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Abstract: 

Effector memory T lymphocytes (TEM cells) that lack expression of CCR7 are major drivers of inflammation in a 

number of autoimmune diseases, including multiple sclerosis and rheumatoid arthritis. The Kv1.3 potassium 

channel is a key regulator of CCR7- TEM cell activation. Blocking Kv1.3 inhibits TEM cell activation and 

attenuates inflammation in autoimmunity, and as such, Kv1.3 has emerged as a promising target for the 

treatment of TEM cell-mediated autoimmune diseases. The scorpion venom-derived peptide HsTX1 and its 

analog HsTX1[R14A] are potent Kv1.3 blockers and HsTX1[R14A] is selective for Kv1.3 over closely-related 

Kv1 channels. PEGylation of HsTX1[R14A] to create a Kv1.3 blocker with a long circulating half-life reduced its 

affinity but not its selectivity for Kv1.3, dramatically reduced its adsorption to inert surfaces, and enhanced its 

circulating half-life in rats. PEG-HsTX1[R14A] is equipotent to HsTX1[R14A] in preferential inhibition of human 

and rat CCR7- TEM cell proliferation, leaving CCR7+ naïve and central memory T cells able to proliferate.  It 

reduced inflammation in an active delayed-type hypersensitivity model and in the pristane-induced arthritis 

(PIA) model of rheumatoid arthritis (RA). Importantly, a single subcutaneous dose of PEG-HsTX1[R14A] 

reduced inflammation in PIA for a longer period of time than the non-PEGylated HsTX1[R14A]. Together, these 

data indicate that HsTX1[R14A] and PEG-HsTX1[R14A] are effective in a model of RA and are therefore 

potential therapeutics for TEM cell-mediated autoimmune diseases. PEG-HsTX1[R14A] has the additional 

advantages of reduced non-specific adsorption to inert surfaces and enhanced circulating half-life.   

 

Keywords: immunomodulation, effector memory T lymphocyte, voltage-gated channel, KCNA3, PEGylated 

Kv1.3 blocker, disulfide rich peptide. 

 

Abbreviations: DTH, delayed-type hypersensitivity; FBS, fetal bovine serum; PEG, polyethylene glycol; PIA, 

pristane-induced arthritis; RA, rheumatoid arthritis; TCM cell, central memory T cell; TEM cell, effector memory T 

cell. 
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1. Introduction:  

According to the National Institute of Allergy and Infectious Diseases, more than 80 autoimmune diseases 

have been described, affecting approximately 50 million Americans. T lymphocytes are major players in many 

autoimmune diseases. In humans, T lymphocytes can be separated into three populations based on the 

expression of the phosphatase CD45RA and the chemokine receptor CCR7 [1]: naïve T cells are 

CD45RA+CCR7+, central memory T (TCM) cells are CD45RA-CCR7+ and effector memory T (TEM) cells are 

CD45RA-CCR7-. T lymphocytes associated with autoimmune diseases and other chronic inflammatory 

diseases are mainly CCR7- TEM cells [2; 3; 4; 5; 6; 7; 8; 9; 10]. In mice, the deletion of CCR7 induces multi-

organ autoimmunity [11]. CCR7- TEM lymphocytes therefore represent attractive targets for the treatment of 

autoimmune diseases.  

Following activation with antigens or mitogens, human CCR7- TEM cells differ from CCR7+ naïve and TCM 

cells by the upregulation of voltage-gated Kv1.3 potassium channels [2; 3; 7; 12]. Kv1.3 blockade in CCR7- TEM 

lymphocytes alters calcium homeostasis and leads to inhibition of proliferation and cytokine secretion [13; 14; 

15]. In contrast, CCR7+ naïve and TCM cells can escape Kv1.3 block as they rely on a different potassium 

channel for their activation and function. This phenotype is recapitulated by rat, but not mouse, T lymphocytes 

[16; 17]. Kv1.3 channels have therefore been proposed as a therapeutic target in various autoimmune 

diseases, such as rheumatoid arthritis, multiple sclerosis, asthma, ulcerative colitis, type 1 diabetes mellitus, 

obesity, alopecia areata, glomerulonephritis, and psoriasis [2; 3; 18; 19; 20; 21; 22; 23]. Indeed, autoantigen-

specific T cells and T cells at sites of inflammation during chronic inflammatory diseases express high levels of 

Kv1.3 [2; 3; 7; 8; 20; 23; 24]. 

Blocking Kv1.3 has proven effective in reducing disease severity in rat models of TEM lymphocyte-mediated 

delayed type hypersensitivity (DTH) and chronic inflammatory diseases without preventing the clearance of 

acute infections [2; 3; 18; 25; 26; 27; 28; 29]. The peptide Kv1.3 blocker Dalazatide (ShK-186) [13; 15; 30], a 

synthetic analog of the sea anemone venom peptide ShK, has been shown in Phase 1a and 1b clinical trials to 

be well-tolerated and reduce the severity of target lesions in active plaque psoriasis [31]. These studies 

indicate the potential of Kv1.3 blockers to be valuable therapeutic options for a multitude of diseases. However, 

their relatively short circulating half-lives require the generation of selective and potent Kv1.3 blockers with long 

circulating half-lives. 
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HsTX1 is a 34-residue peptide from the of the scorpion Heterometrus spinnifer. It has four disulfide bonds, 

is C-terminally amidated, and is a potent blocker of Kv1 channels [32; 33; 34; 35]. We have generated an 

HsTX1 analog by substituting arginine 14 with alanine [33]. The resulting HsTX1[R14A] exhibits a 2,000-fold 

selectivity for Kv1.3 over the related Kv1.1 channel.  Selectivity of Kv1.3 over Kv1.1 and other related channels 

is considered a benchmark standard for potential Kv1.3 blocker-based therapeutics for the treatment of 

autoimmunity [13; 15] and the high selectivity of HsTX1[R14A] for Kv1.3 makes it a potential therapeutic for 

chronic inflammatory diseases. HsTX1[R14A] has also been shown to be systemically deliverable through the 

pulmonary and buccal mucosal routes [36; 37], making this peptide attractive in a clinical setting.  

The addition of large polyethylene glycol (PEG) moieties to small molecules, peptides, and other 

therapeutics is a widely used method to improve their pharmaceutical properties. In particular, PEGylation 

increases the circulating half-life of therapeutics by increasing hydrophilicity through hydrogen bonding, 

resulting in reduced serum protein binding, and by reducing renal clearance, thereby reducing the frequency of 

treatment and reducing the risk of toxicity [38; 39]. It can also reduce a peptide’s immunogenicity and protect  it 

from proteolysis and non-specific adsorption to inert surfaces, making PEGylation a valuable tool to improve a 

compound’s properties as a therapeutic [38]. Here, we PEGylated HsTX1[R14A] and tested its functionality 

and selectivity for blocking Kv1.3, as well as determining its effectiveness for inhibiting TEM cell proliferation. 

Finally, we tested its efficacy in reducing inflammation in two animal models of TEM cell-mediated inflammation; 

delayed-type hypersensitivity (DTH) and pristane-induced arthritis (PIA), a model of rheumatoid arthritis (RA).   

 

2. Materials and Methods: 

2.1 Peptide synthesis: 

HsTX1[R14A] was synthesized and folded as previously described [33]. Selective conjugation was directed 

to the N-terminus of the HSTX1[R14A] via reductive alkylation with an activated 30 kD monomethoxy-PEG-

aldehyde, similar to methods used to make N-terminally PEGylated ShK [40]. The conjugation reaction was 

performed at a concentration of 2 mg/mL in 50 mM NaH2PO4, pH 4.5, with a two-fold excess of 30 kD-

monomethoxy-PEG-aldehyde (NOF Laboratories, Tokyo, Japan). After 30 min reaction time, sodium 

cyanoborohydride (NaCNBH3) was added to make the total concentration 20 mM. The reaction was allowed to 

proceed for 48 h with analytical samples removed to track the reaction progress. The completed reaction was 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

quenched with a 10-fold dilution with 20 mM sodium acetate (NaOAc), pH 4. The conjugated peptide was 

subsequently purified by preparative RP-HPLC using Phenomenex Luna C18-silica (10 μm) using a linear 

gradient of 0.05% TFA in H2O versus acetonitrile. The PEGylated product eluted at 52% acetonitrile, compared 

with the free peptide, which eluted at 28.5%; free PEG-aldehyde eluted at 58% acetonitrile. The monomethoxy-

PEG-HsTX1[R14A] was characterized by Applied Biosystems Voyager MALDI-ToF mass spectroscopy using 

alpha-cyano-4-hydroxycinnamic acid as a matrix. Lyophilized HsTX1[R14A] and PEG-HsTX1[R14A] were 

dissolved in P6N buffer (10 mM sodium phosphate, 0.8% NaCl, and 0.05% polysorbate 20, pH 6.0) [26] to 

make stock solutions of 1 and 10 mg/mL, respectively, and stored at -20ºC. 

 

2.2 Patch clamp electrophysiology: 

We use the IUPHAR nomenclature to name all ion channels throughout this article [41]. L929 cells stably 

expressing mKv1.1 and mKv1.3 channels [42], B82 cells stably expressing rKv1.2 channels [42], and MEL 

cells stably transfected with hKv1.5 channels [42] were a gift from Dr. Chandy (Nanyang Technological 

University, Singapore). LTK cells stably expressing hKv1.4 channels [43] were obtained from Dr. Tamkun 

(University of Colorado, Boulder). They were maintained in DMEM medium supplemented with 10% heat-

inactivated fetal bovine serum (FBS), 4 mM L-glutamine, 1 mM sodium pyruvate, and 500 μg/mL G418 [44] 

(Calbiochem / EMD Millipore, Billerica, MA). 

Patch clamp assays were conducted at room temperature (23-25ºC) in the whole cell configuration using a 

Port-a-Patch system (Nanion, Livingston, NJ) or a manual rig, both connected to a HEKA EPC10-USB 

amplifier controlled with the PatchMaster software [33; 45; 46; 47]. The resistance of pipettes or chips was 2-3 

MΩ and the holding potential set to -80 mV. L929 and B82 cells were plated into sterile glass chambers and 

allowed to adhere. Kv1.5 expression was induced by the addition of 2% DMSO to the culture media of MEL 

cells for 48 h, after which the cells were plated into poly-L-lysine coated glass chambers. Kv1.x currents were 

elicited by 200 ms pulses from -80 to 40 mV applied every 30 s. Series resistance compensation of 80% was 

used when current exceeded 2 nA. The external solution contained 160 mM NaCl, 4.5 mM KCl, 2 mM CaCl2, 1 

mM MgCl2, and 10 mM Hepes; pH was adjusted to 7.4 with NaOH and osmolarity ranged from 290 to 320 

mOsm. The internal solution contained 145 mM KF, 10 mM Hepes, 10 mM EGTA, and 2 mM MgCl2; pH was 

adjusted to 7.4 with KOH and osmolarity ranged from 290 to 320 mOsm. The stocks of HsTX1[R14A] and 
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PEG-HsTX1[R14A] were diluted to the indicated concentrations in external solution immediately before 

application to the cells unless otherwise stated. IC50 values for current block were calculated by fitting the Hill 

equation to the reduction of peak current at 40 mV. 

 

2.3 Animals:  

All experiments involving rats were performed under protocols approved by the Animal Care and Use 

Committee at Baylor College of Medicine. Female 8-9 week old Dark Agouti (DA) rats (Envigo, Indianapolis, 

IN) and Lewis rats (Charles River, Wilmington, MA) were housed in autoclaved cages and given food and 

water ad libitum within a facility accredited by the Association for Assessment and Accreditation of Laboratory 

Animal Care. Rats were euthanized after deep anesthesia with pharmaceutical-grade isoflurane by cardiac 

perfusion with saline followed by decapitation. 

 

2.4 Primary cells: 

Spleens collected from healthy Lewis rats were used to prepare single-cell suspensions followed by 

splenocyte enrichment with Histopaque-1077 gradients. Lewis rat-derived ovalbumin-specific TEM lymphocytes 

(CCR7- CD45RC-) [48] were provided by Dr. Flügel (University Medical Center Göttingen, Germany) and were 

maintained by cycles of antigen-induced activation and expansion in cytokine-rich medium. Basic medium 

contained RPMI 1640 medium supplemented with 4 mM L-glutamine, 1 mM sodium pyruvate, 1% non-

essential amino acids, 1% RPMI vitamins, 50 μM β-mercaptoethanol, 20 mM Hepes, 100 U/mL penicillin, and 

100 μg/ml streptomycin [25]. For antigen activation of TEM cells, basic medium was supplemented with 1% 

Lewis rat serum; irradiated (30 Gy) thymocytes from Lewis rats, loaded with 10 μg/mL ovalbumin, were used 

as antigen-presenting cells. For cytokine-dependent expansion of the TEM cells, basic medium was 

supplemented with 10% heat-inactivated FBS and 10% T cell growth factor [49]. 

Peripheral blood was collected from healthy volunteers (Table 1) in sterile sodium heparin-coated 

vacutainer tubes under a protocol approved by Baylor College of Medicine’s Institutional Review Board. 

Mononuclear cells were separated with a Histopaque-1077 gradient. They were cultured in RPMI 1640 

medium supplemented with 5% heat-inactivated FBS, 4 mM L-glutamine, 1 mM sodium pyruvate, 1% non-
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essential amino acids, 1% RPMI vitamins, 50 μM β-mercaptoethanol, 10 mM Hepes, 100 U/mL penicillin, and 

100 μg/mL streptomycin.  

 

2.5 Proliferation of rat splenocytes and TEM cells: 

Lewis rat splenocyte and ovalbumin-specific TEM lymphocyte proliferation in the presence or absence of 

HsTX1[R14A] or PEG-HsTX1[R14A] was determined by [3H] thymidine incorporation, as described [25; 50]. 

Either 10
5
 splenocytes or 50,000 TEM cells were placed in each well of a 96-well plate and incubated with an 

HsTX1 analog for 30 min. The splenocytes or TEM cells were then stimulated with 1 μg/mL concanavalin A or 

10 μg/mL ovalbumin + 2 x 10
6
 irradiated antigen-presenting cells, respectively, for 72 h. [

3
H] thymidine was 

added to the cells for the last 16-18 h of stimulation. DNA was harvested on glass filters and the incorporated 

[3H] thymidine was quantified by a β-scintillation counter (Beckman Coulter).  

 

2.6 Proliferation of human CCR7- TEM and CCR7+ naïve/TCM cells: 

Human peripheral blood mononuclear cells were loaded with the cell division tracer CellTrace Violet 

following the manufacturer’s instructions (5 µM; Molecular Probes / ThermoFisher Scientific, Waltham, MA). 

After washes, they were resuspended at 106/mL and seeded into U-bottom 96-well plates, 100 μl/well (Corning 

/ ThermoFisher Scientific) in medium + 5% FBS. They were left resting or were activated with anti-CD3 

antibodies (clone OKT3, 1 ng/mL, eBioscience / ThermoFisher Scientific; Antibody registry: RRID AB_468855) 

for 7 days in medium + 5% FBS. HsTX1[R14A] (100 nM) or PEG-HsTX1[R14A] (250 nM) were added to the 

cells 30 min before addition of the activating anti-CD3 antibodies. After 7 days, T lymphocytes were detected 

by staining with a phycoerythrin-conjugated anti-CD3 antibody (0.6 μg/tube, BioLegend, Pacific Heights, CA; 

catalog # 300441) and CCR7- TEM cells were distinguished from CCR7+ naïve and central memory T cells by 

staining with an Alexa Fluor 647-conjugated antibody against CCR7 (1 ug/tube, BioLegend; catalog # 353218). 

The percentage of divided CCR7+ and CCR7- T cells was determined to be the percentage of T cells with a 

lower CellTrace Violet fluorescence compared to that of the unstimulated, resting CCR7+ and CCR7- T cells. 

Data were acquired with a FACSCanto II flow cytometer (BD Biosciences) and analyzed with FlowJo (FlowJo, 

LLC, Ashland, OR). 
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2.7 Pharmacokinetics of PEG-HsTX1[R14A]: 

Lewis rats received a single subcutaneous injection in the scruff of the neck (500 µL/rat) of vehicle alone 

(P6N buffer: 10 mM sodium phosphate, 0.8% NaCl, and 0.05% polysorbate 20, pH 6.0) or of 1 mg/kg PEG-

HsTX1[R14A]. Serum was collected as described [51] at varying times following the PEG-HsTX1[R14A] 

injection. The amount of circulating PEG-HsTX1[R14A] was quantified using a PEGylated protein ELISA kit 

according to the manufacturer’s protocol (Enzo Life Sciences) and as described [50]. The circulating half-life 

was determined by fitting the serum PEG concentrations to a single exponential decay.  

 

2.8 Delayed-type hypersensitivity:  

Active delayed-type hypersensitivity assays were conducted as described [26; 52]. Lewis rats were 

immunized with 200 μL of a 1:1 emulsion of 2 mg/mL ovalbumin (Sigma) and complete Freund’s adjuvant 

(Difco / Becton Dickinson, Franklin Lakes, NJ) via subcutaneous injection in the flanks. Rats were challenged 7 

days later by a subcutaneous injection of 20 μg ovalbumin in saline in the pinna of one ear and with saline in 

the other ear under isoflurane anesthesia. Ear inflammation was measured 24 h later using a PK-0505 

micrometer (Mitutoyo, Melville, NY) [53]. Changes in ear thickness were determined by comparing the 

thickness of the ovalbumin-challenged ear to the vehicle-challenged ear of each rat. Rats were either pre-

treated 7 days prior to immunization, at the time of immunization, or at the time of challenge with 0.1 mg/kg 

HsTX1[R14A] or 1 mg/kg PEG-HsTX1[R14A]. As with the pharmacokinetics, P6N buffer was used as a vehicle 

control. 

 

2.9 Pristane-induced arthritis induction and scoring: 

Pristane-induced arthritis was induced and monitored as described [2; 26; 54]. PIA was induced in DA rats 

by the subcutaneous injection of 150 μl of pristane (MP Biomedicals, Santa Ana, CA) at the base of the tail 

under isoflurane anesthesia. A clinical score was determined daily for each animal by adding 5 points for each 

swollen wrist or ankle and 1 point for each swollen toe joint, for a maximum score of 60 per rat. Upon disease 

onset, as defined by having at least one swollen joint, rats were assigned to receive a subcutaneous treatment 
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of vehicle (P6N buffer) once weekly, 0.1 mg/kg HsTX1[R14A] once weekly or every other day, 1 mg/kg PEG-

HsTX1[R14A] once weekly, or a single dose of either 0.1 mg/kg HsTX1[R14A] or 15 mg/kg PEG-

HsTX1[R14A]. All rats were monitored daily for 21 days after disease onset. Since early onset often correlates 

with higher disease severity, animals were assigned to different groups at arthritis onset to avoid bias due to 

this variable. The first animal with clinical signs was assigned to group A, the second to group B, and so forth 

until each group had one animal. A similar strategy was used to assign the second rat to each group and the 

randomization was continued until all groups were filled. Animals that had not developed clinical signs of 

disease 18 days after injection of pristane were removed from the trials. 

 

2.10 Joint X-rays and histology:  

Following euthanasia, paws from healthy rats and rats with PIA were collected and X-rays were completed 

using an In-Vivo Xtreme imaging system (Bruker) or fixed in formalin, decalcified, embedded in paraffin, 

sectioned, and stained with hematoxylin and eosin or safranin O/fast green, as described [2; 54]. Histology 

photos were taken at 10x magnification using a BX41 upright microscope equipped with a QImaging QICAM 

Fast1394 camera and the QCapture Pro software v6.0.0.412 (Olympus, Waltham, MA). 

 

2.11 Blood chemistry 

At the end of each PIA trial, blood was drawn from the rats by terminal cardiac puncture. Serum was 

immediately collected and frozen at -80ºC. Serum samples from 5 randomly selected rats in each group were 

analyzed from a whole blood chemistry panel within the Center for Comparative Medicine at Baylor College of 

Medicine by pathologists blinded to the treatment conditions. 

 

2.12 Statistical analysis: 

Data are shown as mean ± SEM. All data were analyzed using Mann-Whitney U tests or one-way ANOVA, 

except for the PIA clinical scores, which were assessed using the Friedman test to compared scores at the 

completion of the experiment and Mann-Whitney U tests to compare scores between groups on individual days 

(GraphPad Prism 5). 
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3. Results: 

3.1 PEG-HsTX[R14A] blocks Kv1.3 potassium channels. 

Reverse-phase HPLC analysis of PEG-HsTX1[R14A] showed a single symmetrical peak, demonstrating 

high purity of the compound (Fig. 1A). Neither free 30kD monomethoxy-Peg30kD aldehyde nor unreacted 

HsTX1[R14A] was observed in the chromatogram. 

HsTX1[R14] is a Kv1.3 channel blocker [33]. Since modification of a peptide channel blocker can 

dramatically alter its ability to block the target channel, we tested the ability of PEG-HsTX1[R14A] to block 

Kv1.3 currents. We first verified that HsTX1[R14] blocks the Kv1.3 channel with an IC50 of 27 ± 9 pM (Fig. 1B-

D). The peptide PEGylated on its N-terminus also blocked Kv1.3, albeit with an IC50 of 35.9 ± 6.3 nM; 

displaying a 1,300-fold loss in affinity for Kv1.3 (Fig. 1B-D). 

 

3.2 PEGylation of HsTX1[R14A] does not alter its selectivity profile for Kv1.3 over other Kv1 channels. 

We verified that PEGylation of HsTX1[R14A] does not reduce its selectivity for Kv1.3 through whole-cell 

patch clamp on cells stably expressing Kv1.1, Kv1.2, Kv1.3, Kv1.4, or Kv1.5. We tested 100 nM of 

HsTX1[R14A] and 10 μM PEG-HsTX1[R14A], concentrations chosen for their ability to block 90-100% of Kv1.3 

currents. They did not significantly reduce the potassium currents of cells expressing Kv1.1, Kv1.2, Kv1.4, or 

Kv1.5 with a maximum block of 20% or less of these currents (Fig. 2).  HsTX1[R14A] and PEG-HsTX1[R14A] 

therefore displayed more than a 250-fold selectivity for Kv1.3 over all other Kv1 channels tested. 

 

3.3 HsTX1[R14A] and PEG-HsTX1[R14A] preferentially reduce TEM lymphocyte proliferation. 

We have previously demonstrated that HsTX1[R14A], like other selective Kv1.3 blockers, reduces the 

proliferation of rat TEM cells while having no effect on the proliferation of rat splenocytes, which contain naïve 

and TCM cells that do not depend on Kv1.3 for their activation [33]. In order to determine if PEGylation affected 

this characteristic of HsTX1[R14A], we stimulated rat ovalbumin-specific TEM cells or rat splenocytes with 

ovalbumin-loaded irradiated thymocytes or concanavalin A, respectively, in the presence of PEG-HsTX1[R14A] 

or HsTX1[R14A] and measured proliferation by [3H] thymidine incorporation. Both HsTX1[R14A] and its 

PEGylated analog inhibited the proliferation of the rat TEM cells with IC50s of ~ 100 nM and ~250 nM, 

respectively. Neither had any effect on the proliferation of splenocytes (Fig. 3A, B).  
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We next used the cell division tracking dye CellTrace Violet and flow cytometry to assess the effects of 250 

nM PEG-HsTX1[R14A] and 100 nM HsTX1[R14A] on the proliferation of human CCR7- TEM cells and of human 

CCR7+ naïve and TCM cells. Both PEG-HsTX1[R14A] and HsTX1[R14A] reduced the proliferation of anti-CD3 

antibody-activated CCR7- TEM cells by approximately half. In contrast, they did not significantly reduce the 

proliferation of CCR7
+
 T cells (Fig. 3C, D). This indicates that both HsTX1 analogs selectively inhibit human 

CCR7- TEM cells, while leaving human naïve and TCM cells able to proliferate. 

 

3.4 PEGylation of HsTX1[R14A] reduces its adsorption to polystyrene surfaces. 

Our electrophysiology data showed a 1,300-fold loss of affinity for Kv1.3 after PEGylation of HsTX1[R14A]. 

In contrast, both peptides inhibited the proliferation of human and rat TEM cells with similar potencies. Toxin-

derived peptides are prone to adsorption onto plastics, such as polystyrene in tissue culture microplates, and 

PEGylation of peptides and proteins can significantly reduce their adsorption [55; 56; 57; 58]. We therefore 

tested whether a 24-h incubation of HsTX1[R14A] or PEG-HsTX1[R14A] at room temperature in a tissue 

culture microplate affected peptide recovery, assessed by its ability to block Kv1.3 channels. A 100 pM 

concentration of HsTX1[R14A] prepared immediately before perfusion onto the cells induced an approximately 

70% reduction in Kv1.3 currents (Fig. 4A). In sharp contrast, pre-incubation of the peptide for 24 h reduced this 

block to only ~30% (Fig. 4C, E), showing a loss of HsTX1[R14A] by incubation in the polystyrene wells. 

Incubation of PEG-HsTX1[R14A] for 24 h in the same microplate did not significantly affect its ability to block 

Kv1.3 channels, suggesting a much higher recovery of the peptide following PEGylation (Fig. 4B, D, F). 

 

3.5 PEG-HsTX1[R14A] remains at detectable levels in the circulation for two weeks after a single 

subcutaneous injection. 

Previously described peptide Kv1.3 blockers have a circulating half-life of less than one hour in rats 

following subcutaneous injection [16; 59; 60].  We sought to determine if PEG-HsTX1[R14A] is bioavailable 

following subcutaneous administration and calculate its circulating half-life, taking advantage of the availability 

of anti-PEG antibodies to detect PEG-HsTX1[R14A] in rat serum by ELISA. Lewis rats received a single 

subcutaneous injection of PEG-HsTX1[R14A] and serum was serially collected for 672 h (28 days). PEG-

HsTX1[R14A] was detectable in serum 2 h after injection and peaked at 24 h after injection with 13.8 ± 2.5 
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μg/mL, or 400 nM (Fig. 5A), a concentration sufficient to block ~80% of Kv1.3 currents based on our 

electrophysiology data. Its circulating half-life was 37.3 h (Fig. 5B). Interestingly, PEG-HsTX1[R14A] remained 

detectable in the serum for up to 336 h (14 days) after injection with a concentration of 0.47 ± 0.06 μg/mL, or 1 

nM. 

 

3.6 PEG-HsTX1[R14A] and HsTX1[R14A] reduce a TEM cell-mediated DTH reaction. 

Kv1.3 blockers reduce inflammation in DTH through inhibiting the activation of TEM cells [25]. ShK-170, an 

analog of the sea anemone venom peptide ShK, inhibited a DTH reaction when injected at time of challenge, 

but was ineffective when injected at the time of immunization [2]. To determine if PEG-HsTX1[R14A] and 

HsTX1[R14A] were effective at reducing inflammation during a DTH reaction, we induced an active DTH 

reaction against ovalbumin. PEG-HsTX1[R14A] and HsTX1[R14A] were tested when administered 

subcutaneously a week before immunization, at time of immunization, or at time of challenge. HsTX1[R14A] 

was administered at 0.1 mg/kg, as the 0.01 - 0.1 mg/kg dose range was effective in preventing a DTH reaction 

with other Kv1.3 blocking peptides with the same low-picomolar IC50 range as HsTX1[R14A] on Kv1.3 

channels by whole-cell patch-clamp [16; 26; 59; 61]. Although PEG-HsTX1[R14A] exhibited a 1,300-fold loss of 

activity on Kv1.3 by patch-clamp, we chose to test it at 1 mg/kg in the DTH model, a dose only 10-fold higher 

than that of HsTX1[R14A], to determine whether its long circulating half-life could compensate for the loss of 

affinity for the target. Both blockers significantly reduced inflammation compared to vehicle-treated rats when 

administered at time of immunization or at time of challenge. In addition, concurrent with the observation that it 

is present in the circulation at detectable levels for two weeks, PEG-HsTX1[R14A] displayed efficacy even 

when given a week before immunization, whereas HsTX1[R14A] did not induce a significant reduction in 

inflammation when injected at that time (Fig. 6). These data show that PEGylation of HsTX1[R14A] did not 

compromise its in vivo efficacy, but rather increased the duration of that efficacy.  

 

3.7 Both HsTX1[R14A] and PEG-HsTX1[R14A] reduce signs of disease in the PIA model of RA. 

RA and the PIA rat model RA are mediated by TEM cells and disease severity in PIA can be reduced by 

Kv1.3 blocker treatment given every other day, starting at disease onset [2; 26]. We therefore compared the 

ability of PEG-HsTX1[R14A] and HsTX1[R14A] to reduce disease severity in PIA. PIA was induced in DA rats 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

and upon disease onset rats were placed randomly in four groups receiving vehicle, PEG-HsTX1[R14A] once 

weekly, HsTX1[R14A] once weekly, or HsTX1[R14A] every other day. We used the same dosage of the 

blockers as in the DTH assays. Vehicle-treated rats developed clinical scores of approximately 15-20, 

indicative of a moderate inflammatory arthritis. Those treated with either PEG-HsTX1[R14A] or HsTX1[R14A] 

exhibited significantly reduced clinical scores compared to vehicle-treated animals, with an average clinical 

score of approximately 5-10 (Fig. 7A-D). Interestingly, 0.1 mg/kg HsTX1[R14A] given either every other day or 

once weekly had similar efficacy at reducing signs of inflammation. The reduction in clinical signs from 1 mg/kg 

PEG-HsTX1[R14A] once weekly was comparable to that with 0.1 mg/kg of the non-PEGylated HsTX1[R14A] 

(Fig. 7D).  These data indicate that both HsTX1 analogs significantly reduce signs of paw inflammation in this 

model of RA. 

To further examine the effects of PEG-HsTX1[R14A] and HsTX1[R14A] in reducing the severity of PIA, at 

the end of each in vivo trial, paws from rats of each treatment group were subjected to X-ray and histological 

analyses in order to determine differences in bone and tissue damage. X-rays of paws from each group 

indicate that both HsTX1 analogs reduce bone damage in PIA (Fig. 8). Hematoxylin & eosin staining of joint 

sections show high levels of infiltration of immune cells in the synovium of vehicle-treated PIA animals. Both 

HsTX1[R14A] and PEG-HsTX1[R14A] reduced immune cell infiltration (Fig. 9). Sections stained with Safranin 

O/Fast Green show a dramatic reduction in cartilage in the vehicle-treated PIA animals. This damage was less 

pronounced in animals treated with HsTX1[R14A] and PEG-HsTX1[R14A]  (Fig. 9).  

 

3.8 A single dose of PEG-HsTX1[R14A] is more efficacious than a single dose of HsTX1[R14A] in PIA. 

Since both HsTX analogs given once weekly reduced disease severity in PIA by similar magnitudes, we 

sought to determine if a single dose of either PEG-HsTX1[R14A] or HsTX1[R14A] given at the time of disease 

onset would show different efficacies in reducing signs of disease in PIA. Upon disease onset, rats with PIA 

were treated with a single subcutaneous dose of either vehicle, 0.1 mg/kg HsTX1[R14A] or 15 mg/kg PEG-

HsTX1[R14A] in the scruff of the neck. The dosage of HsTX1[R14A] remained the same as in the prior DTH 

and PIA assays because 0.1 mg/kg is at the high-end of the range of efficacy for Kv1.3 blockers with low 

picomolar affinity for the channel; higher dosing does not improve efficacy [26]. To compensate for the 1,300-

fold loss in affinity of the PEGylated peptide for Kv1.3, we would have to administer 130 mg/kg to the rats. A 
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weekly dose of 1 mg/kg was effective in the prior PIA assays. We did, however, increase the dosage for PEG-

HsTX1[R14A] to 15 mg/kg because in the prior PIA trials the response of rats to the 1 mg/kg PEG-

HsTX1[R14A] was highly variable, suggesting that we were close to the low-end of its efficacy range. In 

addition, these trials were planned for summer when susceptibility to autoimmune diseases and their severity 

is higher [62], whereas the prior PIA trials were conducted in winter.  

Clinical scores quantifying paw inflammation indicate that a single treatment of HsTX1[R14A] induced a 

significant reduction in clinical signs for up to seven days post-treatment, at which time paw inflammation 

became comparable to that of vehicle-treated animals (Fig. 10). Animals treated with a single dose of PEG-

HsTX1[R14A] had significantly reduced signs of disease for up to fourteen days after treatment (Fig. 10).  

 

3.9. HsTX1[R14A] and PEG-HsTX1[R14A]  do not induce changes in blood chemistries during PIA trials. 

None of the rats treated with either peptide showed overt signs of toxicity, such as weight loss, reduced 

grooming or social interactions, aggression, huddled posturing, or porphyrins during the 21-day long PIA 

studies. Blood collected at the end of these studies was used to assess blood chemistry. Rats with PIA that 

were treated with vehicle had variable levels of lactate dehydrogenase (LDH). Some had high levels of this 

marker of acute or chronic tissue damage (Table 2). LDH levels were normalized by the administration of PEG-

HsTX1[R14A] or HsTX1[R14A] to PIA rats. None of the other measured parameters was altered significantly. 

 

4. Discussion: 

Kv1.3 channels play a key role in regulating the pro-inflammatory phenotype of CCR7- TEM lymphocytes, 

which are major drivers of autoimmune inflammation [13]. In this study we demonstrated the effectiveness of 

two analogs of the HsTX1 scorpion venom toxin, HsTX1[R14A] and its PEGylated analog, as potent and 

selective blockers of the Kv1.3 potassium channel. We characterized their efficacy in reducing the proliferation 

of rat and human TEM lymphocytes and their ability to limit inflammation in an animal model of autoimmunity. 

We found that HsTX1[R14A] and PEG-HsTX1[R14A] were selective for the Kv1.3 channel over other Kv1 

channels and preferentially inhibited TEM cell proliferation. The PEGylated analog also exhibited reduced 

adsorption to polystyrene surfaces and a prolonged circulating half-life.  While both analogs displayed efficacy 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

in stopping the progression of disease in PIA, a single dose of PEG-HsTX1[R14A] reduced inflammation in the 

PIA model of RA for double the duration of HsTX1[R14A].  

Our data showing a low picomolar affinity of HsTX1[R14A] are in agreement with the previous publication 

describing the generation of this peptide [33]. Its PEGylation with a 30 kDa PEG moiety resulted in a 1,300-fold 

reduction in affinity for Kv1.3. Such a change in affinity was expected as attaching large moieties to ion 

channel modulating peptides is known to significantly reduce or even eliminate their affinity for their target. For 

example, fusing OsK1, OdK2, or ShK with Fc fragments of immunoglobulins, with PEG moieties, or with 

albumin reduced their affinity for Kv1.3 channels to varying degrees [40; 63]. A thioredoxin fusion of ShK or a 

biotin-tagged ShK bound to streptavidin had no effect on Kv1.3 currents at 100 nM, whereas ShK itself blocks 

the channel with low picomolar affinity [44; 64].  

Importantly, the PEGylation of HsTX1[R14A] retained a 250-fold or higher selectivity for Kv1.3 over closely-

related Kv1.1, Kv1.2, Kv1.4, and Kv1.5 channels. Such selectivity is crucial for the development of potential 

therapeutics to avoid any detrimental off-target effects. Indeed, loss of Kv1.1 or of Kv1.2 expression or function 

is associated with epilepsy and ataxia [65]. In addition, loss of Kv1.1 has been linked to sudden death in 

epilepsy [66]. Mutations in KCNA5, the gene encoding for Kv1.5, were identified in patients with idiopathic 

pulmonary arterial hypertension [67] and with atrial fibrillation [68; 69]. In comparison, ShK-186, currently in 

clinical trials[31], displays “only” a 100-fold selectivity for Kv1.3 over Kv1.1 and is well tolerated in rats, non-

human primates and humans[13; 15]. 

PEGylation of HsTX1[R14A] induced a 1,300-fold reduction in affinity for Kv1.3 when compared to 

HsTX1[R14A]. However, both compounds inhibited the proliferation of human and rat TEM lymphocytes at 

similar concentrations, in the mid-to-low nanomolar range. During patch-clamp testing of blockers, the 

compounds are diluted in the external solution immediately before application to the cells and the readout 

occurs within minutes. In contrast, proliferation assays require multiple days of incubation in microplates. 

Peptides such as HsTX1 and its analogs are known to adsorb onto surfaces, such as the polystyrene in the 

microplates used in proliferation assays. PEGylation has been proposed as a means for reducing peptide and 

protein adsorption onto surfaces [55; 56; 57; 58]. We therefore assayed the recovery of HsTX1[R14A] and 

PEG-HsTX1[R14A] after a 24 h incubation in the microplates used for our proliferation assays and, indeed, we 

observed a much lower recovery of HsTX1[R14A] than of its PEGylated analog. This suggests a loss of 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

peptide during the multi-day proliferation assays and thus an apparent loss in inhibitory efficacy in TEM cell 

proliferation assays. 

The proliferation assays with human CCR7- TEM cells and CCR7+ naïve/TCM cells showed that both 

HsTX1[R14A] and PEG-HsTX1[R14A] inhibited the former but not the latter. Previous work with human T 

lymphocytes showed that, while Kv1.3 channel blockers preferentially inhibit CCR7
-
 TEM cells, they also affect 

the proliferation of CCR7+ naïve/TCM cells to some degree [2; 3; 7; 16]. This apparent discrepancy in results is 

likely due to the difference in incubation times. Previous assays used proliferation assays over a 72-hr period 

whereas the use of CellTrace Violet to measure proliferation required a 7-day incubation period. Following 

activation, CCR7+ naïve/TCM lymphocytes up-regulate the KCa3.1 channel and become completely resistant to 

Kv1.3 channel block [7; 16]. This up-regulation takes approximately 24 h, during which the cells are not 

dividing due to presence of the Kv1.3 channel blocker [7; 16; 70]. This delay in proliferation is presumably 

masked during a 7-day proliferation assay but still detectable during a shorter 3-day assay. 

We used [3H] thymidine incorporation to measure proliferation of rat T cells and CellTrace Violet dye 

dilution to measure human T cell proliferation. The CellTrace Violet-based assay was beneficial in that it 

allowed for the simultaneous analysis of CCR7+ and CCR7- T cells, along with distinguishing T lymphocytes 

from other cells in the peripheral blood without having to sort the cells before the assay. This reduced the risk 

of bias induced by antibody binding to the cells for sorting prior to activation. However, we found that CellTrace 

Violet, used at the manufacturer-recommended concentration, was toxic to rat T cells, but not to human T cells 

(data not shown). For this reason, [3H] thymidine incorporation-based analysis of proliferation was used for the 

study of rat T cell proliferation.  

Our studies utilized two rat models of inflammation, as well as rat T cells ex vivo, to examine the effects of 

PEG-HsTX1[R14A] and HsTX1[R14A] in reducing TEM lymphocyte-mediated inflammation. Rats were chosen 

for these studies as mouse T lymphocytes exhibit significant differences in their potassium channel phenotype 

when compared to human T cells and thus are not useful models for studying Kv1.3 channel blockers  [17]. In 

contrast, the activation of both human and rat TEM cells is regulated by Kv1.3 and block of this channel is 

known to inhibit TEM cells [2; 18], making rat models of autoimmunity more suitable than mouse models for the 

evaluation of Kv1.3 blockers in reducing a TEM cell-mediated inflammation.  
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Whereas peptide Kv1.3 blockers have a short circulating half-life, of less than an hour, PEG-HsTX1[R14A] 

was detectable in rat serum 14 days after a single subcutaneous injection. These results demonstrate that 

attaching a large PEG moiety to a peptide Kv1.3 blocker can dramatically extend its retention in the circulation. 

Our findings are in agreement with previous work showing extended circulating half-lives for peptides fused 

with Fc fragments of immunoglobulins or albumin [63]. In contrast to the previously described albumin-fusion 

peptide [63], PEG-HsTX1[R14A] was effective in reducing inflammation in an active DTH model. Since ShK-

186 was effective in reducing an active DTH reaction when injected at time of challenge, but not when injected 

at time of immunization [2], we expected that HsTX1[R14A] would display a similar pattern. Surprisingly, 

HsTX1[R14A] was efficacious whether it was administered at time of immunization or challenge. Similarly, 

whereas ShK-186 showed efficacy when injected daily, every other day, or every 3 days in a chronic model of 

autoimmunity mediated by TEM cells in rats [26], HsTX1[R14A] displayed efficacy when given every other day 

or once weekly. These results suggest that HsTX1[R14A] has a longer window of efficacy than ShK-186 or that 

efficacy was disease-dependent, as ShK-186 was tested in a model of multiple sclerosis whereas 

HsTX1[R14A] was tested in the PIA model. We therefore tested the benefits of a single administration of 

HsTX1[R14A] in the PIA model of RA. As found with ShK-186 in the model of multiple sclerosis [26], 

administration of a single dose of HsTX1[R14A] was efficacious for one week. PEG-HsTX1[R14A] displayed 

efficacy when administered weekly in the PIA model. Importantly, a single dose of this analog was efficacious 

in reducing the severity of clinical scores of PIA for 2 weeks.  

In the PIA data shown in Fig. 7, the vehicle-treated animals have a much wider range of disease severity 

than the vehicle-treated animals in the PIA data shown in Fig. 10. This range in responses can be the result of 

multiple variables. The data in Fig. 7 were acquired in February while the data in Fig. 10 were acquired in 

August. Seasonality is a factor in autoimmune disease onset and severity in humans but also in animals, even 

those maintained in climate- and light-controlled environments[62; 71]. In addition, the localization of the 

injection of pristane for PIA induction needs to be very precise and any variability may affect disease incidence 

and severity. Since an early onset of clinical signs often correlates with a higher disease severity, to avoid any 

bias due to this factor, animals were assigned to the different groups at onset of clinical signs as described in 

the methods section. 
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Although both HsTX1 analogs significantly prevented disease progression in PIA, neither caused a 

reduction in disease severity. These findings are in agreement with previous findings regarding the efficacy of 

Kv1.3 blockers in treating PIA [2; 26]. This may be due to other cell-types involved with inflammatory arthritis 

pathophysiology that are not regulated by Kv1.3 channels, such as fibroblast-like synoviocytes, chondrocytes, 

or osteoclasts [54; 72; 73; 74; 75; 76]. It may be necessary to target these cell-types, along with TEM cells, to 

fully eliminate the inflammation and joint damage associated with RA and PIA.  

Our data show that PEGylation of HsTX1[R14A] reduced its affinity for Kv1.3 channels without affecting its 

selectivity. This reduction in affinity was countered by the reduction in loss of peptide to adsorption to 

polystyrene surfaces, making HsTX1[R14A] and PEG-HsTX1[R14A] similar in efficacy for the inhibition of the 

proliferation of human and rat TEM cells ex vivo. PEG-HsTX1[R14A] not only retained the efficacy of 

HsTX1[R14A] in reducing inflammation in active DTH and in the PIA model of RA, but also enhanced the 

circulating half-life of the Kv1.3 blocker and extended the efficacy window from 1 to 2 weeks following a single 

subcutaneous injection. These properties make PEG-HsTX1[R14A] an attractive potential therapeutic for the 

treatment of RA and other TEM cell-mediated inflammatory diseases.  
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Tables: 

Table 1. Characteristics of peripheral blood donors. 

Subject Gender Age Race 

1 Female 22 Caucasian 

2 Female 54 Caucasian 

3 Male 21 Mexican-American 

4 Female 34 Mexican-American 

5 Male 47 African-American 

6 Male 30 Caucasian 
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Table 2. Chemistry analysis of serum from healthy rats and from rats with PIA treated with vehicle, PEG-

HsTX1[R14A] once weekly, HsTX1[R14A] once weekly, HsTX1[R14A] every other day PEG-HsTX1[R14A] 

once at time of onset, HsTX1[R14A] or once at time of onset. Data are shown as mean (standard deviation) of 

N = 5 rats per group.  

  

  

 
 

Healthy 
 

PIA, 
Vehicle 

PIA, 
PEG-

HsTX[R14A] 
weekly 

PIA, 
HsTX[R14A] 

weekly 

PIA, 
HsTX[R14A] 

EOD 

PIA, 
PEG-

HsTX[R14A] 
once 

PIA, 
HsTX[R14A] 

once 

Sodium (mmol/L) 
143.8 
(16.7) 

141 
(4.6) 

149.2 
(8.4) 

143.8 
(3.8) 

130 
(1.0) 

130.8 
(1.3) 

131.2 
(2.3) 

Potassium (mmol/L) 
4.8 

(0.04) 
5.44 

(1.12) 
4.76 

(0.26) 
4.56 

(0.19) 
4.68 

(0.51) 
4.86 

(0.45) 
4.76 

(0.86) 

Chloride (mmol/L) 
109.2 
(10.2) 

107.6 
(3.0) 

114.4 
(7.2) 

108.8 
(2.8) 

99.4 
(1.1) 

98.6 
(1.5) 

98.6 
(0.5) 

CO2  (mmol/L) 
22.2 

(2.86) 
19.2 

(2.59) 
22 

(1.58) 
21 

(1.87) 
19.8 

(2.39) 
18.6 

(2.61) 
19 

(1.41) 

Albumin (g/dL) 
4.66 

(1.14) 
3.26 

(0.51) 
3.48 

(0.44) 
3.62 

(0.31) 
3.04 

(0.32) 
3.64 

(0.25) 
3.76 

(0.48) 

Creatinine (mg/dL) 
0.2 
(0) 

0.14 
(0.05) 

0.2 
(0) 

0.2 
(0) 

0.16 
(0.05) 

0.16 
(0.05) 

0.2 
(0) 

Total Proteins (g/dL) 
6.7 

(1.7) 
4.7 

(0.23) 
4.72 

(0.19) 
4.76 

(0.34) 
4.34 

(0.21) 
4.74 

(0.17) 
4.92 

(0.56) 

Globulin (g/dL) 
1.875 

(0.544) 
1.46 

(0.313) 
1.22 

(0.27) 
1.16 

(0.15) 
1.28 

(0.48) 
1.12 

(0.13) 
1.18 

(0.16) 

Albumin/globulin ratio 
2.33 

(0.29) 
2.36 

(0.70) 
3.02 

(0.91) 
3.24 

(0.53) 
2.74 

(1.14) 
3.28 

(0.52) 
3.14 

(0.42) 

Alanine 
aminotransferase [ALT] 
(U/L) 

81 
(19.9) 

54.4 
(8.26) 

56.2 
(4.65) 

59.6 
(6.19) 

51.4 
(3.05) 

43.8 
(1.79) 

52.2 
(5.22) 

Aspartate 
aminotransferase [AST] 
(U/L) 

123.6 
(23.6) 

99.8 
(23.4) 

97.4 
(32.5) 

86.4 
(31.6) 

111.8 
(43.6) 

90.2 
(18.0) 

116.4 
(47.8) 

Alkaline phosphatase 
(U/L) 

61 
(18.3) 

46.8 
(17.0) 

55.6 
(12.7) 

54.8 
(8.6) 

57 
(15.4) 

46.2 
(2.6) 

52 
(15.0) 

Creatine kinase (U/L) 
383.6 

(134.3) 
404.2 

(156.3) 
386 

(228.3) 
314.2 

(245.2) 
417.8 

(237.9) 
335.2 

(159.6) 
443.4 

(317.7) 

Gamma-glutamyl 
transferase (U/L) 

0.75 
(.5) 

2.75 
(2.06) 

0 
(0) 

0.2 
(0.4) 

1.5 
(0.7) 

2.5 
(0.7) 

1.2 
(2.7) 

Lactate dehydrogenase 
[LDH] (U/L) 

692 
(119.3) 

1128.6 
(779.3) 

510.8 
(196.9) 

479.6 
(172.3) 

639.6 
(425.8) 

657 
(388.1) 

581.6 
(495.9) 

Blood urea nitrogen 
(mg/dL) 

12.96 
(1.63) 

12.38 
(0.85) 

12.72 
(1.18) 

13.62 
(0.88) 

11.38 
(1.39) 

10.78 
(1.36) 

11.14 
(2.26) 

Glucose (mg/dL) 
140.2 
(17.5) 

132.8 
(24.5) 

133.2 
(22.5) 

121.2 
(11.4) 

104.6 
(21.2) 

117.6 
(19.1) 

123.8 
(21.9) 

Osmolality (mOsm) 
288.88 
(32.29) 

282.94 
(9.17) 

298.24 
(16.36) 

288.04 
(6.93) 

261.26 
(2.20) 

262.68 
(3.09) 

263.92 
(4.71) 

Bilirubin direct (mg/dL) 
0 

(0) 
0.002 

(0.004) 
0.007 

(0.006) 
0.007 

(0.006) 
0.002 

(0.004) 
0 

(0) 
0.002 

(0.004) 
Indirect Bilirubin  
(mg/dL) 

0.02 
(0.04) 

0.02 
(0.04) 

0 
(0) 

0 
(0) 

0.02 
(0.04) 

0.04 
(0.05) 

0.02 
(0.04) 

Cholesterol (mg/dL) 
103.4 
(25.7) 

71.8 
(3.6) 

73.6 
(8.5) 

76 
(11.3) 

66.8 
(2.2) 

80.8 
(7.2) 

79.4 
(11.2) 

Triglycerides (mg/dL) 
75.4 

(26.3) 
43.4 
(8.9) 

34.8 
(14.4) 

54.2 
(42.8) 

45.2 
(14.9) 

70.2 
(36.3) 

66 
(15.3) 

Very low density 
lipoprotein [VLDL] 
(mg/dL) 

15.1 
(5.26) 

8.66 
(1.82) 

6.94 
(2.9) 

10.8 
(8.52) 

9 
(2.99) 

14 
(7.26) 

13.2 
(3.09) 

Magnesium (mg/dL) 
2.22 

(0.36) 
2.04 

(0.11) 
2.1 

(0.1) 
2.06 

(0.13) 
1.94 

(0.13) 
1.96 

(0.11) 
2.04 

(0.18) 

Phosphorus (mg/dL) 
5.52 

(0.80) 
4.1 

(0.76) 
4.06 

(0.15) 
3.98 

(0.44) 
5.3 

(0.91) 
6.18 

(0.74) 
5.12 

(0.44) 

Calcium (mg/dL) 
11.28 
(2.28) 

6.852 
(0.329) 

7.364 
(0.349) 

7.036 
(0.315) 

8.96 
(0.246) 

9.472 
(0.671) 

9.36 
(0.781) 
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Figure legends: 

Fig. 1. Purity of and effectiveness of PEG-HsTX1[R14A] in blocking Kv1.3 channels.  

(A) Reverse phase HPLC chromatogram of purified 30 kD PEG-HsTX1[R14A] on an ODS silica using a 

gradient from 30-60% B in 30 min at 1 ml/min monitoring at 220 nm. A = 0.05% TFA in H2O and B = 0.05% 

TFA in acetonitrile. (B) Pulse protocol used to elicit Kv1.3 currents in L-929 fibroblasts stably expressing the 

channel. (C) Representative whole-cell Kv1.3 currents measured by patch-clamp in cells stably expressing 

Kv1.3 before (control) and after application of 100 pM HsTX1[R14A] (top) or 100 nM and 10 µM PEG-

HsTX1[R14A].  (D) Dose-dependent response of HsTX1[R14A] (●) and PEG-HsTX1[R14A] (○ and dashed 

line) on Kv1.3 currents fitted to a Hill equation (N = 3 cells per concentration).  

 

Fig. 2. HsTX1[R14A] and PEG-HsTX1[R14A] are selective for Kv1.3 over closely related Kv1 channels. 

(A-D) Whole-cell Kv1.1 (A), Kv1.2 (B), Kv1.4 (C), and Kv1.5 (D) currents measured by patch-clamp in stably 

transfected cells before (control) and after perfusion of 100 nM HsTX1[R14A] (left panels) or 10 µM PEG-

HsTX1[R14A] (right panels). (E) Percentage of Kv1.1-1.5 current block by 100 nM HsTX1[R14A] (left) and by 

10 µM PEG-HsTX1[R14A] (right); N = 3 cells per concentration. **p<0.01, ***p<0.001, by one-way ANOVA. 

 

Fig. 3. PEG-HsTX1[R14A] and HsTX1[R14A] preferentially inhibit TEM cell proliferation. 

(A) Lewis rat ovalbumin-specific TEM cell proliferation stimulated by ovalbumin and irradiated antigen-

presenting cells in the presence or absence of PEG-HsTX1[R14A] (black) or HsTX1[R14A] (grey); mean ± 

SEM; n = 6). (B) Rat splenocyte proliferation stimulated with concanavalin A (con A) in the presence or 

absence of PEG-HsTX1[R14A] (black) or HsTX1[R14A] (grey). (C and D) Left, representative flow cytometric 

plots of CellTrace Violet dye dilution and CCR7 expression of CD3+ cells from human peripheral blood 

mononuclear cells stimulated for 7 days with or without (C) HsTX1[R14A] or (D) PEG-HsTX1[R14A]. Right, 

quantification of divided CCR7+ and CCR7- T cells, as determined by gating on CD3+ cells; N = 4; mean ± 

SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by one-way ANOVA.  
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Fig. 4. PEGylation of HsTX1[R14A] reduces its adsorption to polystyrene.  

(A-D) Representative whole-cell Kv1.3 currents measured by patch-clamp in cells stably expressing Kv1.3 

before (control) and after application of 100 pM HsTX1[R14A] (A, C) or 1 µM PEG-HsTX1[R14A] (B, D). 

HsTX1[R14A] and PEG-HsTX1[R14A] were perfused onto the cells either immediately after dilution (A, B) or 

were incubated in polystyrene microplates for 24 h before perfusion (C, D). (E, F) Percentage of Kv1.3 current 

block by 100 pM HsTX1[R14A] (E) and by 1 µM PEG-HsTX1[R14A] (F); N = 3 cells per concentration. 

***p<0.001, by non-parametric T-test. 

 

Fig. 5. Circulating half-life of PEG-HsTX1[R14A] in Lewis rats following a single injection. 

(A) Concentration of PEG-HsTX1[R14A] in the serum of Lewis rats collected various times following a 

subcutaneous injection of 1 mg/kg PEG-HsTX1[R14A] in the scruff of the neck, as quantified by an anti-PEG 

ELISA. (B) The circulating half-life of PEG-HsTX1[R14A] was determined by fitting the data in (A) to a single 

exponential decay (N = 3-8 rats per time point).  

 

Fig. 6. PEG-HsTX1[R14A] and HsTX1[R14A] reduce inflammation in a delayed-type hypersensitivity reaction. 

Differences in ear thickness of Lewis rats immunized against ovalbumin and then challenged against 

ovalbumin in one ear and vehicle in the other. Rats were treated with 1 mg/kg PEG-HsTX1[R14A] (black) or 

with 0.1 mg/kg HsTX1[R14A] (grey) either 7 days prior to immunization, on the day of immunization, or on the 

day of challenge. Ear thickness was measured 24 h after challenge. Data are normalized to the ear thickness 

of the vehicle-challenged ear of each rat (N = 4-8 rats per group; mean ± SEM; *p<0.05, **p<0.01, by one-way 

ANOVA.  

 

Fig. 7. PEG-HsTX1[R14A] and HsTX1[R14A] reduce disease severity in PIA.  

(A-D) Paw inflammation scores of DA rats with PIA treated with either vehicle (open symbols) or subcutaneous 

injections of (A) 1 mg/kg PEG-HsTX1[R14A] (black) once weekly, (B) 0.1 mg/kg HsTX1[R14A] (grey) once 

weekly, or (C) 0.1 mg/kg  HsTX1[R14A] (grey) every other day. (D) Data from A-C combined on a single plot 

for comparison of treatment groups. Treatment began for each rat as it developed signs of disease, as defined 
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by at least one swollen or red joint. N = 7-8 rats per group; mean ± SEM; **p<0.01, ***p<0.001, by Friedman 

test. 

 

Fig. 8. PEG-HsTX1[R14A] and HsTX1[R14A] reduce paw bone damage in PIA.  

Representative X-rays of paws from healthy rats (top, left) and rats with PIA treated with either vehicle (top, 

center), PEG-HsTX1[R14A] once weekly (top, right), HsTX1[R14A] once weekly (bottom, left), or HsTX1[R14A] 

every other day (bottom, right). Yellow arrows point to damage. 

 

Fig. 9. PEG-HsTX1[R14A] and HsTX1[R14A] reduce paw tissue damage in PIA.  

Hematoxylin & eosin (left) and safranin O/fast green (right) staining of joints from paws from healthy rats and 

from rats with PIA treated with vehicle, PEG-HsTX1[R14A] once weekly, HsTX1[R14A] once weekly, or 

HsTX1[R14A] every other day (original magnification 10X, scale bars = 100 μm).  

 

Fig. 10. A single treatment of PEG-HsTX1[R14A] is more effective than a single treatment of HsTX1[R14A] in 

PIA. 

Paw inflammation scores from DA rats with PIA treated with either vehicle (open symbols), or subcutaneous 

treatments of a single treatment of 0.1 mg/kg HsTX1[R14A] (closed grey squares) at time of onset, or a single 

treatment of 15 mg/kg PEG-HsTX1[R14A] (closed black triangles) at time of onset. Treatments were given 

once a rat exhibited at least one swollen or red joint. N = 5 - 6 rats per group; mean ± SEM; *p<0.05, **p<0.01, 

by Mann-Whitney U-tests.  
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Figure 10  
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Highlights 

 

 PEGylation of HsTX1[R14A] does not reduce its selectivity for Kv1.3 channels. 

 PEG-HsTX1[R14A] retains preferential inhibition of CCR7- over CCR7+ T lymphocytes. 

 PEG-HsTX1[R14A] has a longer  circulating half-life and lower non-specific adsorption. 

 HsTX1[R14A] and PEG-HsTX1[R14A] reduce inflammation in delayed type hypersensitivity. 

 Both HsTX1 analogs attenuate disease severity in a model of rheumatoid arthritis. 
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