2122519
https://doi.org/10.1038/nature09153
https://doi.org/10.1038/nature09153
https://doi.org/10.1080/10409230490475417
https://doi.org/10.1073/pnas.88.5.1798
https://doi.org/10.1113/jphysiol.1985.sp015548
https://doi.org/10.1113/jphysiol.1985.sp015548
https://doi.org/10.1111/jeu.12070
https://doi.org/10.1242/jcs.127449
https://doi.org/10.1021/ja4121132
https://doi.org/10.1073/pnas.1106363108
https://doi.org/10.1038/356441a0
https://doi.org/10.1186/1471-2148-7-113
https://doi.org/10.1146/annurev-immunol-032414-112212
https://doi.org/10.1146/annurev-immunol-032414-112212
https://doi.org/10.4049/jimmunol.1600460
https://doi.org/10.4049/jimmunol.1600460
https://doi.org/10.1038/nri3495
https://doi.org/10.4049/jimmunol.172.10.6047
https://doi.org/10.4049/jimmunol.172.10.6047
http://refhub.elsevier.com/S2589-9090(22)00007-7/sref34
http://refhub.elsevier.com/S2589-9090(22)00007-7/sref34
http://refhub.elsevier.com/S2589-9090(22)00007-7/sref34
https://doi.org/10.1152/physrev.00020.2014
https://doi.org/10.1126/stke.3962007pe39
https://doi.org/10.1126/stke.3962007pe39
https://doi.org/10.1016/j.it.2020.06.012
https://doi.org/10.1016/j.it.2020.06.012
https://doi.org/10.1038/nature04147
https://doi.org/10.12688/f1000research.13426.1
https://doi.org/10.1111/j.1600-065X.2009.00816.x
https://doi.org/10.1111/j.1600-065X.2009.00816.x
https://doi.org/10.1126/scisignal.aba3300
https://doi.org/10.1126/scisignal.2001270
https://doi.org/10.1126/science.1163493
https://doi.org/10.1126/science.1163493
https://doi.org/10.2174/0929867327666201006153202
https://doi.org/10.2174/0929867327666201006153202
https://doi.org/10.1038/aps.2015.52
https://doi.org/10.1111/j.1476-5381.1994.tb17072.x
https://doi.org/10.1093/oxfordjournals.jbchem.a021780
https://doi.org/10.1093/oxfordjournals.jbchem.a021780
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00003.x
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00003.x
https://doi.org/10.4049/jimmunol.170.9.4441
https://doi.org/10.1074/jbc.M309297200
https://doi.org/10.1016/j.molimm.2012.12.011
https://doi.org/10.1016/j.molimm.2012.12.011


Journal of Translational Autoimmunity 5 (2022) 100146

5

[52] A.M. Sadaghiani, S.M. Lee, J.I. Odegaard, D.B. Leveson-Gower, O.M. McPherson, 
P. Novick, M.R. Kim, A.N. Koehler, R. Negrin, R.E. Dolmetsch, C.Y. Park, 
Identification of Orai1 channel inhibitors by using minimal functional domains to 
screen small molecule microarrays, Chem. Biol. 21 (10) (2014) 1278–1292, 
https://doi.org/10.1016/j.chembiol.2014.08.016. 

[53] P. Pevarello, S. Cainarca, C. Liberati, P. Tarroni, F. Piscitelli, E. Severi, Ca(2+) 
release-activated Ca(2+) channel inhibitors, Pharma. Patent Anal. 3 (2) (2014) 
171–182, https://doi.org/10.4155/ppa.14.7. 

[54] Y. Wang, X. Deng, S. Mancarella, E. Hendron, S. Eguchi, J. Soboloff, X.D. Tang, D. 
L. Gill, The Calcium Store Sensor, STIM1, Reciprocally Controls Orai and CaV1.2 
Channels, Science, New York, N.Y.), 2010, pp. 105–109, https://doi.org/10.1126/ 
science.1191086, 330(6000. 

[55] F.F. Lin, R. Elliott, A. Colombero, K. Gaida, L. Kelley, A. Moksa, S.Y. Ho, E. Bykova, 
M. Wong, P. Rathanaswami, S. Hu, J.K. Sullivan, H.Q. Nguyen, H.J. McBride, 
Generation and characterization of fully human monoclonal antibodies against 
human Orai1 for autoimmune disease, J. Pharmacol. Exp. Therapeut. 345 (2) 
(2013) 225–238, https://doi.org/10.1124/jpet.112.202788. 

[56] A. Aki, K. Tanaka, N. Nagaoka, T. Kimura, D. Baba, Y. Onodera, T. Wada, 
H. Maeda, T. Nakanishi, T. Agatsuma, T. Komai, Anti-ORAI1 antibody DS-2741a, a 
specific CRAC channel blocker, shows ideal therapeutic profiles for allergic disease 
via suppression of aberrant T-cell and mast cell activation, FASEB bioAdv. 2 (8) 
(2020) 478–488, https://doi.org/10.1096/fba.2020-00008. 

[57] J.H. Cox, S. Hussell, H. Søndergaard, K. Roepstorff, J.V. Bui, J.R. Deer, J. Zhang, Z. 
G. Li, K. Lamberth, P.H. Kvist, S. Padkjær, C. Haase, S. Zahn, V.H. Odegard, 
Antibody-mediated targeting of the Orai1 calcium channel inhibits T cell function, 
PLoS One 8 (12) (2013), e82944, https://doi.org/10.1371/journal.pone.0082944. 

[58] H. Wulff, P.A. Calabresi, R. Allie, S. Yun, M. Pennington, C. Beeton, K.G. Chandy, 
The voltage-gated Kv1.3 K(+) channel in effector memory T cells as new target for 
MS, J. Clin. Invest. 111 (11) (2003) 1703–1713, https://doi.org/10.1172/ 
JCI16921. 

[59] C. Beeton, M.W. Pennington, H. Wulff, S. Singh, D. Nugent, G. Crossley, I. Khaytin, 
P.A. Calabresi, C.Y. Chen, G.A. Gutman, K.G. Chandy, Targeting effector memory T 
cells with a selective peptide inhibitor of Kv1.3 channels for therapy of 
autoimmune diseases, Mol. Pharmacol. 67 (4) (2005) 1369–1381, https://doi.org/ 
10.1124/mol.104.008193. 

[60] E.Y. Chiang, T. Li, S. Jeet, I. Peng, J. Zhang, W.P. Lee, J. DeVoss, P. Caplazi, 
J. Chen, S. Warming, D.H. Hackos, S. Mukund, C.M. Koth, J.L. Grogan, Potassium 
channels Kv1.3 and KCa3.1 cooperatively and compensatorily regulate antigen- 
specific memory T cell functions, Nat. Commun. 8 (2017) 14644, https://doi.org/ 
10.1038/ncomms14644. 

[61] J. Land, L.L. Lintermans, C.A. Stegeman, E.J. Muñoz-Elías, E.J. Tarcha, S. 
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