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ABSTRACT

Background. Leucine-rich repeat containing 8A (LRRCB8A) is a ubiquitously expressed
transmembrane protein with 17 LRRs at its C-termémal, and is an essential component of the
volume regulated anion channel (VRAC) which controdlular volume. A heterozygous
mutation in LRRCS8A that truncates the two termin&®Rs was reported in a patient with
agammaglobulinemia and absent B cells, and was denated to exert a dominant negative
effect on T and B cell development in midarc8a’ mice have severely defective T cell
development and function. It is not known whether Thand B cell defects caused by LRRC8A
deficiency are caused by loss of VRAC activity.

Objective. To determine whether VRAC activity is required for normal T cell
development and function.

Methods. VRAC activity was examined by patch clamp analysis. Flow cytometry was
used to examine T cell development. T cell prolifera cytokine secretion and antibody titers
were measured by standard techniques

Results. We demonstrate that the spontaneous mouse miéhiantiffé (ebo/eboharbors
a homozygous 2 bp frameshift mutationLimc8a that truncates the fifteen terminal LRRs of
LRRC8A. The LRRCB8A™ mutation does not impact protein expression but drastically
diminishes VRAC activity in T cellsebo/ebomice share features withrrc8a’ mice that
include curly hair, infertility, reduced longevityé kidney abnormalities. However, in contrast
to Lrrc8a’ mice,ebo/ebamice have normal T cell development and function and intact antibody
response to T-dependent antigen.

Conclusion. LRRC8A-dependent VRAC activity is dispensable for T cell development

and function.
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Key messages:

LRRCB8A is an essential component of the VRAC, whietulates cellular volume, and
is important for T cell development and function.

ébouriffé (ebo/ebanutant mice harbor a homozygous mutation that truncates the fifteen
terminal LRRs of LRRCB8A and severely impairs VRAQty but spares T cell development
and function.

LRRC8A-dependent VRAC activity is dispensable far€ll development and function.

Capsule Summary: The role that LRRC8A plays in T cell development is independent of its

role in regulating cellular volume.

Keywords:

LRRC8A, VRAC, thymocyte development

Abbreviations:

LRR: leucine rich repeat

VRAC: volume-regulated anion channel
eba ébouriffé

mMTEC: medullary thymic epithelial cell
CTEC: cortical thymic epithelial cell

CMJ: corticomedullary junction
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INTRODUCTION

LRRC8Aencodes a ubiquitously expressed 810 amino acid cell surface protein that spans

the plasma membrane four times and contains 17neuah repeats (LRRS) in its C-terminal
domain (1, 2). LRRCB8A has at least two biologic tims: it is critical for T cell development
(3) and also is an essential component of the voltagelated anion channel (VRAC), important
for preserving constant cell volume in response smatic stress (4, 5). VRAC has been
implicated in a wide range of biologic processesluiding proliferation and cell survival (6). T
cells were among the first cell types in which VRA@s identified (7) though it is unknown
whether the VRAC activity of LRRCB8A is necessary Tocell development and survival.
LRRC8A was first identified through studies of a mide patient with
agammaglobulinemia and absent circulating B cell® was found to have a heterozygous
mutation in LRRC8A. This mutation resulted in thgmeession of a mutant protein, designated
LRRC8AY*3 in which the C-terminal two and a half terminal LRRs were replaced by 35
novel aa encoded by intronic nucleotides (1). Thaler and function of T cells in this patient
were not reported. Irradiated wild type mice recioatstd with syngeneic CD34ells transduced
with the LRRC8A mutant had impaired T and B cell @lepment (1). We subsequently
demonstrated thatrrc8a” mice had a striking phenotype characterized by significantly
increased prenatal mortality, markedly reduced laitge growth retardation, abnormal hair,
sterility and kidney abnormalities (3). ImportantyRRC8A deficiency resulted in a severe
block in early thymocyte differentiation and incredsthymocyte apoptosis, resulting in
markedly reduced thymic cellularity and severely aingd peripheral T cell proliferation in
response to TCR ligation ()rrc8a’->Rag2” bone marrow chimeras recapitulated the defects

in thymocyte development and peripheral T cell florgtdemonstrating that the T cell defect in
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Lrrc8a’™ mice is cell autonomous. Ligation of LRRC8A activates AKT, a kinase important for
thymocyte survival, proliferation, and metabolisnyrough a LCK-ZAP-70-GAB2-PI3K
pathway (3, 8). AKT phosphorylation was markedlyueet! in the thymus dfrrc8a’ mice (3).
These findings established a critical role for LRRGB T cell development.

VRAC is activated by conditions of low intracellulanic strength, thereby permitting an
efflux of anions that normalizes the osmotic gratiand restores cell volume (9, 10).
Knockdown of LRRCB8A virtually abolishes VRAC actiyiin multiple cell types, including
human T lymphocytes (4, 5) demonstrating that LRRC&Kko known as SWELLL, is a
necessary component of VRAC. Recent studies edtellishat the pore-forming subunits of
VRAC are composed of hexamers of LRRC8A and up tar ioRRC8 family homologs
(LRRCB8B-E) (10). Since studies demonstrating the \ZRativity of LRRC8A were performed
in transfected cell lines, the contribution of LRRC8riven VRAC activity to physiologic
processes remains undetermined.

We report here that the spontaneous mouse mugigignatedbouriffé(ebg is caused
by a 2 bp deletion inrkc8a that result$n truncation of the 15 C-terminal LRRs of LRRC8A and
a dramatic reduction of VRAC activity in T cells.kei Lrrc8a’ mice, ebo/ebomice have
reduced survival, abnormal hair, infertility, andnatmal renal tubular morphology (3). In
contrast toLrrc8a’” mice, ebo/ebomice have intact T cell development and function. Thus, the
critical role LRRCB8A plays in T cell development afuhction is independent of its VRAC

activity.
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METHODS

Mice. FVB/N.Cg-ebo (N10) congenic mice (11),rrc8a’ mice (3), CD4 CreLrrc8a”
mice, and their WT littermates were kept in micrtasar cages under specific-pathogen free
conditions. Theebo mutant allele was backcrossed into FVB/N background for 10 generations
(partially by marker-assisted backcrossing). Allgaaures were performed within the guidelines
of the Animal Care and Use Committee of Boston Gailds Hospital.

Semi-quantitative RT-PCR. Total RNA was prepared from splenocytes of WT and
ebo/ebamice using the RNeasy kit (Qiagen). cDNA synthesis and amplification were performed
from total RNA using the Superscript Ill One Step-RTR System with Platinum Taq DNA
polymerase. Primers used for Lrrc8a were: forward primer 5-
TCACAGCCAATAGGATTGAAGC-3' (spans exon 3 and exon 4jeverse primer 5'-
CCTAGCCCAGTGCCAATAAG-3’ (exon 4). Primers fdiBSwere used as a control: forward
primer 5-CGGCTACCACATCCAAGGAA-3, reverse primer ®BCTGGAATTACCGC
GGCT-3..

Preparation of cells and flow cytometry. Single-cell suspensions from thymi and
spleens of 3—11 week-old mice were prepared by mlisig tissue and passing though aum
cell strainer (Falcon). Cells were stained with agipgropriate fluorochrome-labeled monoclonal
antibodies and analyzed on a LSRFortessa (BD). Adi#s were purchased from eBioscience
unless otherwise indicated. Splenocyte and thymasybsets were defined using fluorescently
labeled antibodies against CD3 (clonel45-2C11), @Gilghe RM4-4) CD8 (clone 53-6.7) and
B220 (clone RA3-6B2). To distinguish thymocyte progers, lineage-negative cells were
identified by excluding cells stained with singledtochrome-labeled cocktail of PE-labeled

CD19 (BD, clone 1D3), CD3 (clone 145-2C11), CD4 (e€loGK1.5), CD8 (clone 53-6.7),
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CD11b (clone M1/70), CD11c (clone N418), Ly6 (clone HK1.4), NK1.1 (clone PK136),y6CR
(BD, clone GL3) and Ter-119 (clone Ter119). Cellsevsubsequently stained with fluorescent-
labeled monoclonal antibodies to CD44 (clone IM47) £D25 (Biolegend, clone PC61).

Immunablotting and flow cytometry analysis of LRRC8A expression. A polyclonal

antibody (C18) was raised in rabbits against andl8emuence (aa 791-808) at the C-terminus of
LRRCB8A and affinity purified as previously describ@]. Cell lysates were immunoblotted using
C18 or anti-actin (clone ACTNO5 (C4), Abcam) folladvey HRP-conjugated goat anti—rabbit
antibody or goat anti-mouse antibody conjugatedasdradish peroxidase—HRP. Intracellular
flow cytometry staining was done as per the instoast provided with the Cytoperm/Cytofix cell
permeabilization and staining kit (BD). Cells wetaised with a rabbit antibody against the aa
sequence 87-104 in the N-terminus of LRCC8A (antRO8Ag7.109 prior to detection with
FITC-labeled anti-rabbit Ab (BD).

Electrophysiology. Splenic T cells were purified by negative selection (Miltenyi
Biotech). Peritoneal macrophages were obtainedesidopeal lavage with ice cold PBS. T cells
and macrophages were cultured for 2 days. Curraoésrwere acquired following initiation of
220 mOsm saline perfusion, normalized to membramaatance. Whole-cell patch clamp
recordings were performed using an Axopatch 200Blifierp Digidata 1320A analog-to-digital
converter, and pClamp 9.2 software (Molecular Des)icBigital acquisition was performed at a
10 kHz sampling frequency; voltage-clamped data Maspass filtered at 1 kHz. Whole-cell
patch clamp was performed using thick-walled, bdicze glass micropipettes pulled to a
pipette resistance of 3-4 M Series resistance was compensated to 80%. Cekshedd at -70
mV with voltage ramps from -100 mV to +100 mV ov@&04ms at 5 s intervals. Currents were

measured at -80 mV and +80 mV to plot time courgefage-steps were from -70 mV to +140
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mV at +10 mV intervals; step duration, 40 ms. Voltage-steps were recorded at 5 minutes after
shift to hypotonic solution for T cells, and 12 ntes for macrophages. All recordings were
performed at ~ 22°C. Internal pipette solution 120 r@8ASP, 10 mM C8APTA, 4 mM
MgATP, 2 mM MgC}, 8 mM NaCl, and 10 mM HEPES (pH 7.2 with CsOH). External bath
solution (220 mOsm): 95 mM NaCl, 2 mM CaCl mM MgCh, 5 mM CsCl, 10 mM HEPES,
and 10 mM Glucose (pH 7.4 with NaOH), with 100 mMmmi¢ol added to yield 320 mOsm
solutions.

Histopathology. Thymic morphology and expression of specific markers was assayed by
both routine H&E staining and immunohistochemistsing 2 um thick formalin fixed paraffin
embedded thymic sections as described previously (3)

In vitro proliferation and activation of splenic T cells. Purified splenic T cells were
labeled with CellTrace Violet (Life Technologies)j@rto culture in medium alone or in wells
with plate-bound anti-CD3 mAb (clone KT3; Abcam) vibr without anti-CD28 mAb (clone
L293; BD) or 40 ng/ml IL-2 (PeproTech). PMA (SigmédAch) was used at 50 ng/ml, and
ionomycin (Sigma-Aldrich) at 0.5 pM. Harvested cellsre labeled with anti-CD4-PE (clone
RM4-4, eBioscience) and proliferation was assessedilation of CellTrace violet by flow
cytometry using an LSRFortessa (BD). Concentratain&-2 and IFNy in supernatants were
measured by ELISA (Ready-Set-Go, eBioscience)

Immunization and assessment of T cell and B cell responses. Two month-old mice
were immunized i.p. with 1@ug of TNP-KLH (Biosearch Technologies) and Imject wlu
(Thermo Fisher Scientific). Mice were subsequentipdied on day 14 with 259 of TNP-
KLH and Imject Alum. They were bled on day 0 and @ayprior to sacrifice. Splenocytes were

labeled with CellTrace Violet (Life Technologies)dacultured at a concentration of 3xklls
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in the presence of media alone, or KLH at the indicated concentration. On day 3, supernatants
were harvested and IL-2 and IRNwere measured by ELISA (Ready-Set-Go, eBioscience).
Levels of antigen-specific antibody responses fremurs obtained on day 0 and day 21 were
analyzed by TNP-specific ELISA using 96-well platesated with TNP-conjugated BSA
(Biosearch Technologies) at 1@/ml in PBS. Plates were coated with TNP:BSA conjedat
a molar ratio of 2:1 to detect high-affinity antilyoand TNP:BSA with a molar ratio of 32:1 to
detect low-affinity antibody. Sera were diluted 1030:1000, 1:3000, 1:9000, 1:27,000 and
1:81,000. KLH-specific antibodies were detected vatid 1gG-AP. PNPP substrate (Sigma)
was added and OD 405 was determined using a Miceopader (Molecular Devices).

Statistical analysis. Statistical analysis of the data using the Student’'sttest was

performed with Prism software (GraphPad Software)Inc
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RESULTS

ebo/ebo mice have a homozygous frameshift mutation in Lrrc8a and share
phenotypic features with Lrrc8a” mice. The ebo autosomal recessive mutation arose
spontaneously in a substrain of BALB/c (11). Posgiocloning localized the mutation to a
region in mouse chromosome 2 (between D2Mitl53 arZMi®4, 29.27-31.20 Mb)
homologous with human chromosome 9934, which indud@RC8A. Next-generation DNA
sequencing of this interval revealed a homozygohp 8eletion in exon 3 dfrrc8a in ebo/ebo
mice (Fig. 1A). No other mutations were detectede €bo frameshift mutation inLrrc8a
(c.1325_1326delTA:p.F443*) is predicted to result an truncated LRRC8A4, protein
(LRRC8A™ that lacks the fifteen terminal LRRs (LRR3-LRR17), but retains all four
transmembrane (TM) domains and the first two LRRE:FER analysis of splenocytes revealed
thatLrrc8a mRNA expression levels were comparablel/ebomice and WT littermates (Fig.
1B), indicating that thel® mutation does not altérrc8a mRNA stability.

We next examined the effect of the mutation on tkgression of the LRRC8A mutant
protein. As expected, immunoblotting using an amtjpoaised against a sequence at the C-
terminal end of LRRC8A (anti-LRRC8#y.s09 revealed robust expression of LRRC8A in WT
splenocytes, but no detectable expression of LRRiG&#%lls fromebo/ebamice (Fig. 1C). The
N-terminal region of LRRC8A shows a high degree omblogy with other LRRC8 family
members (LRRC8B, LRRC8C, LRRC8D, and LRRCS8E). The tawvailable commercial
antibodies against the N-terminus of LRRC8A, antRGE8A; 50(Sigma) and anti-LRRC8#. 100
(Bethyl) showed no selectivity for LRRC8A, as thégised T cells from WT antrrc8a’ mice
equally well (data not shown). Subsequently, weedhs rabbit antibody against the aa sequence

87-104 located between TM1 and TM2 in the N-termiousRCCB8A, as this sequence showed
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the least homology with the corresponding aa sequences in other LRRC8 family members among
regions with suitable antigenicity (Fig. 1D). Nevatess, this homology ranged from 22% for
LRRCS8E to 39% for LRRCS8B. Intracellular staining lwenti-LRRC8Ay.104 antibody yielded a
significantly lower MFI in T cells fronkrrc8a’ mice compared to WT controls (474.9+10.73 vs
631.2+28.3, n=6, p<0.001, Fig. 1E left panel). Tihisomplete loss of signal in LRRC8A KO
cells is likely due to cross-reactivity with otheRRC8 family members. In contrast, there was
no significant shift in the MFI of T cells frordbo/ebomice and WT controls (318.7+42.1 vs
330.1+79.2, n=5 p=0.89), Fig. 1E right panel). Theseilts suggest that the LRRCBAmutant

is expressed in T cells froebo/ebomice. Taken together, these results indicate thatltioe
mutation leads to deletion of the C-terminus of LRBRC but does not appear to affect the
expression level of the truncated protein.

As previously reported (11gbo/ebomice have wavy hair and curled vibrissae, features
also shared birrc8a’ mice (Fig. 2A) (3). The frequency of liebo/ebopups among 124 pups
obtained from matings of/ebo heterozygotes was 22%, close to the expected Mendelian
frequency of 25%. This is in contrast to the 5.5&gérency of liveLrrc8a’ pups obtained from
matingLrcc8a”™ heterozygotes (3pbo/ebomice were sterile, likerrc8a” mice. In contrast to
Lrrc8a’”™ mice which have severe growth impairment (3), the weighteld/ebomice was
comparable to that of WT littermates (Fig. 2B). Neheless,ebo/ebomice had significantly
decreased survival compared to WT littermates, witly 60% reaching the age of 100 days (Fig.
2C). This survival is significantly longer than thutLrrc8a’ mice, all of which die by 100 days
of age (3). Histologic examination of organs frelbo/ebomice revealed hepatocellular swelling
in the liver, atrophy of the secretory convoluteatdun the submandibular gland, and tubular

degeneration in the kidneys, which is also obseiwedrc8a’ mice (Fig. 2D) (3). The histology

11
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of the skin and gonads &bo/ebomice was also similar to that bfrc8a’ mice (3), and will be
detailed in a separate publicatiogbo/ebo mice, unlike Lrrc8a’” mice, had normal striated
muscle histology (data not shown). Heterozygelebomice, like heterozygousrcc8a™ mice,
appear phenotypically identical to WT littermatesg(F2A). The phenotypic characteristics
shared by thebo/eboandLrrc8a’ mice provide strong evidence that the 2 bp deletion in Lrrc8a
is causative of thebo/ebophenotype.

The ebo mutation severely impairs VRAC activity in T cells. VRAC activity was
measured using whole-cell voltage clamp recordinfscells subjected to 220 mOsm
hypoosmotic stress using the solution scheme odtlineFig 3A. Voltage step analysis of
currents in splenic T cells from C57BL/6 and FVB/Ncenshowed delayed activation, outward
rectification, and desensitization during strongalapzation, features characteristic of VRAC
(Fig. 3B, left panel). Currents were severely disied inebo/eboT cells (Fig. 3B, right panel).
Current density (current normalized to capacitancactount for differences in cell size), which
is representative of VRAC activity in response tpdysmotic stress, was readily detectable in T
cells from C57BL/6 and FVB/N mice with no signifidatifference between the two strains (Fig
3C). In contrast, current density was drasticaliyidished in T cells from bothrrc8a’ mice
(C57BL/6 background), anebo/ebomice (FVB/N background), demonstrating that full-length
LRRCB8A, including the fifteen terminal LRRs, is estal for normal VRAC activity in T cells
(Fig. 3C). The virtually absent current densityLimc8a’” T cells is consistent with the critical
role of LRRC8A in VRAC activity (4, 5). Importantlythere was no significant difference
betweenLrrc8a” andebo/ebomice in the residual current density measured at -80 mV, which
closely approximates the -70 mV resting membranergi@ under physiologic conditions.

When analyzed at +80 mV, the residual VRAC activitys slightly higher irebo/eboT cells

12



256 than inLrrc8a” T cells, suggesting that LRRC8R may contribute to the residual VRAC
257  activity induced under such non-physiologic condisian T cells.

258 Peritoneal macrophages frobmrc8a” and ebo/ebomice also had drastically reduced
259  VRAC activity, indicating that thebo mutation impacts VRAC activity in cell types other than
260 T cells (Fig. 3D, E). There was no significant difiece in residual VRAC activity between
261  ebo/eboandLrrc8a’ macrophages at -80 mV or +80 mV. T cells and peritoneal macrophages
262  from +/eboheterozygous mice exhibited normal VRAC activity with kinetics comparable to that
263  of WT cells (data not shown).

264 Normal T cell development and function in ebo/ebo mice. Lrrc8a’™ mice exhibit a
265 severe cell-intrinsic defect in thymocyte developtnesith a ten-fold reduction in thymic
266 cellularity, a block in thymocyte development at tdeuble negative 2 (DN2) stage and
267 decreased p-AKT content (3). Thymi frorarre8a’ mice exhibit effacement of the
268  corticomedullary junction (CMJ), numerous pyknotigckei, abnormal distribution of cortical
269 thymic epithelial cells (¢cTEC) and medullary thynepithelial cells (nTEC) (3). We therefore
270 examined T cell development igbo/ebo mice to determine whether this was affected by
271 dramatically reduced VRAC activity. Thymic size acellularity were comparable iebo/ebo
272  mice and WT littermates (Fig. 4A, B). Furthermotgjmi from ebo/ebamice had a normal CMJ
273  with no increase in the numbers of pyknotic nucleig( 4C) and normal numbers and
274  distribution of TdT immature thymocytes, and CDsaturing thymocytes (Supplementary Fig.
275 1). The thymi ofebo/ebomice had normal numbers and distribution of cytokeratioT&Cs and
276  cytokeratin-5 mTECs, and their mTECs showed normal expressionUleix europaeus
277  agglutinin and the autoimmune regulator protein (Bempentary Fig. 1). The percentages of

278 DN, DP, and SP thymocytes as well as DN1-DN4 thyrtexcywere comparable ebo/ebamice

13



279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

and WT littermates (Fig 4D, E). Furthermore, phospho-AKT in the thymabatbomice was
comparable to that of WT littermates (Fig. 4F). Smecellularity, T and B cell numbers, and
CD4:CD8" T cell subset distribution were comparable betwetm/ebo mice and WT
littermates (Fig 4G-1). Overall, there was no dedbtd defect in thymocyte maturation.

We next assessed T cell function, as we previoustyahstrated thdtrrc8a’ mice and
Lrre8a’->Rag?2” chimeras have significantly impaired splenic T cell proliferation and IL-2
secretion in response to immobilized anti-CD3 (8)cdntrast, the proliferation of splenic T cells
in response to anti-CD3, anti-CD3+anti-CD28 and -@B+IL-2 was comparable between
ebo/ebomice and WT littermates (Fig. 5A). Furthermore, IL-2 and N-ploduction by splenic
T cells following stimulation with immobilized anG@D3 mAb was comparable in the two strains
(Fig 5B, C). We next assessed the T cell respongartanization with the T-dependent (TD)
antigen TNP-KLH. Splenic T cell proliferation andtakine secretion in responseitovitro re-
stimulation with KLH were comparable idbo/ebo mice and WT littermates (Fig. 5D-F).
Furthermore, the titers of both high and low affiréginti-TNP IgG antibodies were comparable
in the two strains (Fig. 5G, H). The normal TD aatlp response adbo/ebamice, together with
the previously demonstrated normal TI antibody respanLrrc8a’ mice, suggest that VRAC

activity is not essential for B cell function.
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DISCUSSION:

We demonstrate thadbo/ebomice, which express a truncated LRRC8A mutant that
virtually lacks VRAC activity have normal T cell ddepment and function, but retain some of
the phenotypic features of LRRC8A mice. These findings demonstrate that LRRC8A-
dependent VRAC activity is dispensable for T cellelepment and function.

It is important to note that when the VRAC activaf T lymphocytes and peritoneal
macrophages were evaluated in response to osmogisssat -80 mV, which approximates
resting membrane potential, there was dramatic teguin VRAC activity, similar toLrrc8a’
mice. This finding strongly suggests that under mggic conditions, the 15 terminal LRRs
that are deleted in the LRRC&Rmutant are necessary for VRAC activity. In a previous study,
the LRRC8A®Y*"*®* mutant in which the two and a half terminal LRRs are replaced by 35 novel
aa encoded by intronic nucleotides, failed to gderesiadVRACcurrent (4). The observation that
in contrast to LRRC8X?, LRRC8AY*3 perturbed T and B cell development, suggests that the
added 35 amino acids rather than loss of VRAC dgtiviay have played an important role in
the effect the LRRC8R***mutant exerted on T and B cells.

Given the dramatic defects in T cell development fumdtion in Lrrc8a’ mice, it was
surprising to find thatebo/ebo mice, which virtually lacked VRAC activity, had normal
thymocyte development, normal thymus morphology aodmnal in vitro andin vivo T cell
function. This suggests a role for LRRC8A in T alelopment function that is distinct from
its role in the regulation of cellular volume. Weeyiously found that ligation of LRRC8A
results in AKT phosphorylation in thymocytes (3).rfhermore a GST-LRRC84As g10fusion
protein containing all 468 C-terminal aa that follttwve TM4 region bound to TECs and to the

OP9-DL1 cell line and inhibited OP9-DL#lriven maturation of DN thymocytes into DP
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319 thymocytes (3), suggesting that aa 343-810 of LRRCS8A are important for T cell development.
320 However, since LRRC8A may multimerize via its LRRpeats (12), we cannot rule out the
321 possibility that another region of LRRCB8A binds he fputative ligand and that the inhibition by
322 GST-LRRC8A43.810iS due to steric effects. Further experiments are needed to precisely map the
323 region of LRRCS8A that interacts with its putativgdnd.

324 Epitope tagging studies suggest that both N- ante@aini may be intracellular (4, 5).
325 However, studies using antibodies directed at ther@inus of LRRC8A and the loop between
326 the TM2 and TM3 regions, clearly indicate that actin of LRRCS8A is inserted in the cell
327 membrane in the opposite orientation, in which hbthN- and C- termini are extracellular (3).
328 Dual membrane topology has been described for a euoflother proteins that span the plasma
329 membrane four times (13) and the available evid€¢g&eB) supports such a model for LRRC8A
330 (Fig. 6). We suggest that when the N and C ternfiiRRC8A are extracellular (Orientation A,
331 Fig. 6A) the LRR-containing C-terminal region is mdelullar and is available to interact with
332 the putative LRRCS8A ligand, resulting in GRB2-LCK-RA70 mediated activation of AKT and
333 thymocyte survival. In contrast, when the N and i@htei are intratracellular (Orientation B, Fig.
334 6B) the LRR-containing C-terminal region of LRRC8Aintracellular and may mediate VRAC
335 activity (Fig 6B).

336 In summary, we have identified a hypomorphic mutatio LRRC8A, LRRC8A™, that

337 dramatically reduces VRAC activity, but spares Tl cdvelopment and function. Although
338 under physiologic voltage conditions VRAC activitgswirtually negligible in T cells from both
339  ebol/elp andLrrc8a’ mice, unlikeLrrc8a’ mice which demonstrate a severe defect in T cell
340 developmentgbo/ebomicehad intact T cell development. This leads us to conclude that the role

341 LRRCS8A playsin T cells is independent of its role@gulating cellular volume.
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FIGURE LEGENDS

Figure 1. ebo mutation leads to truncation of LRRC8A c-terminus while preserving
protein expression. (A) Sanger sequencing showing a 2 bp deletion (del TG) in exon 3 of
Lrrc8a in ebo/ebomice. (B) Semi-quantitative RT-PCR bfrc8a mRNA from splenocytes of
WT andebo/ebomice. (C) Immunoblot analysis of LRRC8A expression in splenocytes of WT
and ebo/ebomice using anti-LRRC84A;:.s0s Ab (D). Comparison of the aa sequence 87-104 in
LRRCB8A and the corresponding sequences in LRRC8yanmember homologues. Amino acids
shared between LRRC8 family members and LRRC8A ahblighted in yellow. (E) Flow
cytometric analysis of intracellular LRRC8A expressin CD3+ T cells of CD4 Crerrc8a
mice and C57BL/GVT controls (left panel) andbo/ebomice and FVB/N WT controls (right
panel) using anti-LRRC8#A.104 Ab. Columns and bars represent means and SEM. ns = not
significant. *** p<0.001 (Student’stest).

Figure 2. Effect of the ebo mutation on mouse phenotype. (A) Gross appearance at 8
weeks of age oébo/ebq +/eboand WT littermates. (B) Weight at 11 weeks of agelwd/ebo
(n=14) and WT (n=15) littermates. (C) Kaplan-Meieakysis of survival oebo/ebomice and
WT littermates (n=10 from each group). (D) Represeéve H&E-stained tissue sections from
salivary gland, liver, and kidney adbo/ebomice and WT litermates (n=3 per group), 10x
magnification, bars = 200 um. Arrow shows tubulageafeeration. Results in C and D are
representative of 3 independent experiments, eanl oee mouse per strain. Columns and bars
represent means and SEM. ns = not significant. *@x{og-rank test).

Figure 3. ebo dramatically reduces VRAC activity. (A) Solution scheme used for patch
clamp analysis. (B, D) Current traces induced irmsigl T cells (B) and peritoneal macrophages

(D) from WT mice (left panels) angbo/ebomice (right lower panels) by the indicated voltage

17



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

step protocol shown in the right upper panels. Dashed line indicates 0 current. (C, E) Current
densities induced in splenic T cells (C) and pedadrmacrophages (E) frombo/ebomice,
Lrrc8a” mice and WT controls by a 220 mOsm hypotonic stimulus at -80 mV (left panels) or
+80 mV (right panels). Results are representative8df2 cells pooled from 3 or more
independent experiments using one mouse per groegcim experiment.

Figure 4. Normal T cell development and function in ebo/ebo mice. (A) Gross
appearance of thymus and (B) number of thymocyt&sweek old WT andbo/ebomice. (C)
H&E staining of thymus from WT andbo/ebomice (left panels: 10x, C=cortex, M=medulla,
bars=200 um, right panels: medullary area 60x, [&fr$m). (D) Percentages of DN, DP and SP
thymocytes in 3 week old WT argbo/ebomice. (E) Percentages of of DN1, DN2, DN3 and
DN4 thymocytes in WT anabo/ebo mice. (F) AKT and pAKT immunohistochemistry of
thymus from WT andebo/ebo mice. 40x, bars=50 um). (G) Number of splenocytes, (H)
percentages of CD3and B220 cells, and (I) percentages of CDdnd CD8§ cells in spleens
from 11 week-old WT andbo/ebomice. Results in B represent 4 mice per group pooled from 2
independent experiments. Results in D and E areefrepresentative experiment with 3 mice
per group. Similar results were obtained in 2 adddl experiments with 1 mouse per group
each. Results in G represent 9 mice per group pdaded 3 independent experiments. Columns
and bars represent mean and SEM. Results in H esptdsent 4 mice per group pooled from 2
independent experiments.

Figure 5. Normal T cell function in ebo/ebo mice. (A-C) Proliferation (A) and secretion
of IL-2 (B) and IFNy (C) by splenic T cells from WT anebo/ebo mice in response to
stimulation with immobilized anti-CD3 mADb, anti-CD8rti-CD28 mAbs or , anti-CD3 mAb +

IL-2. (D-F) Proliferation (D) and secretion of IL{E) and IFNy (F) by splenic T cells from WT
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and ebo/ebomice in response to stimulation with KLH. High and low affinity TNP-specific
serum antibody titers in KLH-TNP immunized WT agizb/ebomice. Results in A-C are pooled
from one experiment with 3 mice per group. Simiksults were obtained in 3 other experiments
with 1 mouse per group each. Results in D-H areqebfybm three experiments with 4 mice per
group. Columns/lines and bars represent means akid SE

Figure 6. Schematic representation of the membrane topology of LRRC8A and
interacting molecules. The two opposite orientations that LRRC8A potentially assumes (A and
B) and their distinct roles in T cell signaling @miation A) and VRAC activity (orientation B).

are shown. The LRRCB8A region lacking in thmenutant is shown in light blue.
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