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Abstract

Aquaporins are a family of ubiquitously expressed transmembrane water channels implicated in a 

broad range of physiological functions. We have previously reported that aquaporin 4 (AQP4) is 

expressed on T cells and that treatment with a small molecule AQP4 inhibitor significantly delays 

T cell mediated heart allograft rejection. Using either genetic deletion or small molecule inhibitor, 

we show that AQP4 supports T cell receptor mediated activation of both mouse and human T 

cells. Intact AQP4 is required for optimal T cell receptor (TCR)-related signaling events, including 

nuclear translocation of transcription factors and phosphorylation of proximal TCR signaling 

molecules. AQP4 deficiency or inhibition impairs actin cytoskeleton rearrangements following 

TCR crosslinking, causing inferior TCR polarization and a loss of TCR signaling. Our findings 

reveal a novel function of AQP4 in T lymphocytes and identify AQP4 as a potential therapeutic 

target for preventing TCR-mediated T cell activation.
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1 Introduction

Aquaporins (AQPs) are a family of plasma membrane channels that allow passive movement 

of small molecule ligands in and out of cells.1–3 There are 13 known mammalian AQPs 

(AQP0–12), which can be further subdivided into classical AQPs that allow passage of water 

and some gases such as AQP1 and AQP4, aquaglyceroporins that allow additional small 

molecules such as glycerol and hydrogen peroxide across the membrane such as AQP3 

and AQP9, and the nonclassical AQP11.4 AQPs are broadly expressed within the body and 

mediate a range of physiological functions from water transport and fluid balance in the 

kidneys to neuroexcitation in the end feet of brain astrocytes.4,5

The role AQPs in the immune system has been largely unknown until the expression and 

functions of aquaglyceroporins were recently reported in different immune cell types. AQP3 

and AQP7 expressed by immature dendritic cells facilitate macropinocytosis-mediated 

antigen uptake.6 AQP3 is also expressed in T cells and macrophages and is critical for 

the actin cytoskeleton remodeling required for chemokine-dependent cell migration.7,8 An 

aquaglyceroporin AQP9 is upregulated upon activation of CD8+ T cells and is essential for 
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the development of T cell memory.9 Despite these important insights, the understanding of 

AQP involvement in immune cell biology and responses is far from complete.

AQP4 is expressed in renal collection ducts, renal epithelium, brain astrocytes, fast-twitch 

fibers of skeletal muscle,10 and cardiomyocytes11,12 and functions exclusively as a water 

channel.4 We recently demonstrated that AQP4 is expressed on CD4+ and CD8+ T cells and 

that blocking AQP4 with a small molecule inhibitor significantly delays T cell mediated 

rejection of mouse cardiac allografts.13 The extended graft survival was associated with 

decreased activation of donor-specific alloreactive T cells and in reduced infiltration into 

the graft.13 In the absence of antigen activation, AQP4 inhibition in resting T cells led to 

downregulation of S1PR1 and CCR7, resulting in impaired chemotaxis in vitro and altered 

lymphocyte trafficking in vivo.14 Remarkably, while resting T cells express several AQPs 

including AQP3 and AQP9, specific inhibition of AQP4 but not other AQPs was sufficient 

to protect T cells from lysis in a hypoosmotic shock swelling assay, indicating that AQP4 

is an essential water channel in T lymphocytes.14 However, the mechanisms underlying the 

requirement for AQP4 in T cell homeostasis and functions remain to be determined.

The goal of this study was to investigate the role of AQP4 in TCR-mediated T cell 

activation. Using a small molecule inhibitor of AQP4 and AQP4-deficient mice, we 

demonstrated that TCR-mediated activation and proliferation of both murine and human T 

cells require functional AQP4. Following TCR crosslinking, AQP4 deficiency or inhibition 

results in diminished phosphorylation of key proximal signaling molecules, calcium flux, 

and nuclear translocation of transcription factors p65, NFAT, and AP-1. Targeting AQP4 

altered actin remodeling kinetics and TCR capping, suggesting that AQP4 regulates actin 

cytoskeleton rearrangement required for optimal TCR signaling. These findings reveal a 

novel function of classical water channel AQP4 in adaptive immunity and identify AQP4 as 

a potential therapeutic target for modulating undesirable T cell activation.

2 Material and methods

2.1 Animals

Male and female C57BL/6J (H-2b) [B6] mice aged 6–8 weeks were purchased from The 

Jackson Laboratories (Bar Harbor, ME). AQP4 knockout (KO) mice on the C57BL/6 

background were purchased from RIKEN Bioresource Center (Accession no. CDB0758K-1, 

Stock no. RBRC04364). All animals were maintained and bred in the pathogen-free 

facility at the Cleveland Clinic. All procedures involving animals were approved by the 

Institutional Animal Care and Use Committee at the Cleveland Clinic, and all experiments 

were performed in accordance with the relevant guidelines and regulations.

2.2 AQP inhibitors

A small molecule inhibitor of AQP4, AER-270 (Aeromics LLC, Cleveland, OH), was 

identified as previously described.11 During in vitro incubations AER-270 was added to the 

culture media at 0.25 μM or 1.0 μM.
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2.3 Cell isolation and activation

Murine splenic T cells were enriched using negative selection mouse T cell isolation 

kit from STEMCELL technologies (Vancouver, Canada) to contain >96% of CD3+ cells. 

Purified cell aliquots were cultured in complete RPMI [RPMI (Gibco Life Technologies, 

Grand Island, NY) supplemented with 10% FBS (Atlanta Biologicals, Lawrenceville, GA), 

2 mM L-glutamine, 5 μM 2-beta-mercaptoethanol, 100 U/ml penicillin G sodium, and 100 

μg/ml streptomycin sulfate] ± AER-270 before spinning down and staining the cells for flow 

cytometry analysis.

For T cell activation studies, round-bottomed 96-well or flat-bottomed 6-well plates were 

coated with anti-CD3 mAb at 2 μg/ml in sterile PBS and stored overnight at 4 °C. Plates 

were then washed, and cells were plated at a density of 0.5 × 106/ml ± 4 μg/ml anti-CD28 

mAb ± AER-270 and placed in an incubator at 5% CO2 and 37 °C for indicated time 

points (24 or 72 h). Cells were then harvested and washed before surface marker staining 

for flow cytometry analysis and subcellular fractionation for Western blot analysis. For 

phosphoflow analysis, phalloidin staining kinetics, and immunofluorescence, cells were 

prepared in aliquots of 5 × 106 T cells ± AER-270 in complete RPMI as described above. 5 

μg/ml and 10 μg/ml of biotinylated anti-CD3 and anti-CD28 mAb, respectively, were added 

to the cells prior to incubation on ice for 30 min.

Human peripheral blood mononuclear cells (PBMCs) were isolated by standard methods 

using Ficoll-sp medium. In brief, peripheral blood was collected from healthy volunteers in 

tubes containing sodium heparin, diluted with phosphate buffered saline (PBS), and overlaid 

on Isoprep (Alere Technologies AS, Oslo, Norway), prior to centrifugation for 30 min at 400 

× g. PBMCs obtained were then washed 3 times in PBS. Isolated PBMCs were counted and 

labeled with CFSE as previously published.13 5 × 104 to 1 × 105 CFSE-labeled cells were 

stimulated with plate-bound anti-CD3 (LEAF Purified antihuman CD3 antibody; Biolegend; 

10 μg/ml) and anti-CD28 (LEAF Purified antihuman CD28 antibody; Biolegend; 1 μg/ml) in 

200 μl of complete RPMI ± 0.25–1.0 μM AER-270 in flat-bottomed 96-well plastic plates at 

37 °C. Cells were harvested after 72 h, and CFSE dilution was assessed by flow cytometry. 

Human T cell activation was quantified as normalized proliferative index relative to CFSE 

MFI in anti-CD3/anti-CD28 stimulated wells with no AQP4 inhibitor present.

2.4 Flow cytometry

Fluorochrome-conjugated and unconjugated antibodies—anti-CD4, anti-CD8, anti-CD19, 

anti-CD44, anti-CCR7, donkey antirat IgG-Biotin, rat antimouse CD16/CD32 (Mouse 

BD FcBlock, clone 2.4G2), and APC-conjugated streptavidin were purchased from BD 

Biosciences (San Diego, CA), eBioscience (San Diego, CA), R&D (Minneapolis, MN), and 

Jackson ImmunoResearch (West Grove, PA) as listed in Table 1.

Cell viability was determined using Sytox staining. Sytox Orange (S34861) was purchased 

from Thermofisher (San Diego, CA). Sytox was added to PBS at a dilution of 1:15000, 

and 300 μl was added to samples prestained for other surface markers and incubated at 

room temperature for 20 min protected from the light prior to acquisition. Unless specified 

elsewhere, cells were stained as described previously,15,16 and 50,000 events per sample 
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were collected on a BD Biosciences LSRII flow cytometer. For cell size analysis after 

stimulation, the sample collection was performed using a Thermofisher Attune Ctypix flow 

cytometer. The data were analyzed using FlowJo software (Tree Star, Ashland, OR).

For phosphoflow staining, T cell stimulation was stopped by adding ice-cold 100% methanol 

dropwise to simultaneously fix and permeabilize the cells. Cells were then washed, 

resuspended in 100 μl of FcBlock—1:100 in FACS medium, and incubated for 10 min 

at room temperature. Phosphoflow antibodies against pCD3ζ-pY142 (BD Biosciences 

#558448), pLck-pY505 (BD Biosciences #558577), pLck-pY394 (Biolegend #933102), 

pZAP70-pY319/Syk-pY352 (BD Biosciences #557818), pLAT-pY171 (BD Biosciences 

#558519), pSLP-76-pY128 (BD Biosciences #558438), pPLC-γ1-pY783 (Cell Signaling 

Technology #14461S), pAkt-pT308 (BD Biosciences #558275), and pAkt-pS473 (BD 

Biosciences #561670) were diluted 1:100 in FACS medium and added to cells for 60 min 

at room temperature. Phosphoflow experiments were performed on a Thermofisher Attune 

NXT.

For phalloidin staining, T cells were activated, divided into aliquots of 5 × 105 cells, and 

fixed with 4% paraformaldehyde for 1 h at RT prior to permeabilization with 0.1% Triton 

X-100 in PBS solution. Cells were then blocked with a 1% BSA 0.1% Triton X-100 for 

45 min at room temperature, stained with Alexafluor488 conjugated phalloidin (Invitrogen; 

A12379) at 300 units/assay for 20 min at room temperature, and washed with Triton X-100 

based permeabilization buffer and analyzed by flow cytometry.

2.5 IL-2 ELISA

The supernatants following 72 h of stimulation of murine splenic T cells, as outlined in 

2.3, were retained and stored at −20 °C. Supernatants were thawed, and IL-2 was detected 

with the R&D Systems Mouse IL-2 Quantikine ELISA kit (R&D Systems, #M2000) in 

accordance with the manufacturer instructions. Optical density of the assay was determined 

using the Bio-Rad iMark Microplate Reader (Bio-rad Laboratories, Hercules, CA).

2.6 Calcium flux assay

Calcium mobilization was measured using a FlexStation III (Molecular Devices, San Jose, 

CA). In brief, isolated spleen T cells were incubated with αCD3(4 μg/ml) and αCD28(8 

μg/ml) in RPMI or RPMI only for 1 h on ice. Cells were washed with PBS, and aliquots of 

107 cells were loaded with 5 μM of calcium indicator dye Indo-1AM (Thermofisher, #I1223) 

and 1 mM probenecid in 2 ml of RMPI for 30 min at 37 °C and 5% CO2. Cells were then 

washed twice with PBS, and 106 cells were added to a flat-bottomed black-walled 96-well 

plate in 100 μl of RPMI. The temperature in the FlexStation III was set to 37 °C for 5 min 

before the experiment was started, and both cells and stimulants were left to equilibrate to 

37 °C for 10 min within the FlexStation III. Changes in the fluorescence ratio (violet/blue) 

were recorded every 5 s for a total of 360 s. The cells were left unstimulated for the first 60 

s to record basal levels of fluorescence intensities, and this was followed by the addition of 

25 μl of either RPMI, 5× streptavidin (50 μg/ml, Biolegend #405151), 5× streptavidin + 5× 

AER-270 (1.25 μM), 5× phorbol 12-myristate 13-acetate (50 ng/ml), (PMA, Sigma #P1585), 
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ionomycin (2500 ng/ml), (Iono, Sigma #I3909) (PMAI) 5× PMAI + 5× AER-270. Data were 

imported into GraphPad Prism software for analysis and graph production.

2.7 Transcription factor luciferase reporter

Jukat cells, clone E6-1 (ATCC TIB-152), or Jurkat cells engineered to express luciferase 

under transcriptional control of either NF-κB (Jurkat-NF-κB Luc) or NFAT (Jurkat-NFAT-

CD28 Luc) (both, Invivogen) were seeded in a flat-bottomed 96-well plate (3 × 106/200 μl, 

IMDM + 10% FBS, 25 mM HEPES, 2 mM L-glutamine, 100 U/ml penicillin G sodium, and 

100 μg/ml streptomycin sulfate). Cells were incubated at 37 °C for 24 or 6 h, respectively, 

in media ± αCD3(0.5 μg/ml) and αCD28 mAbs (0.5 μg/ml) and ±0.25 μM AER-270. 

Following stimulation, 20 ml of supernatant from each well was recovered and transferred 

to a black-walled clear-bottomed 96-well plate and 50 ml of Quanti-Luc (Invivogen), and 

luminosity was measured immediately using a Flexstation III.

2.8 Immunofluorescence staining

Aliquots of 5 × 106 isolated murine T cells from WT or AQP4−/− mice were incubated 

with 2 μg/ml antimouse CD3 and 4 μg/ml antimouse CD28 ± 0.25–1.0 μM AER-270 

on ice for 30 min. Cells were resuspended in complete RPMI containing 10 μg/ml 

Alexafluor647 conjugated anti-Armenian hamster antibody and incubated either on ice 

for 30 min or at 37 °C for 30–60 min to allow binding and or crosslinking of TCR, 

respectively. Cessation of the reaction occurred following the addition of Fix/Perm buffer 

from eBioscience Foxp3/Transcription factor staining kit (eBioscience; 00-5523-00) and 

incubated at RT for 1 h. For experiments visualizing transcription factor translocation, 

cells were then washed 3 times with permeabilization buffer prior to overnight incubation 

with the following primary antibodies; rabbit antimouse p65 (abcam-ab32536), goat 

antimouse NFAT1 (Cell Signaling-5861S), and goat antimouse cFOS (abcam-ab214672). 

Cells were then washed in permeabilization buffer and stained with Alexafluor568 goat 

antirabbit IgG (H + L) (Invitrogen; A11011) for 30 min at RT. For experiments visualizing 

phalloidin polarization, cells were stained following activation as described above for 

flow cytometry experiments. Cells were resuspended and applied to poly-L-lysine-coated 

coverslips (Electron Microscopy Sciences; 7229-02) and allowed to rest at RT for 1 h, 

protected from light. Excess moisture was wicked away, and coverslips were applied to 

slides with Prolong Gold antifade reagent containing DAPI (Invitrogen; P36935) and cured 

overnight at RT, before sealing with nail polish. Cells were visualized using a Leica SP-8 

confocal microscope, and images were analyzed using the Fiji suite of ImageJ.

2.9 Statistical analysis

Results were analyzed by using a 2-tailed Student’s t-test. The difference between groups 

was considered significant if the P value was <0.05. Unless noted otherwise, the data are 

presented as mean ± SD values. Total numbers of animals in each experimental group are 

indicated in respective figure legends.
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3 Results and discussion

3.1 AQP4 is required for t cell activation, proliferation, and differentiation after tcr 
crosslinking

We previously reported that AQP4 is expressed by both CD4 and CD8 T lymphocytes11 and 

is essential for water movement in T cells.12 Our data also indicated that pharmacological 

inhibition of AQP4 diminished T cell alloresponses following heart transplantation and 

in vitro T cell proliferation.11 To this end, we used a recently identified small molecule 

inhibitor of AQP4, AER-270, that inhibits human AQP4a and AQP4b (60.5 ± 1.4% and 55.2 

± 1.6% inhibition, respectively) and mouse AQP4-M23 (52.0 ± 2.0%) water permeability, 

with only limited inhibition of AQP1 and AQP5.13 Importantly, we previously reported that 

AER-270 protected AQP4+/+ but not AQP4−/− T lymphocytes from lysis in a hypoosmotic 

shock swelling assay, indicating the specificity of AQP4 inhibition.14

In the current study, we used AER-270 as well as AQP4−/− T cells to test the role of AQP4 

in TCR-mediated T cell activation. Stimulation with plate-bound αCD3/αCD28 mAbs for 

24 h increased surface expression of early activation marker CD25 in B6.WT. The addition 

of AQP4 inhibitor AER-270, results in a modest decrease in CD25 expression. Interestingly, 

stimulation of B6.AQP4−/− T cells did induce CD25 expression but to a lesser extent than 

WT T cells (Fig. 1A). However, 72 h of stimulation with plate-bound αCD3/αCD28 mAbs 

resulted in a more pronounced induction of CD25 expression in WT controls (Fig. 1B and 

C). In contrast, the blockade or absence of AQP4 significantly impairs CD25 expression by 

T cells following 72 h of stimulation (Fig. 1 B and C). We then assessed the importance 

of T cell AQP4 expression on induction of late activation marker CD44 after 72 h of TCR 

stimulation. WT T cells stimulated in the presence of 0.25 μM AER-270 demonstrated 

a significant decrease in CD44 upregulation compared to untreated WT controls (Fig. 1D–

E). Furthermore, the absence or inhibition of AQP4 prevented the increase in T cell size 

associated with activation and blasting17 (Fig. 1E). IL-2 production is a canonical marker of 

activated T cells. Upon testing the supernatants from 72 h stimulated T cells, we found that 

stimulation of B6.WT T cells in the presence of 0.25 μM AER-270 or B6.AQP4−/− T cells 

resulted in diminished IL-2 production compared to B6.WT controls (Fig. 1G). Annexin 

V/7-AAD staining showed that the viability of T cells was not significantly influenced by 

the addition of 0.25 μM AER-270 (13 and not shown). To test the effects of AQP4 deficiency 

or inhibition on T cell effector functions, T cells were stimulated with αCD3/αCD28 

mAbs in the presence of rIL-12 and αIL-4 mAbs to promote Th1 differentiation. Under 

these conditions, up to 53.8% of untreated B6.WT T cells produced IFNγ (Fig. 1H and 

I). The addition of AER-270 or absence of AQP4 resulted in reduced frequencies of 

IFNγ-producing T cells (Fig. 1H and I). In conjunction with our previous findings, these 

data demonstrate that AQP4 is required for mouse T cell activation and effector cytokines 

production.

We next tested whether AQP4 plays an analogous role in human T cells. PBMCs 

were isolated from healthy donors, labeled with CFSE, and stimulated with plate-bound 

αCD3/αCD28 mAbs for 72 h. The addition of a high dose (1.0 μM) of AER-270 

significantly impaired T cell viability (Fig. 2C) and completely abrogated cell proliferation 
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(Fig. 2A and B). An intermediate AER-270 dose (0.25 μM) had minimal impact on cell 

viability (Fig. 2C) while still demonstrating a significant inhibition of T cell proliferation 

(Fig. 2A and B). These data reflect our observations in murine T cells exposed to the 

same AER-270 concentrations13 and suggest similar roles for AQP4 in human and murine 

adaptive immune responses.

3.2 AQP4 supports the TCR signaling cascade

Activation of canonical transcription factors AP-1, NF-κB, and NFAT is a hallmark 

feature of T cell stimulation via TCR.18–21 We next tested the effect of AQP4 deficiency 

or AER-270 treatment on nuclear translocation of cFOS-AP-1, NFAT1, and p65-NF-κB 

following TCR activation (Fig. 3A–C and Supplementary Fig. S1). Immunofluorescence 

staining and confocal microscopy imaging performed 1 h after TCR crosslinking revealed 

that the nuclear translocation of all analyzed key T cell transcription factors was markedly 

reduced in WT T cells treated with AQP4 inhibitor compared to untreated controls (Fig. 3D–

F). Similar defects in AP-1, NFAT1, and p65 translocation were observed in AQP4−/− T cells 

(Fig. 3A–F). We confirmed the impaired transcription factor activity using Jurkat reporter 

where NFκB or NFAT activity drives luciferase activity. Inhibition of AQP4 significantly 

diminished both NFκB (Fig. 3G) and NFAT (Fig. 3H) after stimulation with anti-CD3 and 

anti-CD28 antibodies.

As AP-1, NFAT, and NF-κB are activated via distinct pathways, the observed reduction 

in their nuclear translocation suggested the defects in signaling more proximal to TCR. 

Because of the importance of water movement in balancing ionic exchange, we next tested 

the impact of AQP4 on Ca2+ flux, a key component of the TCR signaling cascade. While 

Ca2+ flux following TCR-crosslinking was diminished in T cells treated with AER-270 (Fig. 

4A), AQP4 inhibition had a minimal effect on Ca2+ flux induced by treatment with the 

PKC activator PMA and calcium ionophore ionomycin that bypass proximal TCR signaling 

(Fig. 4B). These results implied that AQP4 inhibition impairs events upstream of calcium 

flux in the TCR signaling cascade. Consistent with this scenario, phosphoflow cytometry 

demonstrated that inhibition or absence of AQP4 results in diminished phosphorylation of 

Lck Y394, ZAP70 Y319, LAT Y171, SLP7 Y128, PLC-γ1 Y783, Akt T308, and Akt S473 

(Fig. 4C and Supplementary Fig. S2) for up to 10 min following TCR crosslinking. Taken 

together, these data suggested that AQP4 regulates the initial steps of TCR signaling, as 

early as Lck phosphorylation.

3.3 Intact AQP4 functions are required for actin cytoskeleton rearrangement following 
TCR stimulation

Optimal TCR signaling requires clustering and polarization of the receptors with other 

signaling components such as costimulatory and adhesion molecules.22–24 To address 

whether AQP4 is involved in TCR aggregation, we stimulated WT and AQP4−/− T 

cells ± AER-270 for 15 min and analyzed the formation of polarized TCR caps by 

immunofluorescence. Compared to control untreated WT T cells, inhibition or absence of 

AQP4 resulted in decreased TCR capping (Fig. 5A and B).
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As the process of TCR capping is critically dependent on actin cytoskeleton,25–28 we 

investigated how inhibition or lack of AQP4 affect actin remodeling dynamics in T 

cells. Consistent with previous reports,25,29,30 TCR crosslinking in WT T cells led to a 

slight initial decline in the amount of polymerized F-actin (0.5 min) followed by rapid 

repolymerization starting at 1 min (Fig. 5C). In contrast, T cells stimulated in the presence 

of AQP4 inhibitor had significantly altered actin remodeling kinetics with marked absence 

of characteristic changes within 5 min after TCR ligation (Fig. 5C). Similar defects in actin 

cytoskeletal remodeling were observed in AQP4−/− T cells regardless of AER-270 treatment 

(Fig. 5D).

Our data indicate that intact AQP4 is essential for cytoskeletal rearrangement underlying 

TCR aggregation and polarization on the cell surface and formation of the intracellular 

signaling complex. Given this finding, we would anticipate that this has an effect on 

thymic selection in AQP4-deficient mice. Previous studies found no difference in TCR Vβ 
utilization in AQP4−/− mice compared to WT controls.31 To determine the impact of AQP4 

absence on the thymus, we assessed thymocyte (Supplementary Fig. S3) and found no major 

change or shift in the numbers of thymocyte subsets. Although our data from AQP4−/− mice 

clearly show a defect in TCR signaling in peripheral T cells, the thymic selection and TCR 

repertoire under these conditions requires further investigation.

The role of water channels in cytoskeletal regulation and cell motility has been previously 

demonstrated for several aquaporins and different cell types, including endothelial cells, 

astroglia, and cancer cells.32–34 In particular, AQP3 deficiency leads to impaired chemotaxis 

in T lymphocytes and macrophages.7,35 Several potential explanations were proposed 

for these findings, including a role for H2O2 transport and rapid changes in cytoplasm 

osmolality within the leading edge. However, the exact mechanisms by which aquaporins 

regulate cytoskeleton dynamics are still not well understood and may not be limited 

to aquaporin functions as membrane channels. Notably, previous studies demonstrated a 

molecular scaffold function of AQP4 and its direct association with the actin cytoskeleton. 

The sequence and structural analysis of AQP4 from different species show a conserved 

motif Ser-Ser-Val (SSV) at the intracellular C-terminus that can potentially serve as a 

binding site for PDZ domain–containing proteins.36,37 PDZ domain–containing proteins 

mediate a broad range of physiological functions through interactions with various binding 

partners.38,39 Studies of astrocytes and skeletal muscle cells demonstrated a SSV motif–

dependent association between AQP4 and α-syntrophin (αSyn), a component of the 

dystrophin-glycoprotein complex (DGC) mediating interactions between plasma membrane 

and cytoskeleton.36 This interaction allows for the polarization at the end feet of astrocytes, 

a requirement for optimal signal transduction across the synapse. In T cells, previous 

studies revealed a network of PDZ-containing proteins such as Scribble, Crumbs3, Par3, and 

ZO-2 that regulate T cell polarity and morphology during migration and formation of the 

immune synapse.40,41 Therefore, it is possible that inhibition or absence of AQP4 prevents 

optimal recruitment of PDZ domain–containing proteins to the plasma membrane, resulting 

in impaired actin cytoskeleton rearrangement and TCR aggregation.

An alternate and PDZ independent mechanism may also contribute to our findings. 

Tybulewicz and colleagues have demonstrated that WNK1, a kinase that regulates ion 
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flux into cells via OXSR1 and STK39 kinases, is critical in both activation both T and B 

cells.42,43 WNK1-mediated ion flux was followed by water flux into the cell, in their studies 

via AQP3. Furthermore, post-stimulus water flux induces membrane swelling at the leading 

edge of the cell generating space into which actin filaments can polymerize and facilitate 

cell migration.44 This is in agreement with our previous studies where we demonstrated 

that AQP4 blockade resulted in altered T cell trafficking and defective T cell chemotaxis.14 

It should be noted that those studies focused on AQP3, not AQP4, and AQP3 lacks the 

PDZ-binding domain, so the link to actin is less direct than in AQP4 but still does not 

preclude a role for AQP4 in WNK1-mediated control of T cell activation and migration. 

Furthermore, the contribution of H2O2 flux in those models is unclear but has been shown 

by others to be necessary for T cell migration.7 Ongoing studies in the lab are focused on 

identifying potential PDZ domain–containing protein candidates binding to AQP4 in resting 

and activated T lymphocytyes and testing the links between the WNK1 pathway and AQP4 

in our models.

If AQP4 regulates cytoskeletal changes in T lymphocytes, its functions may not be limited 

to supporting TCR signaling. Consistent with this scenario, we previously demonstrated that 

AQP4 inhibition results in severely diminished T cell chemokine-driven chemotaxis both 

in vitro and in vivo.14 Short-term treatment with an AQP4 inhibitor significantly altered 

T cell trafficking patterns and anatomical distribution in naïve mice, and it prevented T 

cell infiltration into heart allografts.13,14 Furthermore, AQP4 inhibition markedly decreased 

the expression of S1PR1 and CCR7. In the light of the current findings, it remains to 

be determined whether AQP4 impacts these processes via influencing chemokine receptor 

recycling, signaling, or subsequent actin cytoskeleton rearrangements leading to cell 

polarization and migration.

The use of a small molecule inhibitor targeting AQP4 raises a concern of potential off-

target effects and necessitates demonstration of specificity. It was previously reported that 

AER-270, under the moniker of IMD-0354, inhibits IKKβ,45–48 a key signaling molecule in 

the canonical-NFκB pathway.49 Whereas AER-270/IMD-0354 treatment led to diminished 

NFκB nuclear translocation in cardiomyocytes, the study neither demonstrated direct IKKβ 
inhibition nor ruled out the possibility of an indirect effect. Nevertheless, it was recently 

suggested that the ability of AER-270 to mediate water transport on cells might not be AQP4 

dependent as NFκB can mediate this process.50 We have previously performed screening of 

a panel of 456 kinases including IKKβ and observed no significant inhibitory activity by 

AER-270.51 Our current results indicate that AER-270 modulates proximal TCR signaling 

upstream of NFκB activation and has no effect on these events in AQP4−/− T cells (Figs. 3 

and 4). In addition, the inhibitory effects of AER-270 on T cell water transport or activation 

are critically dependent on the presence of AQP4 (14 and Fig. 1) and cannot be explained 

entirely by the direct inhibition of IKKβ.

The functions of several AQPs were previously reported in T lymphocytes. However, the 

existing findings are limited to aquaglyceroporins (AQP3, 7, and 9) and attributed to the 

transport of glycerol or H2O2.7,9 Although the classical water transporter AQP4 has been 

extensively studied in nonimmune cells, this is the first demonstration that AQP4 is required 

for optimal TCR signaling and T cell activation. Taken together, our findings provide novel 
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insights into mechanisms of T cell activation and identify AQP4 as an important therapeutic 

target for modulating undesirable T cell responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Intact AQP4 is required for optimal mouse T cell activation and cytokine production. Mouse 

WT (●) or AQP4−/− ( ) splenic T cells were stimulated with αCD3/αCD28 antibodies in 

the presence or absence of 0.25 μM AER-270. (A–C) Expression of early activation marker 

CD25 was evaluated after 24 h (A) and 72 h (B and C) of stimulation by flow cytometry. 

(D–G) After 72 h of stimulation, surface activation marker CD44 (D and E) as well as cell 

size (F) were measured by flow cytometry, and IL-2 was detected from culture supernatants 

by ELISA from the same stimulation conditions (G). (H–I) WT or AQP4−/− splenic T cells 

were stimulated for 72 h with αCD3/αCD28 antibodies with the addition of rIL-12/αIL-4, 

in the presence or absence of 0.25 μM AER-270 and Th1 polarization was evaluated by 

intracellular IFNγ detection (H&I) via flowcytometry. Data shown are representative of 3 

experiments where n = 2–7. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and 

ns—P > 0.05 via a 1-tailed Student’s t-test.
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Fig. 2. 
Aqp4 blockade inhibits human T cell proliferation. Human PBMCs isolated from healthy 

volunteers (n = 3) were labeled with CFSE and stimulated with αCD3/αCD28 antibodies 

for 72 h ± 0.25μM AER-270. (A) Representative flow cytometry histograms (Donor 1) gated 

on live CD3+ cells. Shaded histogram represents CFSE levels in unstimulated T cells. (B) 

Normalized proliferative index of T cells from all 3 donors with 0 mM AER-270 (•), 0.25 

mM AER-270 ( ), or 1.0 mM AER-270 ( ). (C) Quantification of cell viability (Donor 1) 

by Sytox staining. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and ns—P > 0.05 

via a 1-tailed Student’s t-test.
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Fig. 3. 
AQP4 is required for optimal activation of key T cell transcription factors. WT and AQP4−/− 

T cells were stimulated with αCD3/αCD28 mAb (+) ± 0.25 μM AER-270 (+AER). (A–C) 

Immunofluorescence of nuclear translocation of p65 (A), NFAT1 (B), and AP1 (C) after 30 

min of stimulation. Cells were stained with DAPI (blue), in addition to transcription factors 

(red) anti-p65, anti-NFAT1, anti-c-FOS. Representative cells shown. (D–F). Quantification 

of corrected nuclear fluorescence (CNF) from full-field images from transcription factors 

p65 (A), NFAT1 (B), and cFOS (C), following stimulation as described above. (G–H) Jurkat 

cell lines were incubated for 6 h with αCD3/αCD28 mAb ± 0.25 μM AER-270 (n = 8). 

Luciferase activity regulated by NF-kB (Jurkat-Duo) (G) or NFAT (Jurkat-NFAT-CD28) (H) 

was measured to determine transcription factor activity. Jurkat E6-1 were included as a 
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negative control for reporter activity (orange and pink). *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001 and ns—P > 0.05 via a 1-tailed Student’s t-test.
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Fig. 4. 
AQP4 is required for optimal TCR-proximal signaling events. (A–B) WT T cells were 

stimulated with ± 0.25 μM AER-270, and Ca2+ flux following T cell activation was 

measured as described in the Materials and Methods. Cells were loaded with the calcium 

sensitive dye Indo-1 AM and a baseline reading was recorded for 60 s (n = 10). After 

60 s, cells were stimulated with αCD3/αCD28 mAb (A) or PMA-Ionomycin (B) ± 0.25 

μM AER-270 (indicated by dashed line), and the changes in relative calcium-sensitive 

fluorescence ratios over time were recorded for a further 300 s. Plots show the mean of 

the maximal calcium peak upon stimulation ± 0.25 μM AER-270. (C) WT T cells were 

stimulated with ± 0.25 μM AER-270, and phosphorylation of critical signaling events was 

measured by flow cytometry. T cells from WT and AQP4−/− mice were stimulated with 

αCD3/αCD28 for 0–10 min ± AER270 and stained for flow cytometric analysis with 

antibodies against Lck (pY394), CD3ζ (pY142), ZAP70 (pY319), LAT (pY171), SLP76 
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(pY128), PLC-γ1 (pY783), Akt (pT308), and Akt (pS473) (n = 5–8). gMFI was normalized 

to 0 s of stimulation for each condition to generate fold increase data visualized as heatmaps 

and bar graphs. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and ns—P > 0.05 via 

a 1-tailed Student’s t-test.
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Fig. 5. 
AQP4 is required for actin cytoskeletal remodeling and T cell receptor polarization. A–C. 

Immunofluorescence analysis of TCR polarization. WT or AQP4−/− T cells were stimulated 

with αCD3/αCD28 ± 0.25μM AER-270 for 15 min. Cells were stained with DAPI (blue) 

and TCR (red) and analyzed by confocal microscopy. (A) Representative cell staining. 

(B) Quantification of TCR corrected total cell fluorescence (CTCF) from full-field images 

(raw full-field images available in the Supplementary Materials). (C–D) Kinetics of actin 

polymerization following TCR crosslinking in WT (C) and AQP4−/−. (D) T cells measured 

by flow cytometry after intracellular phalloidin staining. Data shown are representative of 
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multiple experiments where *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and 

ns—P.0.05 via a 1-tailed Student’s t-test.
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