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Abstract  26 

Background: T-lymphocytes express not only the cell membrane calcium ORAI1 but also  27 

voltage-dependent Cav1 channels. In excitable cells, these channels are composed of the ion 28 

forming pore α1 and auxiliary subunits (β and α2δ) needed for proper trafficking and 29 

activation of the channel. We previously disclosed the role of Cav1.2 α1 in mouse and human 30 

Th2- but not Th1-cell functions and showed that knocking-down Cav1 α1 prevents 31 

experimental asthma  32 

Objective: We investigated the role of β and α2δ auxiliary subunits on Cav1 α1 function in 33 

Th2 lymphocytes and on the development of acute allergic airway inflammation.  34 

Methods: We used antisense oligonucleotides (CavβAS) to knockdown Cavβ and 35 

gabapentin, a drug that binds to and inhibits α2δ1 and α2δ2, to test their effects on Th2 36 

functions and their capacity to reduce allergic airway inflammation. 37 

Results: Mouse and human Th2-cells express mainly Cavβ1, β3 and α2δ2 subunits. CavβAS 38 

reduces TCR-driven calcium responses and cytokine production by mouse and human Th2, 39 

with no effect on Th1-cells. Cavβ is mainly involved in restraining Cav1.2 α1 degradation 40 

through the proteasome as a proteasome inhibitor partially restores the α1 protein level. 41 

Gabapentin impairs TCR-driven calcium response and cytokine production associated with 42 

the loss of α2δ2 protein in Th2-cells.  43 

Conclusions: These results stress the role of Cavβ and α2δ2 auxiliary subunits in the 44 

stability and activation of Cav1.2 channels in Th2 lymphocytes both in vitro and in vivo as 45 

demonstrated by the beneficial effect of CavβAS and gabapentin in allergic airway 46 

inflammation. 47 

 48 

Clinical implications 49 

The demonstration that auxiliary subunits are involved in calcium signaling through Cav1 50 

channels and function of mouse and human Th2-lymphocytes supports their potential 51 

beneficial effect on allergic asthma. 52 

 53 
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Capsule summary 54 

This work demonstrates that Cavβ and α2δ auxiliary subunits of Cav1 calcium channels are 55 

required for proper calcium signaling in Th2 lymphocytes and their targeting is beneficial in 56 

allergic asthma. 57 

 58 

Key words: asthma; Th2; Cav1 calcium channel; calcium; cytokines  59 

 60 

Abbreviations 61 

AS ONs: antisense oligonucleotides  62 

BAL: broncho-alveolar lavage 63 

[Ca2+]i: intracellular Ca2+ concentration  64 

Cav: voltage-gated calcium channels 65 

CRTH2: Chemoattractant receptor-homologous molecule expressed on Th2 cells 66 

ER: endoplasmic reticulum 67 

FBS: fetal bovine serum 68 

HEK: Human embryonic kidney 69 

IFN: interferon 70 

Ig: immunoglobulin 71 

IL: interleukins  72 

NFAT: nuclear factor of activated T cells 73 

ONs: oligonucleotides  74 

OVA: ovalbumin  75 

TCR: T-cell receptor 76 

Th2: T-helper type 2 77 

vacuolar H+ ATPase : v-ATPase 78 

WB: western blotting  79 
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Introduction  80 

Allergic diseases that include rhinitis, atopic dermatitis, asthma and food allergies, are 81 

induced by T-helper type 2 (Th2) lymphocytes. Th2-type responses are characterized by the 82 

production of interleukins (IL-) 4, 5 and 13, which contribute to mucus production, 83 

eosinophilia and high levels of antigen-specific IgE. At present, treatments for allergic asthma 84 

are often symptomatic even if in some cases specific allergenic immunotherapy and 85 

treatments targeting the cytokines (or their receptors) involved in inflammation of the type 2 86 

can be beneficial (discussed in 1, 2). The main immunosuppressants (ciclosporin A, 87 

tacrolimus...) have also been proposed in severe asthma resistant to glucocorticoids. 88 

However, as they decrease the activity of T cells and therefore the overall immune response 89 

by acting on calcium signaling, they have adverse effects. Calcium is a second messenger 90 

that plays specific and key roles in various cellular functions such as activation, 91 

differentiation, proliferation and death. The role of store-operated Ca2+ entry is well 92 

described, implicating the sensing of TCR-driven endoplasmic reticulum (ER) Ca2+ depletion 93 

by STIM-1, its oligomerization and its localization in the vicinity of ORAI-1 calcium channels 94 

at the plasma membrane permitting sustained Ca2+ entry 3. Besides these channels, the role 95 

of Cav1 channels (defined as voltage activated in excitable cells) in T-lymphocytes is now 96 

accepted 4-11.  97 

 In excitable cells, Cav1 channels are composed of the ion forming pore α1 and 98 

auxiliary β and α2δ subunits, each subunit being encoded by four genes. Cav1.1 to Cav1.4 α1 99 

form the ion pore and support the biophysical and pharmacological properties of the channel 100 

12-14, while auxiliary β and α2δ subunits increase Cav currents by enhancing the number of 101 

the channels at the cell membrane and favoring channel opening 15-19. Cavβ would act by 102 

facilitating the correct folding of α1 and promoting its exit from the endoplasmic reticulum 103 

(ER) 20, while Cavα2δ increases the insertion of the channel into the cell membrane by 104 

favoring the trafficking of the channel from the post Golgi apparatus and decreasing its 105 

turnover 21-23.  106 
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 Whereas Cavβ2 deletion 24 inhibited thymocyte development, Cavβ3 and Cavβ4 were 107 

found important for calcium influx, NFAT nuclear translocation and cytokine production by 108 

peripheral CD4+ T lymphocytes. We previously reported that Cav1.2 was selectively 109 

expressed and functional in human and mouse Th2-cells 7, 9, 25. In contrast, Th1 and Th17 110 

lymphocytes in both species lacked Cav1.2 expression. Herein, we now address whether Cav 111 

auxiliary subunits are required for channel functions in Th2-lymphocytes. We show that 112 

Cavβ1, Cavβ3 and α2δ2 subunits are expressed in mouse and human Th2-cells. Knocking 113 

down Cavβ promoted degradation of Cav1.2 α1, which was at least partly rescued by adding 114 

MG132, a proteasome inhibitor whereas gabapentin, an inhibitor of α2δ1/2 subunits 115 

decreased α2δ2 protein level in Th2-lymphocytes. In both cases, it was associated with 116 

decreased TCR-dependent [Ca2+]i increase and Th2 cytokine productions. In accordance 117 

with our in vitro results, targeting either Cavβ or α2δ in vivo was beneficial in a model of acute 118 

allergic airway inflammation.  119 
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Materials and Methods  120 

More details are given in Supplemental methods. 121 

 122 

Mice and model of acute airway allergic inflammation 123 

Eight- to 12-wk-old female mice BALB/c mice originated from Janvier (Le Genest St.Isle, 124 

France) and TCR OVA transgenic DO11.10 mice were maintained in our pathogen-free 125 

animal facility. The INSERM U1043 Institutional Review Board for animal experimentation 126 

approved protocols. BALB/c mice immunized intraperitoneally with OVA (100 µg) in alum (2 127 

mg), were given 15 days later intranasal OVA (50 µg/day) in PBS for 5 days as previously 128 

described 7 with or without scrambled (CavβS) or Cavβ antisense specific (CavβAS) 129 

oligonucleotides (200µg/day) or received or not Gabapentin (400 mg/l in drinking water) that 130 

was renewed every other day according to 26. For Th2 transfer experiments, BALB/c mice 131 

(Janvier, Le Genest St.Isle, France) were intravenously transferred with 3 x 106 D011.10 Th2 132 

cells transfected with CavβS or CavβAS and given intranasal OVA (50 µg/day) for 5 days. 133 

Twenty-four hours after the final OVA administration, serum, bronchoalveolar lavage fluid 134 

(BALF), lungs and draining lymph node were collected and processed as described in 135 

supplemental methods. 136 

 137 

Cell culture  138 

Mouse Th1 and Th2-cells were generated by weekly stimulation of DO11.10 CD4+ T-cells 139 

with antigen presenting cells (APC) and the 323-339 OVA peptide plus appropriate 140 

differentiation cocktails: IL-12 (5 ng/ml) and anti-IL-4 antibody (11B11, 10 µg/ml) for Th1 and 141 

IL-4 (5 ng/ml) and anti-IFNγ antibody (XMG1.2, 10 µg/ml) for Th2. PBMCs were obtained 142 

from ‘‘Etablissement Français du Sang,’’ and all human participants provided written 143 

informed consent. Human memory CRTH2+ CD4+ T- and human Th1-cells were obtained 144 

and expanded as previously reported 9. Cells were transfected with 8 µM 145 

oligodeoxynucleotides (Eurogentec) using TurboFect transfection reagent (Fermentas) and 146 

collected three days after transfection. 147 
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 148 

Single cell calcium imaging  149 

These measurements were done as previously described7, 9 in cells loaded with Fura-2AM 150 

before and after stimulation with biotinylated anti-CD3 cross-linked with streptavidin or anti-151 

CD3/CD28 coated beads (1 bead per cell), for mouse or human T cells respectively.  152 

 153 

Confocal microscopy 154 

Cells were stained with anti-CD2 rat IgG antibody (Abcam), anti-α2δ2 rabbit antibody 155 

(Alomone Labs) before the permeabilization and the Cav channel subunit staining was 156 

performed using anti-Cav1.2 mouse IgG2b (NeuroMab), anti-Cavβ1 (Alomone) or anti-Cavβ3 157 

rabbit IgG (Santa Cruz Lab).  158 

 159 

Real-time quantitative PCR 160 

RNAs were extracted using the RNeasy Mini Kit (Qiagen). Reverse transcription was 161 

performed with the SuperScript III Reverse Transcriptase (Invitrogen) and mRNA transcripts 162 

were measured by real-time quantitative PCR using a LightCycler 480 Instrument (Roche).  163 

 164 

Immunoblotting 165 

Th2 lymphocytes or brain cells were lysed in RIPA buffer containing protease inhibitors 166 

(Roche) and 30 µg/ lane for T-cell extracts and 10 µg/ lane for brain lysate were submitted to 167 

immunoblotting. 168 

 169 

ELISA 170 

For in vitro cytokine assays, 5x104 Th1 and Th2 cells were seeded into plates coated with 171 

anti-CD3 antibodies (3 µg/mL) and stimulated with soluble anti-CD28 antibodies (1 µg/mL). 172 

Supernatants were collected 24 hours later. For in vivo IgE assays, sera were isolated from 173 

blood collected into the mouse retro-orbital sinus. Cytokines and immunoglobulins were 174 

quantified using the sandwich ELISA method.  175 
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 176 

Statistical analysis 177 

Groups were compared using the paired or unpaired t test as needed thanks to the 178 

Graphpad Prism software.  179 
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Results 180 

Knocking down Cavβ subunits decreases cytokine production induced by TCR 181 

engagement in mouse and human Th2-cells  182 

Murine Th2-cells expressed principally Cavβ1 and Cavβ3 transcripts (Fig. 1A), as human Th2 183 

cells did 9. The proteins Cavβ1 and Cavβ3 were detected by Western blotting with the same 184 

apparent molecular weights as the control neuronal forms (Fig. 1B) and by 185 

immunofluorescence (Supplemental Fig. 1A and B). Although Th1-cells did not express 186 

Cavα1 subunits, they did express Cavβ1 and Cavβ3 at both transcriptional (Fig. 1A), and 187 

protein level with lower amounts compared to Th2-cells (Supplemental Fig. 1A and B). 188 

 To investigate whether β subunits were important for Th2 functions, we used 189 

antisense ONs targeting the four Cavβ subunits in mice and humans 27. Transfection of 190 

mouse Th2-cells with CavβAS decreased the amount of Cavβ1 and Cavβ3 subunits by 191 

western blotting (new supplemental Fig. 1C and D) and by immunofluorescence (new 192 

supplemental Fig. 1E and F), with no effect on the expression of ORAI1, a calcium channel 193 

important for T-cell functions (new supplemental Fig. 1C, D).  CavβAS decreased IL-4, IL-5 194 

and IL-13 production by 50 to 70% in mouse Th2-cells compared to CavβS-transfected Th2- 195 

cells (Fig. 1C) without any effect on IFNγ production by Th1-cells (new Fig. 1D). 196 

 Human memory Th2-cells were selected on the basis of the expression of the cell 197 

membrane marker CRTH2 and expanded with anti-CD3/anti-CD28-coated beads in the 198 

presence of IL-4 and IL-2. Transfection of human Th2-lymphocytes with CavβAS reduced the 199 

amount of Cavβ subunits at the mRNA level (new supplemental Fig. 1G) associated with 200 

significantly diminution of Th2-cytokine production (Fig. 1E) without any effect on IFNγ 201 

production by human Th1-cells (Fig. 1F). 202 

 203 

Knocking down Cavβ subunits diminishes TCR-driven calcium response in mouse and 204 

human Th2-cells 205 

In order to show that Cavβ play a role in Ca2+ signaling of Th2-cells, we analyzed the 206 

TCR-driven intracellular Ca2+ concentration ([Ca2+]i) increase at the single cell-level. Mouse 207 
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Th2-cells transfected with CavβAS displayed a decreased and delayed calcium response 208 

compared to cells transfected with CavβS (Fig. 2A). Indeed, CavβAS-transfected Th2-cells 209 

presented a significant reduced area under the curve compared to control Th2-cells (Fig. 210 

2B). A significant number of CavβAS-transfected Th2-cells (21 ± 5 %) did not show any 211 

increase in [Ca2+]i after TCR stimulation while most control Th2-cells (98 ± 2 %) did it (p< 212 

0.005). Moreover, among responsive cells, CavβAS-transfected Th2-cells had a delayed 213 

calcium response as compared to control cells (Fig. 2C). However, ionomycin application at 214 

the end of the experiment induced similar [Ca2+]i increase in Th2-cells whether they were 215 

transfected with CavβS or CavβAS (Fig. 2A), indicating that CavβAS did not affect the loading 216 

with the Fura-2 probe.  217 

CavβAS had the same effect on TCR-driven [Ca2+]i increase of human Th2-218 

lymphocytes with a delayed and reduced [Ca2+]i rise (Fig. 2D-F). Conversely, transfection of 219 

mouse (new Fig.2 G-I) or human (Fig.2 J-L) Th1-cells with CavβAS had no impact on the 220 

shape and the amplitude of the calcium response induced by TCR stimulation, in agreement 221 

with the lack of CavβAS effect on IFNγ synthesis by Th1-cells (new Fig. 1D and 1F).  222 

 223 

An inhibitor of the proteasome protects the Cav1.2 α1 subunit from degradation in the 224 

absence of Cavβ, but does not restore cytokine production 225 

 One possible role of Cavβ subunits could be to prevent Cav1.2 degradation by the 226 

proteasome 28. In agreement with this hypothesis, we showed that transfection of Th2-cells 227 

with CavβAS did not affect the levels of Cav1.2 α1 transcripts (Fig. 3A) but strongly reduced 228 

the amount of Cav1.2 α1 protein in mouse (Fig 3B-C) and in human (Fig. 3D-E) cells. The 229 

proteasome inhibitor MG132 had no effect on the amounts of Cavβ1 (Fig. 4A) and Cavβ3 230 

proteins (Fig. 4B), but it partially restored Cav1.2 α1 protein expression in murine Th2-cells 231 

(Fig. 4C). The analysis of co-localization of Cav1.2 α1 with CD2 used as a cell membrane 232 

marker shows that CavβAS decreases the amount of the protein localized at the cell 233 

membrane, which was partially restored by MG132 (Supplemental Fig. 2). However, MG132 234 

treatment did not allow restoration of cytokine production by Th2-cells transfected with 235 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 11 

CavβAS (Fig. 4D), suggesting that Cavβ subunit could also contribute to regulate channel 236 

function as reported 29-31. 237 

 238 

Intranasal delivery of CavβAS alleviates Th2-dependent airway inflammation 239 

 With the goal to investigate the role of Cavβ in vivo, we evaluated if CavβAS modified 240 

the course of allergic airway inflammation. Immunization with OVA in alum followed by 241 

inhalation of OVA (Fig. 5A) triggered Th2-dependent airway inflammation marked by 242 

predominant eosinophil infiltration (Fig. 5B). CavβAS administration strongly decreased the 243 

content of inflammatory cells in the broncho-alveolar lavage (BAL) fluid including eosinophils 244 

and lymphocytes compared to control mice treated or not with CavβS (Fig. 5B). Consistently 245 

histological examination of lung tissues showed that CavβAS administration inhibited 246 

inflammatory infiltrates (Fig. 5C, and Supplemental Fig. 3A). This protection was associated 247 

with defective Th2 responses as shown by the dramatic reduction in serum immunoglobulin 248 

(Ig) E concentration (new Fig. 5D) and the reduced synthesis of IL-4, IL-5 and IL-13 by OVA-249 

stimulated T-cells from lung draining lymph node cells (Fig. 5E). In accordance with the 250 

effects of CavβAS on airway inflammation, mice displayed reduced airway hyper-251 

responsiveness  (new Supplemental Fig. 4). Interestingly, CD4+ T-cells infiltrating the lungs 252 

in CavβAS-treated mice expressed reduced amounts of Cav1.2 α1 proteins compared to 253 

CD4+ T-cells from mice treated with CavβS (Supplemental Fig. 3B-D), suggesting that Cavβ 254 

was required for the maintenance of Cav1.2 α1 protein expression in lung infiltrating CD4+ T 255 

cells as shown for Th2-cells in vitro.   256 

To investigate whether Cavβ expression in Th2-cells was necessary and sufficient to 257 

control allergic asthma, we transferred OVA-specific TCR transgenic DO11.10 Th2 cells 258 

transfected with CavβAS or CavβS in mice that were then challenged with intranasal OVA 259 

(new Fig.6A). CavβAS- and CavβS-transfected Th2-cells localized equally well in the lungs 260 

(new Fig.6B). However, CavβAS-transfected Th2-cells had reduced ability to promote Th2 261 

response upon airway challenge, as shown by the reduction in lung inflammation (new Fig. 262 

6C, D, new supplemental Fig.3E), the lower serum IgE concentration (new Fig. 6E) and the 263 
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impaired Th2 cytokine production after recall of antigen-specific draining lymph node T-cells 264 

with OVA (new Fig. 6F). This was not associated with a shift towards Th1 response as 265 

shown by the similar IFNγ production by OVA-stimulated draining lymph node cells from both 266 

groups (new Fig. 6F).  267 

 268 

Gabapentin, an inhibitor of Cavα2δ impairs Th2 functions and reduces allergic airway 269 

inflammation 270 

 Mouse Th2 cells mainly expressed Cav α2δ2 (Fig. 7A), as human Th2-cells did 9. 271 

Blotting and probing Th2-cell or brain lysates with anti-α2δ2 antibodies showed similar bands 272 

around 140 kDa (Fig. 7B). To investigate the role of α2δ in Cav1-dependent Th2 function, we 273 

used gabapentin, a ligand binding to Cav α2δ1 and α2δ2 but not to the other α2δ subunits 32. 274 

Chronic in vitro treatment with this drug is known to inhibit Cav currents. Accordingly, 275 

treatment of Th2-cells with gabapentin for 72 hours decreased and delayed the TCR-driven 276 

calcium response (Fig. 7C), as shown by the quantification of the area under the curve and 277 

the time of response, respectively (Fig. 7D and E). The decrease in calcium signaling was 278 

associated with reduced Th2-cytokine production (Fig. 7F). However, gabapentin had no 279 

effect on calcium response and IFNγ production in Th1-lymphocytes (Supplemental Fig. 5). 280 

 Since gabapentin was reported to induce the loss of Cav2 complex at the cell 281 

membrane 33, 34, we tested its effect on Cav1.2 protein expression In Th2 cells. The amount of 282 

α2δ2 protein was strongly reduced in gabapentin treated Th2 cells (Fig. 7G and 283 

Supplemental Fig. 6), with no effect on Cav1.2 expression (Fig. 7H and Supplemental Fig. 6). 284 

Moreover, Bafilomycin A1, an inhibitor of the vacuolar H+ ATPase (v-ATPase) that inhibited 285 

acidification and protein degradation in lysosomes, partially restored the amount of α2δ2 in 286 

gabapentin-treated Th2-lymphocytes (Fig. 7G), demonstrating that gabapentin targeted α2δ2 287 

in lysosomes for its degradation.  288 

 We then examined the effect of gabapentin administration on the development of 289 

allergic airway inflammation (new Fig. 8A). Administration of gabapentin during the challenge 290 

with OVA partially reduced airway inflammation as shown by the reduction in the number of 291 
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inflammatory cells, including eosinophils in the BAL fluid (Fig. 8B), and histological 292 

examination of lung sections (Fig. 8C-D). The expression of Th2 cytokines and of mucins 5ac 293 

and 5b that are the major components of mucus in the lungs 35 was decreased in the lungs of 294 

gabapentin-treated mice (new Fig. 8E), supporting a beneficial effect of gabapentin on Th2-295 

mediated inflammation.  296 

 297 

Discussion 298 

We previously reported that knocking down Cav1.2 and Cav1.3 α1 subunits in Th2-299 

cells impaired their functions and protected against asthma 7. These subunits are voltage-300 

gated calcium ion forming pores in excitable cells. However, we and other groups showed 301 

that they are not voltage gated in lymphocytes. We then asked if auxiliary subunits as Cavβ 302 

and Cavα2δ are required for Th2-cell functions and can be beneficially targeted in acute 303 

allergic airway inflammation. Our results now show that i) knocking down Cavβ expression 304 

with CavβAS designed to target the four beta subunits reduces TCR-driven [Ca2+]i increase 305 

and Th2-cytokine production by mouse and human Th2-cells, while sparing Th1-cell 306 

responses;  ii) it is associated with the loss of Cav1.2 α1protein, which can be partially 307 

overcome by a proteasome inhibitor; iii) intranasal delivery of Cavβ AS strongly diminishes 308 

Th2-mediated immunopathology in a model of acute allergic airway inflammation; iv) the 309 

Cavα2δ1/2 inhibitor gabapentin impairs calcium signaling and reduces OVA-induced asthma.  310 

 Although Cavβ3 can regulate calcium signaling independently of α1 by limiting IP3 311 

generation in pancreatic cells 36, this is unlikely in Th2-cells because knocking down Cavβ 312 

depresses and not enhances [Ca2+]i. In addition CavβAS do not affect the calcium signal in 313 

Th1-cells that express Cavβ3 but no Cav1 α1 subunits. Moreover, our results favor a role of 314 

Cavβ related to its interaction with Cav1α1 as supported by the loss of expression of Cav1.2 315 

α1 in Th2-cells transfected with CavβAS. In Th2-cells, Cavβ prevents the degradation of   316 

Cav1.2 α1, which is consistent with findings showing that β1b or β2a may be required for 317 

Cav1.2 or Cav2.1 α1 protein expression 28, 37. Surprisingly, transfection of ventricular 318 

myocytes with the same CavβAS we used in our study resulted in Cav1 α1 sequestration 319 
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without increased cardiac Cav1.2 α1 degradation 38. This apparent discrepancy in T-320 

lymphocytes and cardiac myocytes could be related to differences in Cavβ subunit equipment 321 

and/or regulation in these cell types. Along this line, it has been shown that the absence of 322 

Cavβ4 resulted in decreased expression of Cav1.1 but not Cav1.2 α1 protein in CD4+ T-cells 323 

6. 324 

Two mechanisms have been proposed to explain how Cavβ can protect the α1 325 

subunit from degradation. First, the interaction of β2 with Cav1.2 α1 might limit the 326 

degradation of the channel in the lysosomes 39. Second, the interaction of β1 or β2 with 327 

Cav1.2 or Cav2.2 α1 prevents α1 to be addressed to and degraded by the proteasome 28, 37. 328 

The second mechanism is in agreement with our data in Th2-cells. Indeed, we show that 329 

knocking-down Cavβ diminished the total amount of endogenous Cav1.2 α1, partially restored 330 

upon proteasome inhibition in Th2-cells. Whether β subunits are also required for the export 331 

of α1 subunits to reach the cell surface is controversial 23, 28, 40. Knocking down Cavβ resulted 332 

in lower expression of Cav1.2 α1 at the cell membrane, which was partially restored by the 333 

proteasome inhibitor indicating that Cavβ were not absolutely required for the channel to exit 334 

from the ER or that the remaining Cavβ subunits were sufficient to promote the trafficking of 335 

the channel at the cell membrane. The absence of Cavβ even in the presence of proteasome 336 

inhibitor did not allow the restoration of cytokine production by Th2-cells, which could be due 337 

to the incomplete restoration of Cav1.2 α1 and/or a role of Cavβ on the function of the 338 

channel at the cell membrane.  339 

 Mouse Th2-cells express predominantly both β1 and β3 subunits as human Th2 cells 340 

do 9. It was previously reported that β1 variant preferentially interacts with Cav1.1 α1 allowing 341 

the interaction of Cav1 with ER-localized type 1 Ryanodine receptors (RyR) 41 leading to 342 

calcium depletion in the ER. It would be interesting to investigate the respective roles of 343 

Cavβ1 and Cavβ3 in Cav1.2 function. Interestingly, Cavβ can interact with G proteins, 344 

scaffolding proteins (reviewed in 42) and especially AHNAK, which might be required for 345 

plasma membrane localization of the channel as described for Cav1.1 α1 channels in T-cells 346 

43. 347 
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 We evidenced predominantly α2δ2 at the mRNA level in Th2-cells. We also detected 348 

the protein by WB with the same apparent weight as in neurons and by immunofluorescence. 349 

Nerve injury can be responsible for chronic pain due with α2δ1 overexpression in injured 350 

sensory neurons 44, 45. Gabapentin is beneficial because this drug that binds to α2δ1 and 351 

α2δ1 but not the other α2δ isoforms 34  may decrease the expression of the Cav2 channels at 352 

the cell membrane 33, 34, 46 leading to a reduction in Cav calcium currents. However, the 353 

authors did not report an effect of gabapentin on the total amount of α2δ and of Cav α1 354 

subunits. Unexpectedly, Th2-cells treated with gabapentin show reduced total amounts of 355 

α2δ2, which is restored by an inhibitor of the vacuolar H+ ATPAse. This suggests that 356 

gabapentin favors α2δ2 degradation in an acidic compartment as lysosomes. Along this line, 357 

gabapentin was shown to prevent the recycling of α2δ2 from Rab11-positive recycling 358 

endosomes to the plasma membrane 47. We show here that gabapentin neither affects the 359 

total amount of Cav1.2 protein nor its localization at the plasma membrane in Th2-cells. 360 

However the calcium response was decreased upon TCR activation suggesting that α2δ2 361 

may contribute to the function of Cav1.2 α1 as described for α2δ1 48. Altogether our results 362 

obtained with gabapentin and knockdown of Cavβ in the presence of MG132 indicate that the 363 

level of Cav1.2 α1 is not the only parameter limiting the calcium response and suggest that 364 

both auxiliary subunits are required in addition to Cav1.2 α1 for Th2 functions. 365 

 Altogether, these data stress the role of auxiliary subunits (Cavβ and α2δ) in Cav1.2 366 

channel functions in Th2-cells and show that the auxiliary subunits of Cav1 channels 367 

represent potential new therapeutic targets in allergy. Consistently, CavβAS has a marked 368 

effect on Th2 functions, airway inflammation and hyper-reactivity. CD4+ T-cells infiltrating the 369 

lungs express Cav1.2 α1 channel and this expression is diminished in mice during Cavβ AS 370 

treatment suggesting that CavβAS act in a similar way in vitro and in vivo. Chronic 371 

administration of gabapentin decreased Th2 functions and inflammation. Since CavβAS and 372 

gabapentin act by different ways to decrease Ca2+ signaling and Th2 function, it is tempting 373 

to propose a combination of drugs targeting Cavβ and Cavα2δ. In that respects gabapentin is 374 

already used for the treatment of chronic cough 49, a symptom, which is currently found in 375 
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asthmatic patients. Interestingly, peptides stapling the Cav α1 domain interacting with Cavβ 376 

subunits and shown to inhibit Cav functions have been recently described 50 and could be 377 

tested for their efficacy in allergic diseases.   378 
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Figure legends 527 

 528 
New Fig. 1: CavβAS diminish cytokine production in mouse and human Th2 but not in 529 

Th1-cells.  530 

OVA-specific DO11.10 Th2 and Th1-cells were tested for Cavβ at level transcript in A (n=4), 531 

at protein level by immunoblotting in B. Mouse DO11.10 Th2 (C), Th1 (D), human CRTH2+ 532 

(E) or Th1-cells (F) were transfected with CavβS or Cav βAS for 72h, stimulated for 24 hours 533 

with anti-CD3/C28 antibodies and cytokine production was measured. Each pair represents a 534 

separate experiment in C,D and a donor in E,F. * p<0.02; ** p< 0.01; ***p<0.005 and 535 

****p<0.001. 536 

 537 

New Fig. 2: Knocking down Cavβ subunits reduces TCR-driven [Ca]i increase in mouse 538 

and human Th2-cells without any effect on Th1-cells.  539 

Mouse DO11.10 Th2 (A-C), human CRTH2+ (D-F), mouse Th1 (new G-I) or human Th1 (J-L) 540 

cells were transfected with CavβAS or CavβS and loaded with Fura2-AM. The fluorescence 541 

ratio at 340 and 380 nm excitation wavelengths was recorded at the single cell level before 542 

and after TCR stimulation; ionomycin (iono) was added at the end of the experiment. Results 543 

(A, D, G, J) are expressed as the mean of at least 30 cells and bars represent the SEM. The 544 

area under the curve between the time of stimulation and the time where iono is added is 545 

shown in B, E, H and K. The time of response (delay between stimulation and the time 546 

showing an increase of the ratio over the mean ratio plus 1 SD recorded before stimulation) 547 

is shown in C, F, I and L. One representative experiment of 4 to 6 is shown. ****p<0.001. 548 

 549 

Fig. 3: Knocking down Cavβ subunits decreases Cav1 α1 expression in mouse and 550 

human Th2-cells.  551 

Cells were transfected with CavβS or CavβAS, for 72 hours. A) shows the amount of Cav1.2 552 

α1 transcripts in mouse D011.10 Th2-cells. B-E) show the staining with anti-CD2 (green) and 553 

anti-Cav1.2 α1 (red) monoclonal antibodies in mouse D011.10 Th2 cells (B-C) and in human 554 
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CRTH2+ (D-E). The Cav1.2 cell amount over all the Z stack sections is quantified in (C, E).  555 

One representative experiment out of three is shown. **** p <0.001. 556 

 557 

Fig. 4:  MG132 partially restores Cav1.2 α1 in Th2 cells knocked down for Cavβ without 558 

impact on Th2 cytokine production. 559 

Mouse DO11.10 Th2 cells were transfected with CavβS or CavβAS for 48 hours before 560 

addition of MG 132 (0.5 µM) or vehicle for additional 24 hours. Cells were then recovered 561 

and analyzed by immunofluorescence (A-C) or were stimulated for 24 hours with anti-562 

CD3/C28 antibodies. Cytokine production was measured by ELISA (D). Th2-cells were 563 

labeled with anti-Cavβ1 (A) anti-Cavβ3 (B) or anti-Cav1.2 α1 mAb (C). Immunofluorescence 564 

was summed over all Z sections. (A-C) Results are expressed as the mean of 50-200 cells. 565 

The bars represent the SEM. One experiment representative of 3 is shown. (D) Results are 566 

expressed as the mean of 4 experiments and the bars represent the SD. * p<0.05; **p<0.01; 567 

****p<0.001.  568 

 569 

New Fig. 5: CavβAS administration strongly diminishes allergic airway inflammation. 570 

A) BALB/c mice were immunized with OVA in alum and were challenged 15 days later with 571 

intranasal OVA only or OVA plus scrambled Cavβ (CavβS) or OVA plus Cavβ antisense (Cavβ 572 

AS) every day for 5 days. B) Number of cells in the broncho-alveolar lavage fluid (BAL).  C) 573 

H&E sections from the mice were scored on a 0 to 12 scale. D) Serum IgE concentration was 574 

measured at the time of sacrifice. E) Mediastinal lymph nodes were collected and cell 575 

suspensions were recalled for 72 hours with OVA and cytokine production was measured by 576 

ELISA. Results in B-E are the mean of 5 mice and are representative of 2 independent 577 

experiments. * p<0.05; **p<0.01; ****p<0.001.  578 

 579 

 580 

 581 
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New Fig. 6: Th2-cells transfected with CavβAS have impaired ability to induce type 2-582 

airway inflammation. 583 

A) Th2-cells transfected with CavβS (Th2 Sβ) or CavβAS (Th2 ASβ) were injected into 584 

BALB/c mice given intranasal OVA. B) Lung-infiltrating cells were purified and analyzed by 585 

flow cytometry to enumerate CD3+ and CD3+KJ1.26+ cells. C) Inflammatory cells were 586 

enumerated in the BAL fluid. D) Lung sections were scored for inflammation. E) Serum IgE 587 

concentration was measured at the time of sacrifice. F) Lung draining lymph node cells were 588 

recalled with OVA for determination of cytokine production.  Each group comprised five mice. 589 

*p< 0.05; **p<0.01; ***p<0.005. 590 

 591 

Fig. 7: Gabapentin, an inhibitor of Cavα2δ auxiliary subunits reduces calcium signaling 592 

and cytokine production by mouse Th2-cells.  593 

A) Mouse DO11.10 Th2 cells were analyzed for the expression of α2δ transcripts (n=4). B) 594 

Th2 and brain (positive control) lysates were blotted and stained with anti-α2δ2 antibodies. 595 

Th2-cells were pre-incubated with gabapentin (1mM) for 72 hours (C-H). C-E) Cells were 596 

then loaded with the calcium probe Fura2-AM and the fluorescence ratio at 340 and 380 nm 597 

excitation wavelengths was recorded at the single cell level. Results are expressed as the 598 

mean of at least 50 cells and bars represent the SEM. D and E show respectively the area 599 

under the curve and the time of response for each cell defined as in Fig.3. Data are 600 

representative of 3 experiments. F) Th2-cells were stimulated in the presence or not of 601 

gabapentin for additional 24 hours with anti-CD3/anti-CD28 antibodies. The cytokine content 602 

was then measured. G-H) Th2-cells were incubated or not with bafilomycin (0.5 µM) the last 603 

24 hours. Cells were stained with anti-α2δ2 (G) or anti-Cav1.2 α1 (H) Ab. 604 

Immunofluorescence was summed all over the Z stack sections. One representative 605 

experiment out of 2 is shown. **p<0.01; *** p<0.005 and ****p<0.001. 606 

 607 

New Fig. 8: Gabapentin, an inhibitor of Cavα2δ subunits decreases type 2 airway 608 

inflammation.  609 
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A) BALB/c mice were immunized with OVA in alum and then challenged with intranasal OVA 610 

for 5 days. Gabapentin was or not given in drinking water for the last 5 days. The next day 611 

mice were killed and the broncho-alveolar lavage fluid was collected and analyzed for the 612 

inflammatory cell content (B). C) H&E histological sections were scored on a 0-12 scale. D) 613 

exemplifies lung inflammation in control (nt) and gabapentin given mice (gaba). E) The 614 

expression of il4, il5, il13, Muc5ac and Muc5b was quantified in lungs by qPCR and 615 

normalized to housekeeping gene expression. Each experiment includes 6 to 7 mice per 616 

group. One representative experiment of 2 is shown.  * p<0.05; **p<0.01; *** p<0.001.  617 

 618 
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Supplemental methods 1 

 2 

Oligonucleotide sequences 3 

The sequences CavβS: 5’-gaagtaggtcttggtggtgg-3’ and CavβAS: 5’-4 

accagccttccgatccaccagtcatt-3’ (Eurogentec, Angers France) were chosen from 20. CavβAS 5 

have 92% complementarity to mouse or human β1 and β3 mRNA. 6 

 7 

Model of acute airway allergic inflammation 8 

The BALF was collected and the content in inflammatory cells was determined as previously 9 

6. Lung tissue was fixed in 10% buffered formalin for 24 h and then placed in ethanol 70% 10 

before embedding in paraffin. Sections (4 µm) were stained with hematoxylin an eosin. 11 

Histological disease scores from 0 to 3 were attributed based on the severity of peribronchial, 12 

perivascular and interstitial immune cell infiltration, and thickening of peri-bronchial 13 

epithelium, resulting in a maximum score of 12. Lung draining lymph nodes were harvested 14 

and 2x105 cells were stimulated with OVA (100µg/ml) for 3 days. Cytokine concentrations  15 

were measured in the supernatants by ELISA. In some experiments, CD4+ T cells were 16 

purified from the lungs, stained with anti-Cav1.2 antibodies and analyzed by confocal 17 

microscopy.  18 

 19 

Airway Hyperresponsiveness 20 

Anesthetized and ventilated mice were connected via an endotracheal cannula to a whole 21 

body plethysmography for ventilated subject system (Emka Technologies, Paris, France). 22 

After initiating mechanical ventilation, the mouse was paralyzed with an intraperitoneal 23 

injection of 0.1 ml of a 10 mg /ml solution of rocuronium bromide. The animal was ventilated 24 

at a respiratory rate of 150 breaths/min and a tidal volume of 10 ml/kg against a positive end 25 

expiratory pressure of 3cm H2O. Then mice were exposed to increasing doses of 26 

methacholine aerosol generated through a nebulizer containing 0 to 20 mg /ml methacholine 27 

in PBS. Dynamic lung resistance was measured using iox software (Emka). 28 
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Cell culture  29 

Cells were cultured in complete medium (RPMI 1640 supplemented with 10% FCS (Lonza, 30 

Allendale, NJ), 1% pyruvate, 1% nonessential amino acids, 2 mM glutamine, 100 U/mL 31 

penicillin, 100 µg/mL streptomycin, and 50 µM β-mercaptoethanol. 32 

 33 

Single cell calcium imaging  34 

Cells were loaded with Fura-2AM as previously described 6, 8 in culture medium containing 35 

5% heat-inactivated FBS for 30 min at 37°C. Cells w ere then washed, plated and excited in 36 

10 second intervals using 340 and 380 nm excitation filters. Emission was recorded using 37 

510/540 nm band pass filters by a CCD camera before and after stimulation with biotinylated 38 

anti-CD3 cross-linked with streptavidin or anti-CD3/CD28 coated beads (1 bead per cell), for 39 

mouse or human T cells respectively. Fluorescence ratio images at 340 and 380 nm 40 

wavelengths were then calculated using the Metafluor software. The curve represents the 41 

mean of fluorescence ratio of 40-60 cells + SEM. Each experiment was repeated three or 42 

four times. For each cell, we calculated the area under the curve between TCR stimulation 43 

and ionomycin application with the Graphpad Prism software. The time of response was 44 

defined as the delay for which the fluorescence ratio becomes superior to the mean basal 45 

value  + 1 SD. 46 

 47 

Confocal microscopy 48 

Cells were seeded onto glass slides coated with poly-L-lysine (Sigma-Aldrich) and were then 49 

fixated with 4% paraformaldehyde. Staining was performed with anti-CD2 rat IgG antibody 50 

(Abcam), anti-α2δ2 rabbit antibody (Alomone Labs) and revealed with the appropriate 51 

secondary antibodies (Molecular Probes). Cells were then permeabilized with PBS 52 

containing 0.1% saponine and 0.5% bovine serum albumin. Cav channel subunit staining 53 

was performed using anti-Cav1.2 mouse IgG2b (NeuroMab), anti-Cavβ1 (Alomone) or anti-54 

Cavβ3 rabbit IgG (Santa Cruz Lab) overnight and revealed with the appropriate secondary 55 

antibodies (Molecular Probes). Slides were analyzed using a LSM 710 confocal microscope 56 
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(Zeiss). Staining with control isotypes was constantly negative. The total fluorescence 57 

intensity of each cell was determined on the sum of over all Z sections with ImageJ software. 58 

For membrane Cav1.2 staining, a surface of the membrane was created using CD2 staining 59 

and this surface was duplicated on Cav1.2 staining in order to measure the intensity of the 60 

Cav1.2 at the membrane using Imaris 8.4.1 (Bitplane) module called Surface. Each 61 

measurement was done for each cell individually. 62 

 63 

Real-time quantitative PCR 64 

Th1 and Th2 cells were lysed and RNA extracted using the RNeasy Mini Kit (Qiagen). 65 

Reverse transcription was performed with the SuperScript III Reverse Transcriptase 66 

(Invitrogen). The transcripts were measured by real-time quantitative PCR using a 67 

LightCycler 480 Instrument (Roche) and the LightCycler® 480 SYBR Green I Master  68 

(Roche). We used the following primers: Cavβ1: 5’-gcagagcgccaggcctta-3' and 5’-69 

tgatggccactccctgtaca-3'; Cavβ2: 5’-cgaacagagagccaagcaa-3' and 5’-gggcactatgtcacccaaa-3'; 70 

Cavβ3: 5’-tgtggcatttgctgtgagga-3' and 5’-ccgatccaccagtcattgc-3'; Cavβ4: 5’-71 

gagcgagaacagcaagcag-3' and 5’-tcaaaggagatggctgtgc-3'; Cavα2δ1: 3’ acgccaactggttgaaattg 72 

5’ and 3’ cttgcaaaatcttccctcca 5’; Cavα2δ2: 3’ atttccagaaagcccatcg 5’and 3’ 73 

gtcttggatcccctctcca 5’; Cavα2δ3: 3’ cattttggtggacgtcagtg 5’ and 3’ ttccgttcagacaaggttcc 5’; 74 

Cavα2δ4: 3’ ggaaagtcgaggctgttgag 5’ and 3’ ctccacgtagttgcccttgt 5’; HPRT (hypoxanthine-75 

guanine phosphoribosyltransferase): 5’-ctggtgaaaaggacctctcg-3' and 5’-76 

tgaagtactcattatagtcaagggca-3'. The primers for il4, il5, il13, Muc5ac and Muc5b are 77 

purchased from Qiagen. Quantification of target gene expression was calculated by 78 

normalizing the values relative to the expression of the housekeeping gene HPRT. The 79 

amounts of mRNA were expressed as arbitrary units relative to HPRT (2-(Ct interest gene - Ct HPRT)) 80 

x 10-3.  81 

 82 

Immunoblotting 83 
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Th2 lymphocytes or brain cells were lysed in RIPA buffer containing protease inhibitors 84 

(Roche). The lysates (30 µg/ lane for T-cell extracts and 10 µg/ lane for brain lysate) were 85 

submitted to 10% SDS electrophoresis, transferred to Hybond-C Extra nitrocellulose 86 

membranes (Amersham) and then blotted with anti-Cavβ1 (Alomone Labs), anti-Cavβ3 87 

(Santa Cruz Biotechnology) or anti-α2δ2 (Alomone labs) primary antibodies. We then stained 88 

blots with horseradish peroxidase coupled secondary antibodies (Cell Signaling Technology), 89 

before detection and visualization with the ECL Prime (Amersham) using a ChemiDoc XRS 90 

System (Bio-Rad). The specificity of anti-Cavβ1 and β3 antibodies was verified on HEKs 91 

transfected with the corresponding plasmids by western blotting. 92 

 93 

ELISA 94 

Supernatants or serums were incubated into 96 wells plates coated with anti-IL-4, anti-IL-5, 95 

anti-IL-13 (eBioscience), anti-IFNγ or anti-IgE (Serotec). Bound cytokines and IgE were then 96 

labeled with biotinylated anti-IL-4 (eBioscience), anti-IL-5 (eBioscience), anti-IL-13 97 

(eBioscience), anti-IFNγ (eBioscience), or anti-IgE (BD Pharmingen). Biotinylated antibodies 98 

were revealed by incubation with alkaline phosphatase-conjugated streptavidin (Jackson 99 

ImmunoResearch) and subsequent adding of the alkaline phosphatase substrate pNPP 100 

disodium salt hexahydrate (Sigma-Aldrich). Absorbance was measured at 405-650 nm using 101 

an EMax Microplate Reader (Molecular Devices). Cytokines and immunoglobulins 102 

concentrations were calculated from standard curves generated by titration of recombinant 103 

mouse cytokines and purified IgE. Human cytokine ELISA were done as previously 104 

described in 8. 105 

 106 

Supplemental Figure legends  107 

 108 

New Supplemental Fig. 1: CavβAS target Cavβ1 and Cavβ3 subunits in mouse and 109 

human Th2-cells. OVA-specific DO11.10 Th2 and Th1-cells were stained with anti-Cavβ1 110 

and anti-Cavβ3 antibodies as exemplified in A). The expression of Cavβ per cell was shown 111 
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in B. One experiment out of 3 was depicted and each point represented one cell. C) Cell 112 

lysates were prepared from mouse Th2-cells transfected with CavβS or CavβAS after 3 days 113 

of transfection. One representative blot was shown. D) Protein bands were quantified using 114 

Image Lab. The ratio between the protein of interest and β-actin was calculated. The results 115 

were expressed as the relative protein level to CavβS and shown as separate paired 116 

experiments. E-F) Th2-cells transfected with CavβS or CavβAS were stained with anti-Cavβ1 117 

and anti-Cavβ3 antibodies. The expression of Cavβ per cell was shown in F. One experiment 118 

out of 3 was depicted and each point represented one cell. G) CRTH2+ cells transfected with 119 

CavβS or CavβAS were analyzed for Cavβ1 and Cavβ3 transcript expression. Results were 120 

shown as separate paired experiments. **p<0.01; ***p<0.005  and ****p<0.0001.  121 

 122 

Supplemental Fig. 2: The proteasome inhibitor MG132 partially restores total Cav1.2 α1 123 

level and its expression at the cell membrane. A) Mouse DO11.10 Th2-cells were 124 

transfected with control (Cavβ S) or antisense Cavβ AS oligonucleotides for 48 hours before 125 

addition of MG 132 (0.5 µM) or vehicle for additional 24h. Cells were then recovered and 126 

labeled with anti-Cav1.2 α1 mAb. The dotted lines indicate the cells. B) Th2-cells treated as 127 

in A were labeled with both anti-CD2 and anti-Cav1.2 α1 mAbs and the co-localization 128 

determined with the Imaris software is shown. Results are expressed as the mean of at least 129 

50 cells and bars represent the SEM.   130 

 131 

New Supplemental Fig. 3: CavβAS alleviate type 2 airway inflammation. A) BALB/c mice 132 

were immunized with OVA in alum and were challenged 15 days later with intranasal OVA 133 

only (control) or OVA plus CavβS or OVA plus CavβAS every day for 5 days. Representative 134 

H&E sections were shown and the arrows indicated the inflammatory infiltrates. B-D) CD4+ 135 

T-cells were purified from lung and stained with anti-Cav1.2 α1 mAb. Optical sections were 136 

shown in B. Quantification was done by collecting data from all the Z stack sections of each 137 

cell. Exemples were given in C where each point corresponds to one cell from one 138 

representative CavβS or CavβAS-treated mouse. D) summarized results obtained from 139 
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different mice. Each bar represents the mean plus 1SD of at least 30 cells from one mouse. * 140 

p<0.05; ****p<0.001. E) showed representative H&E lung sections from mice injected with 141 

Th2-cells transfected with CavβS or CavβAS and given intranasal OVA.  142 

 143 

 144 

New Supplemental Fig. 4: CavβAS decreased airway hyper reactivity in a mouse model 145 

of allergic airway inflammation.  146 

BALB/c mice were immunized with OVA in alum (OVA) or with PBS (ctl) and were 147 

challenged 15 days later with intranasal OVA only or OVA plus scrambled Cavβ (CavβS) or 148 

OVA plus Cavβ antisense (CavβAS) every day for 5 days. Dynamic lung resistance was 149 

measured using iox software (Emka). All data are expressed as the mean + SEM of 10 mice 150 

per group. **p<0.01 151 

 152 

Supplemental Fig. 5: Functions of Th1-cells are not affected by gabapentin treatment. 153 

Th1-cells were pre-incubated with gabapentin (1mM) for 72 hours before loading with the 154 

calcium probe Fura2-AM (A-C) or stimulated in the presence or not of gabapentin for 155 

additional 24 hours with anti-CD3/anti-CD28 antibodies (D). A) The fluorescence ratio at 340 156 

and 380 nm excitation wavelengths was recorded at the single cell level before and after 157 

TCR stimulation. Results were expressed as the mean of at least 50 cells and bars 158 

represented the SEM. B and C showed respectively the area under the curve and the time of 159 

response for each cell, defined as in Fig. 3. Data were representative of 2 experiments. D) 160 

The cytokine content was measured. 161 

 162 

Supplemental Fig. 6: Gabapentin reduces the protein level of the α2δ2 auxiliary 163 

subunit in Th2-cells. 164 

Th2-cells were incubated with gabapentin (1mM) for 96 hours and with or not bafilomycin 165 

(0.5 µM) the last 24 hours. Cells were stained with anti-α2δ2 or anti-Cav1.2 α1 Ab. 166 
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Immunofluorescence was summed all over the Z stack sections. One representative 167 

experiment out of 2 was shown. A white line surrounds each cell.  168 

 169 
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