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Abstract

Ca2+ signaling controls activation and effector functions of T lymphocytes. Ca2+ levels also 

regulate NFAT activation and CD40 ligand (CD40L) expression in T cells. CD40L in activated 

memory T cells binds to its cognate receptor, CD40, on other cell types resulting in the production 

of antibodies and pro-inflammatory mediators. The CD40L/CD40 interaction is implicated in the 

pathogenesis of autoimmune disorders and CD40L is widely recognized as a therapeutic target. 

Ca2+ signaling in T cells is regulated by Kv1.3 channels. We have developed lipid nanoparticles 

that deliver Kv1.3 siRNAs (Kv1.3-NPs) selectively to CD45RO+ memory T cells and reduce the 

activation-induced Ca2+ influx. Herein we report that Kv1.3-NPs reduced NFAT activation and 

CD40L expression exclusively in CD45RO+ T cells. Furthermore, Kv1.3-NPs suppressed cytokine 

release and induced a phenotype switch of T cells from predominantly memory to naïve. These 

findings indicate that Kv1.3-NPs operate as targeted immune suppressive agents with promising 

therapeutic potentials.
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1. INTRODUCTION

The activity of T lymphocytes relies on Ca2+ signaling which regulates cytokine production 

and expression of co-stimulatory molecules necessary for stimulation of B cells, 

macrophages and dendritic cells (DC) [1]. Defects in Ca2+ signaling have been reported in 

autoimmune diseases including inflammatory bowel disease (IBD), rheumatoid arthritis 

(RA) and systemic lupus erythematosus (SLE) [1–5]. Particularly in SLE, the overactive T 

cells show increased nuclear factor of activated T cells (NFAT) nuclear translocation [6, 7] 

and overexpression of CD40L (CD154), which binds CD40 in B cells and leads to increased 

B cell activation and, consequently, inflammatory cytokine release, autoantibody formation 

and disease progression [1, 8–12]. Moreover, CD40L activates DCs causing them to release 

B cell activation factor (BAFF) that promotes B cell survival and further autoantibody 

production [11, 13, 14]. This crosstalk between hyperactive T cells, B cells and DCs, which 

is accentuated by CD40L overexpression, constitutes a vicious circle in SLE patients, and 

ultimately leads to disease flare and end-stage organ damage. Enhanced T cell receptor 

(TCR)-mediated Ca2+ influx and CD40L expression have also been reported in IBD and 

contribute to the development of the disease [5, 15].

Ca2+ signaling in T cells is controlled by ion channels which regulate Ca2+ influx into the 

cells. Specifically, T lymphocyte activation is initiated by TCR engagement which results in 

the influx of Ca2+ through Ca2+-release activated Ca2+ (CRAC) channels [16, 17]. The 

consequent increase in intracellular Ca2+ levels ([Ca2+]i) activates calcineurin, a calmodulin-

dependent serine-threonine phosphatase, which, in turn, dephosphorylates and activates 

NFAT [6, 16–19]. The sustained influx of Ca2+ necessary for NFAT activation is guaranteed 

by K+ channels, Kv1.3 and KCa3.1, which maintain the negative membrane potential thus 

providing the electrochemical driving force for Ca2+ influx through CRAC channels. Kv1.3 

channels in particular are highly expressed in effector memory T cells and control their 

activity [20–22]. Inhibition of Kv1.3 by pharmacological blockers inhibits the Ca2+ response 

to antigen stimulation and ameliorates autoimmune diseases such as psoriasis and multiple 

sclerosis (MS) in animal models [23, 24].

The transcription of CD40L is Ca2+ and NFAT dependent [6]. Thus, a therapeutic approach 

that suppresses Ca2+ influx and CD40L expression in memory T cells may be advantageous 

over available immunosuppressive drugs targeting the CD40/CD40L system [12]. The 

ability to control CD40L in memory T cells is particularly attractive as autoantigen-specific 

memory T lymphocytes guarantee the life-long preservation of immune memory in 

autoimmune diseases and long-lived active B cells. Attempts were made to suppress CD40L 

in T cells using anti-CD40L antibodies, and indeed these antibodies were effective in 

treating SLE, RA, MS and IBD in animal models; however, the risk of thrombocytopenia 

(CD40L is expressed on platelets) halted phase 2 clinical trials [2, 11, 25].

Our laboratory has developed functionalized lipid nanoparticles (NPs) that can deliver 

siRNAs against Kv1.3 channels (Kv1.3-NPs) selectively to CD45RO+ T cells and has 

demonstrated that these NPs can effectively knock down Kv1.3 channels and suppress Ca2+ 

influx in CD45RO+ memory T cells [26]. The current study was undertaken to determine 
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whether these Kv1.3-NPs are effective in controlling CD40L expression in CD45RO+ T 

cells.

2. MATERIALS AND METHODS

2.1 Human subjects

Blood samples were obtained from either healthy volunteers or blood bank donors (unused 

blood units from the Hoxworth Blood Bank Center, Cincinnati, OH). The healthy volunteers 

were Caucasian females in the age range of 36–56 years. Studies and informed consent 

forms were approved by the University of Cincinnati.

2.2 Cell culture reagents

Human serum was obtained from Sigma-Aldrich (St. Louis, MO). For cell culture, HEPES, 

RPMI-1640, penicillin, and streptomycin were obtained from Thermo Fisher Scientific Inc 

(Waltham, MA), while L-glutamine was obtained from Sigma-Aldrich.

2.3 Cell isolation

PBMCs were isolated from whole blood using Ficoll-Paque (GE Healthcare Bio-sciences 

AB, Uppsala, Sweden) density gradient centrifugation. CD3+ cells were separated by 

negative selection from PBMCs using the EasySep™ Human T cell Enrichment Kit (Stem 

Cell Technologies, Vancouver, BC, Canada) according to the manufacturer’s instructions. 

Memory CD4+ T cells were separated by negative selection from PBMCs using the 

EasySep™ Human Memory CD4+ T cell Enrichment Kit (Stem Cell Technologies) 

according to the manufacturer’s instructions. T cells were maintained in RPMI-1640 

medium supplemented with 10% human serum, 200 u/ml penicillin, 200 μg/ml 

streptomycin, 1 mM L-glutamine. For the experiments that were performed to determine 

intracellular staining of IFN-γ and TNF-α, memory CD4+ T cells were maintained in 

RPMI-1640 supplemented with 2% human serum, 200 u/ml penicillin, 200 μg/ml 

streptomycin, 1 mM L-glutamine.

2.4 Nanoparticle (NP) preparation

NPs were prepared and functionalized as previously described by us [26]. Briefly, lipid 

vesicles composed of L-α-phosphatidylcholine (PC), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (PE-PEG-biotin) and 

cholesterol (CH) (Avanti Polar Lipids Inc., Alabaster, AL) were obtained by mixing the 

chloroform solutions of each lipid at a 3:1:1 mole ratio, drying them with N2, rehydrating 

them with PBS (pH = 7.4), and maintaining them in an incubator in a shaker at 37°C for 2 

hours. Unilamellar nanovesicles of 100 nm diameter were then obtained by sonication and 

extrusion (LIPEX™ Thermobarrel Extruder, Northern Lipids Inc., Burnaby, BC, Canada). 

The size of the NPs was confirmed with Zetasizer Nano ZS (Malvern Instruments Inc, 

Westborough, MA). The NPs were then functionalized to selectively recognize CD45RO+ T 

cells by attaching Alexa 647 or Alexa 488 conjugated streptavidin (SAV, Biolegend, San 

Diego, CA) and biotinylated anti-human CD45RO antibody (Clone: UCHL1 10 μg/ml, 

Biolegend, Cat #304220) on the surface of the NPs. The unbound antibody and SAV were 

removed by CL-4B columns (GE Healthcare Bio- Sciences AB). Prior to siRNA 

Chimote et al. Page 3

J Autoimmun. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



encapsulation, the NPs were frozen at −80°C for 2–4 h and then lyophilized for 48 h. 50 μg 

of the lyophilized NPs were reconstituted in 100 μl of nuclease-free water that contained 

200–400 pM of either Kv1.3 siRNA (Santa-Cruz Biotechnology Inc., Dallas, TX, Cat # 

sc-42712, Kv1.3-NPs) or non-targeting scramble sequence siRNA (Santa-Cruz 

Biotechnology, Cat # sc-37007, scr-NPs) with protamine sulfate (Sigma Aldrich) at 1:5 

molar ratio. Reconstituted NPs without siRNAs were used as negative controls (null-NPs). 3 

× 105 freshly isolated T cells were mixed with 50 μl of the Kv1.3-, scr- or null-NPs and 

maintained in T cell medium in a humidified incubator in the presence of 5% CO2 at 37 °C 

for 24 h prior to activation.

2.5 Cell activation

T cells were activated using either 40.5 nM phorbol-12-myristate-13-acetate (PMA, EMD 

Millipore, Billerica, MA) supplemented by 1.5 μM ionomycin (Sigma-Aldrich), 2 μM 

thapsigargin (TG, Sigma-Aldrich) or 10 μg/ml mouse anti-human CD3 antibody (BD 

Biosciences, San Jose, CA, Cat # 555336) along with 10 μg/ml mouse anti-human CD28 

antibody (BD Biosciences, Cat # 555726). The activation times for each activation protocol 

are mentioned in the individual figure legends.

2.6 NFAT nuclear translocation

6 × 105 T cells were transduced with NPs that contained siRNA, activated with TG, surface-

labeled with Alexa Fluor 647-CD45RO and then fixed in 1% paraformaldehyde solution 

(Affymetrix, Santa Clara, CA) and permeabilized in PBS containing 0.1% Triton X-100 

(Sigma-Aldrich). NFAT staining was performed with Alexa Fluor 488 anti-NFATc1 antibody 

(25 μg/ml, Biolegend, Cat # 649604) as previously described [27]. Nuclei were stained with 

DAPI (100 nM, Life Technologies, Carlsbad, CA) just prior to sample acquisition. Samples 

were acquired on an ImageStream X Flow cytometer (Amnis Corporation, Seattle, WA) and 

the images were analyzed with IDEAS software (Amnis Corporation, Seattle, WA) as 

described in detail in Supplemental Fig S1. Briefly, only those cells that were positive for 

Alexa 647 fluorescence (cells that incorporated Alexa 647-CD45RO functionalized NPs) 

were recorded. In this population, single focused cells that were double positive for NFAT 

and DAPI signals were selected and nuclear localization of NFAT was quantitated as a 

similarity score, which represents the correlation of pixels in the selected individual cells for 

the DAPI and NFAT channels.

2.7 Cell surface antibody staining

Cell surface staining for CD40L, CD45RO and CD45RA was performed according to 

standard flow cytometry protocols. Briefly, 6 × 105 CD3+ T cells were pre-incubated with 

NPs that were functionalized with Alexa Fluor 488-CD45RO antibody as described in 

section 2.4 and contained siRNA. Cells were then activated and stained for flow cytometry. 

For CD40L cells were stained live with Alexa Fluor 647 conjugated anti-CD40L antibody 

(Biolegend, Cat# 310818) according to the manufacturer’s protocol, and fixed with 1% 

paraformaldehyde. For CD45RO and CD45RA staining, 2 × 105 cells out of the 6 × 105 NP-

treated activated memory CD4+ T cells were labeled live with 7-AAD viability staining 

solution (Biolegend, Cat # 420403) and analyzed immediately by flow cytometry. The 

remainder of the cells were labeled live with PE anti-CD45RO (Biolegend, Cat # 304206) 
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and PB anti-CD45RA (Biolegend, Cat# 304123) antibodies and fixed with 1% 

paraformaldehyde. Data were collected on a LSR II cytometer (BD Biosciences, San Jose, 

CA) and analyzed using FlowJo software (FlowJo LLC, Ashland, OR). Gating strategies 

during FlowJo analysis for each flow cytometry experiment are described in detail in the 

figure legends.

2.8 Intracellular cytokine measurements

For intracellular staining of IFN-γ and TNF-α, 6 × 105 memory CD4+ T cells were treated 

either scr- or Kv1.3-NPs and maintained overnight in T cell medium with 2% human serum 

as described above (Sections 2.3 and 2.4). Cells were then activated for 3 h with PMA/

ionomycin in the presence of BD GolgiPlug Protein Transport Inhibitor (1 μl GolgiPlug/1 ml 

medium, BD Biosciences Cat#: 555029), fixed in 1% paraformaldehyde (Affymetrix), 

permeabilized with BD Perm/Wash buffer for 15 min and then stained for intracellular 

cytokines with APC-anti-IFN-γ (Biolegend, Cat#: 502511) and PerCP-anti-TNF-α 

(Biolegend, Cat#: 502923). Cells were then centrifuged and resuspended in cell staining 

buffer (Biolegend) and analyzed by flow cytometry (LSR II cytometer and FlowJo 

software).

2.9 Statistical Analysis

All data are presented as means ± SEM. Statistical analyses were performed using either 

Student t-test (paired or unpaired) or one-way ANOVA for differences across groups. Post 

hoc testing for the one-way ANOVA was determined by Holm-Sidak method. Statistical 

analysis was performed using SigmaPlot 13.0 (Systat Software Inc., San Jose, CA). p value 

< 0.05 was defined as significant.

3. RESULTS

3.1 Kv1.3 nanoparticles decrease NFAT nuclear translocation in memory T cells

T cell activation is accompanied by an increase in [Ca2+]i which activates NFAT by 

mobilizing it to the nucleus to lead the transcription of CD40L and pro-inflammatory 

cytokines [6, 16, 17]. We have previously shown that the activation-induced increase in 

[Ca2+]i in T cells is blocked by the treatment with Kv1.3-NPs that can selectively deliver 

siKv1.3 to CD45RO+ T cells and knock down Kv1.3 channels [26]. Firstly, we performed 

experiments to determine whether the inhibition of [Ca2+]i by Kv1.3-NPs is effectively 

reducing NFAT activation in memory T cells. NFAT activation was quantitated using 

imaging flow cytometry to measure the nuclear translocation of NFAT in T cells. T 

lymphocytes were incubated overnight with fluorescent CD45RO-NPs that incorporated 

either Kv1.3 siRNA (Kv1.3-NPs) or scramble sequence siRNA (scr-NPs). Also, 

nanoparticles that did not contain either Kv1.3 or scramble siRNA, but were coated with 

anti-CD45RO antibody, were included as controls for T cell activation (empty nanoparticles, 

referred in the manuscript as null-NPs). Cells were then activated with thapsigargin (TG), a 

SERCA (sarco/endoplasmic Ca2+ pump) inhibitor, which induces a robust increase in 

[Ca2+]i via Ca2+ influx through CRAC channels without engaging the TCR [16, 28]. We 

have shown previously that decorating the nanoparticles with the anti-CD45RO antibody 

enables the selective delivery of the cargo (Kv1.3 siRNAs or scr RNAs) to the CD45RO+ 
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memory T cells and not CD45RA+ naïve T (Tnaive) cells [26]. CD45RO+ T cells were 

acquired using imaging flow cytometry and we studied NFAT nuclear translocation in these 

cells (for analysis, see Supplemental Fig. 1). The incorporation of the NPs, which identifies 

CD45RO+ T cells, is visible in the Ch11 channel of the images shown in Fig. 1A and B. 

Activated CD45RO+ T cells pre-treated with scr-NPs (Fig. 1A and C) showed significant 

NFAT nuclear translocation (89 ± 12 % of the cells, n= 3 donors), while treatment with 

Kv1.3-NPs significantly reduced the NFAT translocation (41 ± 12% of cells, n= 3 donors, 

p<0.001) (Fig. 1A and C). Resting CD45RO+ T cells incubated with null-NPs displayed 

only baseline NFAT nuclear localization (21 ± 3% of the cells, n= 3 donors, Fig. 1B and C), 

which was not significantly different from that of the cells with Kv1.3-NPs (p=0.2). Overall, 

our data show that Kv1.3-NPs effectively reduce NFAT nuclear accumulation in CD45RO+ 

T cells.

NFAT activation in T cells controls the expression of CD40L. We thus investigated the effect 

of Kv1.3-NPs on CD40L expression in CD45RO+ T cells.

3.2 Kv1.3 nanoparticles decrease CD40L expression in memory T cells

CD40L transcription in T cells was induced by activation with TG. TG induced a significant 

increase in CD40L levels, comparable to that produced by PMA and ionomycin, which 

mimic the various biochemical pathways of TCR stimulation [9, 16, 28] (Supplemental Fig. 

2). Both TG and PMA/ionomycin triggered a robust increase in CD40L, superior to that 

induced by direct stimulation of TCR with anti-CD3/CD28 antibodies (Supplemental Fig 2). 

We thus performed experiments to determine if Kv1.3-NPs reduced TG-induced CD40L 

expression in the CD45RO+ T cell population. CD3+ cells were incubated overnight with 

Kv1.3-, scr- and null-NPs. Cells were then activated for 3 hours with TG, and CD40L 

expression was assessed using flow cytometry in cells that had incorporated the NPs 

(CD45RO+ T cells) and those that did not (CD45RO− Tnaive cells). Similar analysis was 

performed in resting CD3+ cells transduced with null-NPs that were used as negative 

controls.

As shown in representative experiments presented in Fig. 2A, the percentage of CD40L+ 

cells was reduced by 47% in activated CD45RO+ T cells treated with Kv1.3-NPs as 

compared to activated cells that incorporated scr- and null-NPs (Fig. 2A–C). The mean 

fluorescence intensity (MFI) of CD40L expression in activated CD45RO+ T cells transduced 

with Kv1.3-NPs was reduced by 52% as compared to scr-NP treated controls (p=0.03, n=3, 

Fig. 2C). The percentage of CD40L+CD45RO+ cells, which was normalized to the 

CD40L+CD45RO+, null-NP-treated T cell subpopulation, was reduced from 96 ± 5% in scr-

NP treated cells to 58 ± 5% in siKv1.3-NP treated cells (n=3, p<0.001, Fig 2D). Resting 

cells with null-NPs had no CD40L expression (3 ± 1% CD40L+CD45RO+ cells, Fig 2D). 

Contrary to CD45RO+ T cells, the CD40L expression in activated CD45RO− T cells was not 

altered by exposure to Kv1.3-NPs. We have previously shown that the T cells that did not 

pick up the CD45RO+ NPs were CD45RA+ Tnaive cells [26]. As shown in Fig 2E, the 

percentage of CD40L+CD45RO− cells in scr-NP treated cells (87 ± 8%) and Kv1.3-NP 

treated cells (99 ± 8%, n=3, p=0.3) was not significantly different. These data show both 

efficacy and specificity of Kv1.3-NPs. Interestingly, we observed a further benefit of Kv1.3-
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NPs: they reduce the fraction of CD45RO+ T cells in the overall T cell population (compare 

Fig. 2A panel scr-NP and Kv1.3-NP).

3.3 Kv1.3 nanoparticles induce a shift in the phenotype of T cells

Our data indicated that incubation of a mixed population of T cells with Kv1.3-NPs 

decreased the percentage of CD45RO+ cells and caused an increase in the CD45RO− 

population (Fig. 3). The CD3+ mixed cell population is comprised predominantly of 

CD45RO+ T cells as indicated by the CD45RO+/CD45RO− T cell ratio of 1.4 ± 0.2 in null-

NP treated cells and 1.5 ± 0.1 in scr-NP incubated cells (n=3, p=0.5 compared to null NP, 

Fig 3A–B). This ratio is decreased by 45% to 0.8 ± 0.0 in cells treated with Kv1.3-NPs (n=3, 

p<0.001 compared to null- and scr-NP, Fig. 3B). These data suggest that Kv1.3-NPs induce 

a shift from a predominantly CD45RO+ to a predominantly CD45RO− phenotype in the T 

lymphocyte population.

Still, we do not know whether this effect is due to the fact that CD45RO+ cells die or there is 

an actual loss of memory marked by the loss of CD45RO expression. To investigate whether 

the decrease in CD45RO is indicative of a switch from memory to naïve T cell phenotype, 

we isolated CD4+ memory T cells from healthy donors and studied the effect of Kv1.3-NPs 

on CD45RO expression, cell viability and cytokine release. Memory CD4+ T cells treated 

with Kv1.3- or scr-NPs were stained with anti-CD45RO and anti-CD45RA antibodies to 

quantitate the memory and naïve T cell populations, respectively. We observed that, after 

incubation with Kv1.3-NPs, there was a change in the phenotype of the memory CD4+ T 

cells from predominantly CD45RO+CD45RA− to predominantly CD45RO−CD45RA− (Fig 

4A). The percentage of CD45RO+ cells decreased from 81 ± 7% in memory CD4+ T cells 

treated with scr-NPs to 32 ± 11 % in memory CD4+ T cells treated with Kv1.3-NPs (n=3, 

p=0.02, Fig. 4B). A commensurate reduction in the MFI of CD45RO expression was seen in 

Kv1.3-NP treated memory CD4+ T cells (Fig. 4C). In one donor we observed that the 

decrease in CD45RO+ cells was accompanied by an increase in CD45RA+ cells (Fig. 4D). 

Importantly, the “switch-off” of the CD45RO phenotype was not due to loss of CD45RO+ 

cells. The addition of Kv1.3-NPs did not induce cell death as indicated by no increase in 7-

AAD+ cells (Fig. 4E).

We ultimately assessed cytokine production which has been reported to be greater in TEM 

(effector memory T cells) than TCM (central memory T cells; TCM cells constitute 5% of the 

memory T cell population) and Tnaïve cells [29]. We observed that memory CD4+ T cells 

that were treated with Kv1.3-NPs have a significantly diminished ability to produce IFN-γ 

(Fig 4F, H) and TNF-α (Fig. 4G, H). IFN-γ and TNF-α expressions were reduced by 66 % 

and 71%, respectively (n=3), indicating that the loss of the memory marker CD45RO is 

accompanied by decreased effector functions (Fig. 4H). Overall, these findings show that 

Kv1.3-NPs effectively suppress memory and effector function of CD45RO+ T cells.

4. DISCUSSION

In the present study, we have presented evidence that Kv1.3 downregulation by targeted 

nanoparticles in memory T cells suppresses NFAT activation, CD40L expression and 

cytokine production in this cell subset. These effects are accompanied by the loss of the T 
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cell memory phenotype. Thus, Kv1.3-NPs may effectively correct the T cell abnormalities 

responsible for autoimmune disease-associated pathologies. Beforehand, our laboratory has 

successfully fabricated lipid nanoparticles that were decorated with CD45RO antibodies.

We have shown that these NPs can deliver siRNAs against Kv1.3 channels and effectively 

knocked down the channels in the CD45RO+ T cell population [26]. We have also 

demonstrated that downregulation of Kv1.3 channels by these NPs prevents Ca2+ influx, an 

early event during T cell activation, in the CD45RO+ T cell sub-population [26]. In the 

present manuscript we have evaluated the consequences of Kv1.3 channel inhibition by 

Kv1.3-NPs on the downstream effects of Ca2+ influx in activating T cells: NFAT 

translocation, expression of CD40L and production of cytokines. Although selective 

inhibition of Kv1.3 channels by Kv1.3 antagonist has been shown to ameliorate autoimmune 

diseases, the potentials for selective nanoparticle-based Kv1.3 blockade as therapy for 

autoimmunity is largely unexplored [6, 23, 30]. The data presented herein show that Kv1.3-

NPs suppress NFAT nuclear translocation. This effect is very important in the treatment of 

autoimmunity as inhibition of the NFAT pathway is the main target of effective 

immunosuppressive agents like cyclosporine and tacrolimus [17].

Furthermore, NFAT regulates CD40L expression of T cells, and its interaction with CD40 on 

B cells and DCs constitutes an important pathway by which T cells (re-)activate both of 

these cells. In parallel with increased NFAT nuclear translocation, the surface expression of 

CD40L in SLE T cells is higher than in their healthy counterparts [31]. Thus, the CD40-

CD40L interaction is particularly troublesome in SLE patients where the CD40-CD40L 

interaction contributes the hyperactivity of B cells/DCs, all involved in the pathology of SLE 

[1, 32]. A recent study by Shaw et al reported that CD40L expression in human T cells is 

explicitly linked to Ca2+ influx through CRAC channels [33]. In agreement with this, we 

reported that CD40L expression is upregulated upon the inhibition of SERCA pump by TG, 

which induces the assembly of Orai1-STIM complex and the influx of Ca2+ through these 

channels due to the emptying ER Ca2+ stores. Also, we could show that the increase in 

CD40L expression during T cell activation could be remarkably abrogated by Kv1.3-NPs. 

The inhibition of CD40L by Kv1.3-NPs is consistent with studies showing that CD40L 

increased expression in SLE T cells is reduced by suppression of Ca2+ influx with inhibitors 

such as cyclosporine, especially when they are added at the early stages of stimulation [1, 6, 

7, 34]. Since the effect of Kv1.3-NPs is observed when T cells are stimulated with TG, this 

indicates that suppressing Ca2+ influx is sufficient to downregulate CD40L expression in T 

cells.

The data we reported here also suggest that Kv1.3-NPs may induce a switch in T cell 

phenotype in a mixed population of human T cells from memory T cells to naïve T cells. 

This is indicated by the loss of CD45RO expression (which, in one donor, the loss of 

CD45RO expression was accompanied by an increase in CD45RA expression) in memory 

CD4+ T cells and suppression of cytokine release. This may be an important pleiotropic 

effect of Kv1.3 knockdown, since memory T cells are key participants in the chronicity of 

autoimmune diseases. Others have shown that Kv1.3 knock-down resulted in a decrease in 

TEM (CCR7−CD45RA−) cells and an increase in Tnaïve (CCR7+CD45RA+) and TCM 

(CCR7+CD45RA−) cells [35]. The possibility that Kv1.3 knock-down triggers loss of 
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memory is further supported by recent finding showing that CD40L as well as Ca2+ influx 

via CRAC channels are necessary for maintenance of memory in CD8+ cells [33, 36]. 

Specifically, Shaw et al. have shown by means of the STIM1/STIM2−/− mice model that 

CRAC channels control the maintenance of virus-specific memory CD8+ cells and their 

ability to mediate recall responses to secondary infections [33]. In this model, the defective 

maintenance of memory CD8+ T cells has been attributed to reduced CD40L expression in 

CD4+ cells which is known to be critical for DC activation and production of virus-specific 

antibody. Similarly, it is plausible to speculate that the Kv1.3-NPs will act as effective 

immunosuppressive agents by reducing the CD40L expression in autoreactive memory T 

cells, thus limiting their ability to activate B cells and DCs and, ultimately, the production of 

autoantibodies. This effect of the Kv1.3-NPs upstream to B cells would strengthen their 

therapeutic efficacy in autoimmunity and it is an advantage over available treatments. 

Recently, nanogel-type particles have been successfully used in a lupus mouse model to 

selectively inhibit calmodulin-dependent protein kinases in CD4+ T cells. This treatment has 

been shown to decrease IL-17 production and reduce proteinuria in the model animals. 

However, it did not reduce the titers of anti-DNA antibodies assuming that the treatment 

modality has no effect on autoreactive B cells [37].

The effect of the CD45RO+ Kv1.3-NPs we developed is, within a T cell mixed population, 

specific to CD45RO+ T cells as no endocytosis of the NPs was detected for CD45RA+ Tnaive 

cells [26]. Still, other CD45RO+ cells may bind these NPs: macrophages, a subset of B cells 

and DCs express CD45RO as well as Kv1.3 channels, which are involved in their function 

[38–40]. Kv1.3 controls proliferation and inducible nitric oxide synthase (iNOS) expression 

in macrophages, while it regulates the expression of co-stimulatory molecules, including 

CD40 and CD80, in DCs [36]. In B cells Kv1.3 blockers suppress proliferation of class-

switched memory B cells and, presumably, plasma cells but it may not affect primary and 

memory antibody response as these functions do not require Ca2+ influx through CRAC 

channels [36]. The Kv1.3-NPs may suppress antibody production indirectly, by limiting 

CD40L- and BAFF-mediated B cell stimulation. Overall, the potential direct effects of 

Kv1.3-NPs on macrophages, B cells and DCs could be of further advantage in the treatment 

of autoimmunity and, particularly, SLE where these cells have been implicated in its 

pathology. Further studies are necessary to identifying the effect of Kv1.3-NPs on other 

immune cells.

In conclusion, herein, we are proposing a nanoparticle-based therapy for autoimmunity 

targeting Kv1.3 channels in CD45RO+ cells. The advantage of such therapy over existing 

pharmacological Kv1.3 blockers is that it may have limited side effects as CD45RO− Kv1.3+ 

cells like naïve T cells, non-hematopoietic cells like adipose cells and olfactory neurons, and 

platelets are excluded. The exclusion of the latter is important to avoid thrombolytic 

complications. Furthermore, the nanoparticles that we have developed constitute a 

“versatile” platform that can be easily tailored to deliver drugs/inhibitors and siRNAs, and 

can be easily decorated with antibodies and protein aptamers against any target of interest 

[26]. In addition, because of their composition (they are nano-liposomes of natural lipids) 

and their targeted delivery, they may present a high safety profile. Similar lipid NPs have 

shown no toxicity in vivo [41, 42]. Eventually, in vivo studies will be established to test the 

efficacy of these NPs. While the difference in Kv channel expression in mouse T cells 
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compared to human T cells limits the experimental models available, the development of 

humanized mice will provide the appropriate setting for studying Kv1.3-targeting NPs in 

vivo [20, 43].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Nanoparticles that selectively silence Kv1.3 channels in memory T cells were 

used

• Nanoparticles selectively reduced CD40 ligand expression in memory T cells

• Nanoparticles reduced number of memory T cells

• Promising therapeutic potential for Kv1.3 silencing in autoimmune diseases
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Figure 1. Kv1.3 nanoparticles decrease NFAT nuclear translocation in CD45RO+ T cells
CD3+ cells were incubated overnight with Alexa 647 anti-CD45RO coated NPs that 

contained either Kv1.3 siRNA (Kv1.3-NPs), scramble sequence RNA (scr-NPs) or neither 

(null-NPs). Cells were then activated for 1 h with TG, permeabilized and stained with 

Alexa-488 anti-NFAT antibody, while nuclei were stained with DAPI. Quantitative imaging 

flow cytometry was used to measure nuclear translocation. Only cells that expressed Alexa 

647 fluorescence (CD45RO+ T cells) were acquired. The gating strategies for image 

acquisition are described in Supplemental Figure 1 and Methods section (Section 2.6). A–B) 
Representative images of CD3+ cells acquired by imaging flow cytometry. Shown are TG-

activated cells, which took up scr-NPs (top) or Kv1.3-NPs (bottom) (A) and resting T cells 

treated with null-NPs (B). The NPs are visualized as blue fluorescence in Ch11 (Alexa 647 

fluorophore conjugated SAV was used in the fabrication of the NPs), DAPI as red 

fluorescence in Ch07 and NFAT as green fluorescence in Ch02 (Alexa488 anti-NFAT 

antibody). The nuclear translocation of NFAT in activated CD45RO+ T cells is indicated by 

the colocalization of red and green channels in the merged images (column Ch02/Ch07). (C) 
Percentage nuclear translocation of NFAT in activated T cells treated with scr- or Kv1.3-NPs 

or resting T cells with null-NPs. The data are normalized to activated null-NPs (considered 

as 100% translocation) and are presented as mean ± SEM for 3 donors, with 2300–3500 

cells recorded per donor. Scale Bar = 7 μm. * indicates statistical significance p<0.05 

compared to scr-NPs.
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Figure 2. Kv1.3 nanoparticles decrease CD40L expression in CD45RO+ T cells
(A) Representative scatter plots for CD40L expression as a function of CD45RO expression 

in activated (TG addition, 3 hours) or resting CD3+ cells. Cells were incubated overnight 

with null-NPs, scr-NPs or Kv1.3-NPs (Alexa488 SAV was used for functionalization) as 

displayed on each panel. The fluorescence intensity of Alexa647 (CD40L) and Alexa488 

(NP-targeted CD45RO+ T cells) was detected in each cell. Quadrant gates were drawn based 

on cells without NPs and stained with the isotype control antibody and the numbers in each 

quadrant correspond to the percentage of cells. (B) Histogram of CD40L expression in 

activated CD45RO+ CD3+ cells treated with scr-NPs (black line) or Kv1.3-NPs (red line). 

Representative experiment from n=3 donors. (C) Average mean fluorescence intensity (MFI) 

of CD40L expression in activated, scr-NPs or Kv1.3-NPs treated CD3+ cells (n=3 donors). 

Data normalized to MFI of scr-NPs. (DE) Average CD40L expression in NP+ (CD45RO+ T, 
D) or NP− (CD45RO− T cells, E) cells. Cells were treated with scr-NP, Kv1.3-NPs or null-

NPs. Values are normalized to activated null-NPs. Data are shown as mean ± SEM for 3 

donors, with 20,000–50,000 total cells recorded in each sample. * = statistically significant 

difference, NS: no statistical significance, both compared to scr-NPs (p values given in 

section 3.2).
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Figure 3. Kv1.3 nanoparticles induce loss of CD45RO expression
(A) Representative flow cytometry dot plots for CD45RO expression in CD3+ cells from a 

donor preincubated with null-, scr- or Kv1.3-NPs overnight and then activated with TG for 3 

h. CD45RO expression was plotted as function of side scatter (SSC-A). CD45RO+ memory 

T and CD45RO− naïve T cell populations were selected by drawing rectangle gates. The 

numbers next to the gates are the percentages of CD45RO+ and CD45RO− cells. (B) Ratio of 

CD45RO+/CD45RO− activated CD3+ cells treated with null-, scr- or Kv1.3-NPs. Data show 

mean ± SEM (3 donors), with 20,000 total cells recorded in each experiment. *: statistically 

significant difference as compared to null-NPs treated sample, p values given in section 3.3.
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Figure 4. Kv1.3-NPs reduce CD45RO expression and cytokine levels in memory CD4+ T cells
(A) Representative flow cytometry contour plots for CD45RO and CD45RA expression in 

memory CD4+ T cells incubated with scr- or Kv1.3-NPs and then activated with PMA/

ionomycin for 3 h. Populations were identified by drawing quadrant gates and the numbers 

in the gates are the percentages of cells in the quadrant. Shown here is a representative 

experiment. (B) CD45RO expression was measured as the percentage of CD45RO+ cells out 

of total cells treated with scr-NP or Kv1.3-NP (n=3). Data are mean ± SEM, 20,000 were 

cells recorded in each sample. *: statistically significant difference (p-values are given in the 

results section). (C) Representative histograms of CD45RO expression in activated memory 

CD4+ T cells treated with scr-NP (black line) or Kv1.3-NPs (red line). (D) Flow cytometry 

contour plots for CD45RO and CD45RA expression in memory CD4+ T cells isolated from 

a single donor and incubated with either scr- or Kv1.3-NPs and then activated with PMA/

ionomycin for 3 h. Please note the increase in CD45RA+ cells in Kv1.3-NP treated cells 

(right panel) (E) Viability for memory CD4+ T cells shown in (A) was measured by flow 

cytometry using the nuclear dye 7-AAD for a representative donor. 7-AAD fluorescence was 

plotted as a function of side scatter (SSC-A). Rectangle gates were drawn to identify the 7-

AAD+ (non-viable/dead) and 7-AAD− (live) cell populations and the numbers above the 

gates are the percentages of 7-AAD+ and 7-AAD− cell populations. (F) Representative 

histogram of IFN-γ expression in activated memory CD4+ T cells from a representative 

donor treated with scr-NP or Kv1.3-NPs. (G) Typical histogram of TNF-α expression in 

activated memory CD4+ T cells preincubated with scr-NP or Kv1.3-NPs. (H) Decrease in 

IFN-γ and TNF-α expression in Kv1.3-NPs pre-treated memory CD4+ T cells expressed as 
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the percentage of MFI values normalized to scr-NP treated controls. Data are presented as 

mean ± SEM for 3 donors with 20,000 cells recorded for each sample.
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