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ABSTRACT

Patients with HIV present with higher prevalence of QT prolongation, of which molecular
bases are still not cleaAmong HIV proteins, Tat serves as a transactivator that stimulates
viral genes expression and is required for efficient HIV replication. Tat is actively secreted
into the bloodby infected T-cells and affects organs such as the heart. Tat has been shown to
alter cardiac repolarization in animal models but how this is mediated and whether this is also
the case in human cells is unknown. In the present study, we show that Tat transfection in
heterologous expression systems led to a decrease in hERG (underlying Ggjdsend |
human KCNE1-KCNQ1 (underlying cardiags) currents and to an acceleration of their
deactivation. This is consistent with a decrease in available phosphatidylinositol-(4,5)-
bisphosphate (PH> A mutant Tat, unable to bind RIPdid not reproduce the observed
effects. In additionWT-Tat had no effect on a mutant KCNQ1 which is HiRBensitive,

further confirming the hypothesis. Twenty four-hour incubation of human induced pluripotent
stem cells-derived cardiomyocytes with Wiigpe Tat reduced 4 and accelerated its
deactivation. Concordantly, this Tat incubation led to a prolongation of the action potential
(AP) duration. Events of AP alternans were also recorded in the presence of Tat, and were
exacerbated at a low pacing cycle length. Altogether, these data obtained on hUman K
channels both in heterologous expression systems and in human cardiomyocytes strongly
suggest that Tat sequestli§,, leading to a reduction of;land ks, and provide a molecular

mechanism for QT prolongation in HIV-infected patients.

Key words:

Ikr; Iks; phosphatidylinositol-(4,5)-bisphosphatdlV -Tat protein; induced pluripotent stem

cell-derived cardiomyocyselong QT syndrome



1. INTRODUCTION

As a consequence of the development of antiretroviral therapies (ART), life expectancy of
HIV-positive individuals has greatly increasegbr this population, excess mortality is
moderate in industrialized countries and comparable with populations having other chronic
conditions[1]. Life expectancy ofHIV-positive individuals has also increased in middle
income countries, gaining for instance 10 years between 2004 and 2011 in South Africa [2]
Worldwide, the increasing access of patientdRT, from 31% in 2008 to 36% in 2014 [3, 4]
leads to further increase in agitdjV-positive individuals. This aging population faces
additional pathologies that are over-represented as compared to the general population. This is
pointed out by a study on sudden cardiac death (SCBWMnpositive individuals, showing a
mean SCD rate 4.5 fold higher than in the general populfgjorurthermore, up to 20% of

the HIV patients are presenting with a long QT syndrome (LQTS), a greater prevalence than
in the general population; prolonged QT interval is a risk factor for malignant arrhyfimia

8]. However, the mechanistic link between LQTS and HIV remains unidentified.

Many drugs and combinations of drugs may be potential triggers of LQTS through inhibition
of a major cardiac repolarizing curreng, lconducted by the voltage-gated potassium channel
hERG [9]. Among them, numerous drugs currently prescribed|Yo-positive individuals

have been associated with a QT prolongation, such as macrolides, pentamidine, azole
antifungals, fluoroquinolones [10] and methadone [11]. On the other hand, QT prolongation
on ECGs oHIV -positive individuals is correlated to the duratiorHd¥ infection rather than

the anti-HIV treatment [12]. Moreover, QT prolongation is observedHIW -positive
individuals under no medication recognized to prolong QT [13], suggesting a role for the
virus itself in inducing LQTS. In addition, several studies using animal models suggest a
rather direct implication oflV in LQTS. For instance, prolonged cardiac repolarization and
decreased repolarizing potassium currents were observed in mice expressing the wHole HIV-

genome [14, 15].

Among the ~15 proteins encoded by the virus, Tat appears as a potential candidate for
inducing ventricular arrhythmias, as it prolongs the action potential of guinea-pig ventricular
cardiomyocytes through a reduction in the hERG-related curigfL,6]. Noteworthy, serum

levels of Tat remain high in treated patients, which could explain the high prevalence in
prolonged QT interval despite antiretroviral therapies [12, 17]. Among the documented
properties of Tat in cells, it was shown that its affinity for phosphatidylinositol-(4,5)-

bisphosphate (P#pis very high, the dissociation constdKiy) being in the low nanomolar
$I|



range[18]. QT prolongationis majorly associated with the inhibitiaf two major cardiac
delayed rectifierpotassiumcurrents:lxs and Ik, respectivelycarried by KCNQ1 channels
associated with the regulatory subunit KCNE1 hB&RGchannelqg19]. Interestingly enough,
both KCNQ1 andhERGarepositively regulated by PiH20, 21] We thushypothesized that
Tat inhibitsthese channelgy sequestering membrane Rleading to long QT syndrome in

HIV patients

In order to test this hypothesis, wealuatedhe effect of Tabn cells expressing KCNQ1 or
hERGchannelsTatoverexpressiored to a decrease in hERG and KCNECNQ1 currens
and modification of thie biophysical parametere particular an acceleration of deactivation
A mutant Tat with gorofound decrease in RiRffinity has no effect on these current and WT
Tat has no effect on a Blhsensitive mutant KCNQ1 chanpnelonsistent withTat acting
through a reduction in available PIP.. In human cardiomyocytesderived from induced
pluripotert stem cells24-h Tatincubationled to adecreasén cardiacly, and acceleration of
its deactivationand these effects weessociated with arolongationof the action potential
duration Altogether, hese observations suggest that HHV-positive individuals Tat
sequesters PjPleadng to a decrease ing} and ks currents providing a basis for QT

prolongation

%



2. MATERIALS AND METHODS

2.1. Tat protein preparation
Recombinant Tat was purified fronEscherichia coli as previously described [22],
resuspended as a 200 pgstock solution in citrate buffer (110 mM sodium chloride, 30 mM
sodium citrate, 20 mM sodium phosphate, pH 7.3), and stored at -80jC. BCA protein assay
(Pierce) was used to measure Tat protein concentration. Tat transactivation activity was
confirmed as previously described [23]. Briefly, COS-7 cells were cultured in 24-well plates
and cotransfected using FUGENE 6 (Promega) with 0.22 pg/well pGL3-LTR, encoding firefly
luciferase under the control of Tat-activated HIV-1-LTR promoter, an8ljg/well pRL-TK
(Promega), encoding Renilla luciferase under the control of Herpes simplex virus thymidine
kinase promoter, to normalize the results. After 24 h, 2.3 pg/ml recombinant Tat (or the
citrate buffer) and 100 uM chloroquine (for Tat uptake) were added. One day later, cells were
lysed for determination of dual firefly/Renilla luciferase activity ratio (Supplemental figure
1). Twenty-four hours before patchamp measurements and immunofluorescence assays, Tat
was diluted and cells were incubated at concentrations of 200 ng/ml (~20 nM) or 400 ng/ml

(~40 nM), consistent with patient serum levels [17].

Supplemental figure 1: Tat protein is active in COS-7 cellsFirefly/Renilla luciferase
activity ratio in luciferase-transfected COS-7 cells, either untreated (Buffer) or incubated with
WT-Tat (Tat), in presence of chloroquine. Firefly luciferase expression is driven by a Tat-
dependent promoter while Renilla luciferase expression is insensitive to the presence of Tat
and serves as an internal control.
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2.2. Cell culture and transfection
HEK293 cells stably expressing hERG (HEK-hERG; CreaCell; protein accession number:
NP_000229.1 and COS-7 cells (American Type Culture Collectiomere cultured in
'XOEHFFRYV PRGLILHG (DJOHYV PHGLXP10%fefdl va sedlthQ VXS
(Eurobio) and antibiotics (100J PO SHQLFLOOLQ DQG JOP&® 5% WUHSWI
CO, and 37iC in a humidified incubator. For HEK-hERG cells, hERG expressian wa
maintained by the application of the selection antibiotic G418 (1200 pg/ml; Life
Technologies).
When reaching 60 +80% cell confluence, CQ®il& were transiently transfected in 8fn
plates with J R1 \DNRAWES @escribed below) complexed with FUGENE 6. For Tat and
KCNE1-KCNQ1 co-transfection experiments, the ionic currents were obtained from a fusion
protein of the human KCNEL1 (protein accession number: AAA5841Bked to the N-
terminus of the human KCNQ1 (protein accession number: NP_000209.2), a kind gift of Dr
Robert S. Kass (Columbia University, New York, USA). DNA amounts were 200 ng of
PCDNAS3.1WT-KCNE1-KCNQ1 [21] or pCDNA3.1-KCNE1-R539W-KCNQ1 + 1.6J R
bidirectional pBIWT-Tat or pBI-W11lY-Tat or pEGFE-1 (Clontech) + 200 ng of pUHD-
15.1 (required for expression from pBIl vector [18]). For Tat and hERG co-transfection
experiments, DNA amounts were 600 ng of pSI-hERG (protein accession number:
NP_000229.1) [21] + 1.2 J R@EBI-WT-TatGFP or pBI-W11Y-Tat/GFP bidirectional
plasmid, or pEGFRE1 (Clontech) + 200 ng of pUHD-15.1. For Tat incubation experiments,
DNA amounts were 600 ng of pSI-hERG J RI1 S-C1)&lontech) or 200 ng of
pPpCDNA3.1-KCNE1-KCNQ1 + 1.8 J R S (¥O13(Clontech). Cells were isolated, using
trypsin, 24 h after transfection (of ion channels cDNA) for Tat incubation experimentsor 48
after transfection for Tat transfection experiments, and cultured in 35mm plastic Petri dishes
In the latter case, medium was renewed 8 h before cells were split. For Tat incubation
experiments, Tat or citrate buffer diluted in culture medium were applied 4-6 hours after cells
splitting and treated cells were incubated at 37;C. Experiments were performed the day after

cell splitting.

2.3. Culture of human induced pluripotent stem cells
The previously characterized foreskin fibroblast-derived human induced pluripotent stem
(hiPS) cell clone C2a was used [24]. The hiPS cell lirss maintained on mitotically-
inactivated MEFs in DMEM/F12 medium supplemented withi it JOXWDPLQH
mercaptoethanol, 20% knockout serum replacement, 5 ng/ml bFGF and 1% NEAA under low



oxygen atmosphere (4%,0Cells were passaged by manual dissection of cell clusters every
6 to 7 days. Beforeardiacdifferentiation, hiPS cells were manually transferred from MEFs
to hESCGqualified matrigelcoated plates (0.05 mg/ml, BD Biosciences) and cultuned
StemMACS (iPSBrew XF) medium (MiltenyiBiotec). Passages were performed using

Gentle Cell Dissociation Buffer (StemCell Technologies).

2.4.Differentiation of hiPS cells into cardiomyocytes and dissociation
Human iPS cells were differentiated into cardiomyocysag the Matrix sandwich method,
as previously describg@5, 26] Cardiomyocytesderived fromhiPS cells (hiPSCMs) were
dissociated around day 20 of differentiation, for 20 min in collagenase Il (200 Gibco) at
37'C. Isolated cells were theimcubated at room temperature for 30 min in kixfthe
solution containingin mmol/L): KCI 85, K;HPO, 30, MgSQ, 5, EGTA 1, Na-ATP 2, Na
pyruvateb, creatineb, taurine20, and glucos0, pH 7.2[27]. For Tat immunofluorescence
studies, dissociated hiFGMs wereplated on IBIDI plates (Biovalley). &ting hiPSCMs
were culturedn RPMI1640 medium supplemented with B27 complete (Life Technologies)
and 1% NEAA and changed every other @gmd used between day 10 and day 14 post

dissociation.

2.5.Single-cell electrophysology in COS7 and HEK -hERG cells
In HEK-hERG and transfected C&&Scells currentswere recorced at room temperature
using the patcltlamp technique. The cells were continuously superfused avihEPES
buffered Tyrode solution containing (irmmol/L): NaCl 145 KCI 4, MgCl, 1, CaCb 1,
HEPESS5, glucose 5 pH adjusted to 7.4 with NaOH. For’Kurrent recordings, pipettes

(Kimble Chase WLS UHVLVWDOQFH WR an htrac@ldlar Hnedlu@ OHG Z L

containing {(n mmol/L): KCI 100, Kgluconate45, MgCl, 1, EGTA 5 HEPES 10QpH adjusted
to 7.2 with KOH. All products were purchased from Sigma. Stimulaiwhdata recording
were performed with Axon pClamp 1Brough an A/D converter (Digidatl440A)using &
Axopatch 200B(all Molecular Devices)hERG current(lerg) density was measured using a
depolarization from80 mV to+60 mV for 2 s and repolarization td0 mV for 2 s where the
tail current was measured (stimulation frequency: 0.125 Hz). Activatiore was obtained
by a series of2-s depolarzations from-80 to +50 mV (same holding potential and frequency
as abovejncrement: 10 mV) followed by &-s repolarization to-40 mV. Inactivation was
studied with athreepulse protocol a 1-s depolarizationfrom -80 mV to +40 mV was
followed by al5-ms repolarization to potentials ranging from +30180 mVand a 506ms

("



depolarization to +40 mV where the remaining current was meagr2éiz). Kinetics of
deactivatiorwere evaluated by @mvo-exponential regression of the decaying current recorded
at various potentials frorv0 to-130 mV (3s duration), after a-8 depolarizatiorirom -80

mV to +40 mV (0.125 Hz) The ame protocol was used to evaluate the recovery from
inactivation kinetics by fitting the rising phase of the currémfore deactivatignwith a
single exponential functionFinally, inactivation kinetics were studied with anotiierce
pulse protocol a 1-s depolarizatiorfrom -80 mV to +60 mV was followed by a 2&s
repolarization to110 mVand500-ms-depolarizatios to potentials ranging from €6to -60

mV where the inactivating current was fittedth a single exponential functio(0.2 Hz)
KCNE1-KCNQ1 current density was measured using depolarizations from a holding potential
of -80 mV to various potentials fror80 mV to +80 mV for 4 gor from -60 mV to +120 mV
when comparing WATat effect onWT KCNE1-KCNQ1 andKCNE1-R539WKCNQ1) and
repolarization to40 mV for 1.2 s where the tail current was measured (incrergénnV,
stimulation frequency: 0.125 HzFit of the nonnormalized activation curves wased to
estimate fullactivatedKCNE1-KCNQ1 current density for each cell

2.6.Action potential, 1k, and I, recordings in cardiomyocytes derived from hiPS
cells

Before recordig, cells weraencubaed for 24 heither with citrate buffer or with 200 ng/ml
(20 nmol/L) of Tat protein.Cells were continuously superfused witbaadiomyocytel'yrode
solutioncontaining (inmmol/L): NaCl 140, KCI 4, CaGl1, MgCk 0.5, glucosel0, HEPES
10; pH 7.4 (NaOHat 35 + 2jCas previously describd@6].
For action potential (AP)ecordingthe permeabilizeghatch configuration was usedhe
pipette(Sutter;tip resistance2to 3 0  solutioncontained (in mmol/L): Kgluconate 125,
KCI 20, NaCl 5,amphotericin B 0.8610°%, HEPESS; pH 7.2 (KOH).APs were recorded at
spontaneous rate or stimulated by-1.8 mscurrent pulses a300-1500pA at various pacing
cycle lengths. APswvere classified as nodgl atriat and ventriculadike, based on their
duration, maximum upstroke velocity (dVi/gdf), peak to peak duratiommplitude (nV) and
maximum diastolic potentiahs previously define[@6].
For currents recording, the rupturpdtch configuration was used.
For I recording, the pipette was filled with a solution containingnmol/L): K-gluconate
125, KCI 20, HEPES 10, EGTAQ; pH 7.2 (KOH).A local gravity microperfusion system
allowed application ot pmolL nifedipineto blocklca and 1 pumol/LE-4031to block Ik,
[28], dissolved incardiomyocytelyrode solutiorplus mannitol 30 mmid...
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Ik tail current density was measured as the E-4031-sensitive current using a depolarization
from -50 mV to +60 mV for 4 s and repolarization to -50 mV where the tail current was
measured (stimulation frequency: 0.08 Hz). Activation was evaluated by a series of 4-
depolarizations from -60 to +20 mV (holding potential: -50 mV, increment: 10 mV, same
frequency as above) followed by a repolarization to -50 mV. Deactivating currents were fitted
by a standard bi-exponential function.

lcaL Was recorded at room temperatuiéax-coated pipettes were filled with an intracellular
medium containing (in mmol/L)YCsChL 145, NaCl 5, CaGl2, MgATP 5, EGTA 5, HEPES

10, pH adjusted to 7.2 witsOH. During recording, the microperfusion system allowed
application of an extracellular solution containing (in mmol/L): TEA-CI 160, €&CMgCh

1, glucose 10, HEPES 10, TTX 0.01, mannitol 20; pH 7.4 (CsOH).

lca I/V curve was evaluated by a series of 200-ms depolarizationsafBesnpre-pulse to -50

mV to potentials ranging from -60 to +50 mV (increment: 5 mV, stimulation frequency: 0.125
Hz) followed by a repolarization to the holding potential at -80 mV. Inactivation was studied
with a two-pulse protocol: a 3-s depolarization to potentials ranging from -65 to -5 mV was
followed by a 400-ms depolarization to 0 mV where the peak current was measured (holding
potential: -50 mVy0.125 Hz).

2.7.Ikatp recordings in mouse neonatal cardiomyocytes
Single cell suspensions from 1-2 day-old mouse neonatal hearts were prepared in a semi-
automated procedure by using the Neonatal Heart Dissociation kit and the gent®VACS
Dissociator. Hearts were first excised from the mice then the ventricles were separated from
the atrium. After gentleMACY' dissociation, the cell supernatant was removed by
FHQWULIXJDWLRQ DQG WKH SHOOHW ZDV UHVXVSHQGHG |
modified EDJOHYfYV PHGLXP '0(0 VXSSOHPHQWHG ZLWK KRUYV
serum and penicillin (100U/mL)/ streptomycin (18/mL), then the cells were plated on 65
mm diameter Petri dish (Nuff). After 2h of initial plating, myocytes were resuspended in
the same culture medium and plated on 35 mm diameter Petri dishes at a density 4f 6 x 10

cells per plate. Myocytes were maintained in culture for 48 hours.

Cells were continuously superfused with a cardiomyocyte Tyrode solution, as above, at 35 +
2iC. The pipette was filled with a solution containing (in mmol/L): K-aspartate 85, KCI 44,
Napyruvate 5, HEPES 10, EGTA 0.01; Mg@; pH 7.2 (KOH). During recording, a local

gravity microperfusion system allowed application of 20 pmol/l glibenclamide [28], dissolved



in an extracellular solution containing (in mmol/L): NaCl 140, KCI 4, GdCIMgCL 0.5,
mannitol 30, HEPES 10; pH 7.4 (NaOH). From a holding potential of -70 mV, followed by a
20-ms step to -20mV, current was measured at the end of a 350 ms pulse to +40 mV (0.2 Hz).
After patch rupture, the outward current increased gradually due to dilution of cytosolic ATP
into the pipette. When the current reached steady state, glibenclamide was added to the
external solution to blocthe katp current. A ramp protocol was used to monitor the current
decrease upon glibenclamide application. From a holding potential of -70 mV, a 20 ms step to
-110 mV was applied followed by a 500 ms ramp from -110 to +40 mV (stimulation
frequency, 0.2 Hz). A step protocol was applied before and after glibenclamide application to

measure the glibenclamide-sensitive current.

2.8. Tat immunofluorescence
Two types of histological analyses were performed, (1) one to study localization of
transfected Tat in COS-7 cells, (2) another to study localization of incubated Tat in both COS-
7 and hiPS-CMs. (1) COS-7 cells were transfected with hERG and either WT- or W11Y-
Tat/GFP bidirectional plasmids as for patch-clamp experiments. Forty eight hours after
transfection, cells were plated on IBIDI plates for 24h. (2) COS-7 cells were transfected with
hERG plasmid only, and forty eight hours after transfection, cells were plated on IBIDI plates.
Both COS-7 cells and dissociated hiPS-CMs were then incubated with Tat protein at
200ng/ml for 24h.
Cells were fixed with 3.7% formaldehyde, permeabilized with 0.5% saponin and blocked with
1% PBS-BSA. All cells were then stained with mouse monoclonal antibody directed against
HIV-1 Tat (SC-65912, Santa Cruz) and cells incubated with Tat were co-stained with goat
polyclonal antibody directed against hERG (SC-15968, Santa Cruz) diluted in PBS. For all
immunostainings, secondary antibody staining was performed using respectively Alexa 568
conjugated anti-mouse antibody and Alexa 488 conjugated anti-goat antibody (Molecular
Probes). DAPI was used for nuclear staining. For Tat-transfected COS-7 cells, GFP was
directly observed. Conventional imaging was performed using Nikon Confocal A1RSi and
Super-resolution imaging using N-SIM (Structured lllumination Microscopy) microscope
system (Nikon) equipped with a SR Apo 10Q.49 N.A.

2.9. mRNA and Protein expression analysis
For gene expression analysis, total RNA was extracted and reverse transcribed, from hiPS-
CMs and HEK-hERG cells, as previously described [26]. PCR amplification was performed
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using FAMlabeled TagMamrobes:ACTB (Hs99999903 m1)KCNH2 (Hs0423427@1)

and Troponin | (Hs0016595m1).

For Western blot analysis, 60 pg of protein lysate fleRISCMs or 10 pg of protein lysate
from HEK-hERG bothtreated for 24h with 200 ng/ml Tat or buffer were incubated with
mouse antisera against HRG protein (Santa Cruz). Secondary antibody staining was
performed using goat antmouse IgGHRP antibody (Santa Cruz). Stain Free gel technology
(Bio-Rad)wasused as loading control for protein normalization: dheunt of total proteins

in each lane athe blotwascalculated and used for normalizati@®, 30}

2.10. Data analysis
Steadystate ativation and inactivatiorrurveswere fitted with a single Boltzmann function
usingGraphPad Prisrb.02 Dataare presented as mean + Skkennormallydistributedor
Tukey boxplots (QXQ3 boxes)when not Statistical significance wasgstimatedusing
Student's test MannWhitney test or two-way ANOVA for repeated measureshen
appropriatePosthoc test for multiple comparisdhlolm-Sidak method) was performed when

neededA value of p< 0.05 was consideredk the threshold for statisticgignificarce



3.RESULTS
3.1. Tat transfection leads to a decrease in hERG andKCNE1-KCNQ1 currents
and acceleration of deactivation, consistent with a decrease in Bl&vailability

We first evaluatedhe effecs of Tat co-expressiorwith hERG or KCNQ1 fused toKCNEL1
(KCNE1-KCNQ1)in COS7 cells This set of experiments allowed us to compheeeffects
of WT-Tat with those of W11lY-Tat, which preserg a profoundly reduced PjPaffinity,
althoughhaving a normaltransactivation activity18]. In contrast withWT-Tat, this mutant
camot enter thecells and thustesting the effects of its intracellular applicati@quires its
transfection Figure 1Ashows representativeERG current recordings in cellso-transfected
with GFP, WFTat, or W11¥Tat Il ,erc density wasreducedin presence of W-ATat as
compared to GFPIn order to test whether this is due to a reduction i BNRilability, we
evaluated the effects of thy11Y-Tat Consistent with the hypothesis, we did not observe
any alteration ofthe hERG current. It was shown thata decrease in PpPleads to a
destabilization ohERG open stateprovoking areductionin the currentamplitudeand an
acceleration in channel deactivatisithout any shift of the activation curve to positive
potentialg21]. In accordance with a P#Peductioneffect, WT-Tatand not W11¥Tatled to
the same changes aarrentdensityanddeactivationwithout any shift in the activation curve
(Figure 1BD, Table ). These data suggesiat Tat inhibithERGby sequestering P3P

ForKCNE1-KCNQ1lalsq a decrease in PjRwailability leads to @ecrease in current density
and an acceleration of deactivatif#0]. Again, WT-Tat but not W11¥Tat led to the same
effects as wherthe channelinteraction with PIR is altered(Figure 1E-H, Table 3. To
confirm the hypothesis that Tat reduces the current amplitude of delayed rectifier currents
through a decrease in available RIRe tested the effect of Tat dhe mutant KCNE1-
R539WKCNQ1 channel that is insensitive to Bléepletion whentriggeredby wortmannin
application or by CiVSP phosphatase activaf®l]. We comparé current amplitude in cells
expressing KCNER539WKCNQ1 in the absence and presence of (Ragure 2). As
opposed to WT KCNEKCNQ1, Tat expression did not affee€CNE1-R539WKCNQ1
current amplitude measured after channel full activation, reinforcingntegpretationthat
Tat decreases KCNEKCNQ1 channel activity through a decrease in available. PIP

Altogether, these data strongly suggest that Tat inhibits hERG and KERED1 airrents
by sequestering PiP



Figure 1: Tat transfection alters hERG and KCNE1-KCNQ1 currents in COS7 cells.
(A) Representativesuperimposedcurrent recordings infCOS7 cells cotransfected with
hERG, and either GFRYT-Tat/GFPor W11Y-Tat/GFR amutant with reduced PjRffinity.
(B) Tukey boxplots presenting hER@aximaltail current densitiegC) activationcurvesand
(D) time constants of deactivation (fast and sleefsusvoltagein the same conditions as in
A. The fast component represe®@ to 90% of the deactivating currerdepending on the
potential, with no effect of Tat.(E) Representativeurrent recordings ilcOS7 cells co
transfected withKCNE1-KCNQ1, and either GFPWT-Tat/GFP or W11Y-Tat/GFPR (F)
Tukey boxplots presentingCNE1-KCNQ1 maximal tail current densities(G) activation
curve and(H) time constants of deactivaticat -40 mV in the same conditions as in E
Current densitieslifferences were statistically evaluated using a M@fimtney test, hERG
deac USING a tweway ANOVA for repeated measurements, and KCNERL1 4  g2,:at -40
mV using Student-test. * p < 0.05; for WiTat vs GFP. # p < 0.05; ## < 0.QL; ###p <
0.001 forw11Y-TatvsWT-Tat = p < 0.05.



Table 1: Tat transfection alters hERG and KCNE1-KCNQ1 currents in COS-7 cells

biophysical characteristics.

Tat transfected 2 A 2 2

GFP WT-Tat W11Y-Tat GFP WT-Tat | WILLY-Tat
Current density 32) (46) 43) (15) 1) (15)
?;Z%E;V 626+95 | 312+39% | 72.6+104™ | 422+13.1| 13.0+3.9* | 46+ 10.8
Activation (18) 29) 28) (12) 12) (14)
Vo (MV) 102417 | 111415 | -898+16 | 246+23 | 299+23 | 266+1.9
K (mV) 76+03 | 6.8+0.1% 71401 134+07 | 135+06 | 13.9+04

(n): number of cellsStudent t#test,*: p < 0.05,**: p< 0.0L vs GFP ##. p < 0.QL; ### p <
0.001 vs WT-Tat, Vi, and K: voltage for halfictivation or-inactivation of the K currents
and slope.

Figure 2: Tat transfection does not alter the PIR insensitive mutant KCNE1-R539W-
KCNQ1 currents in COS-7 cells. (A) Representativesuperimposecdturrent recordings in
COS7 cells cotransfected withKCNE1-R539WKCNQ1, and either GFP (left) or WT
Tat/GFP (right) (B) Tukey boxplots presenting WTat effect onWT (left) or KCNE1-
R539WKCNQL1 (right) maximaltail current densities, using the same stimulation protasol
in A (depolarization up to +120 mV); (C) activation curve in the same conditionsA&s in
Current densies differences were statistically evaluated using a M&fhitney test. ** p <
0.01.
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To localize Tat, immunofluorescenassaysvere performedising the same conditions as for
patchclamp experiments,e. catransfection ofhnERG with either WT- or W11Y-Tat/GFP
bidirectional plasmid. They confirmed that WT-Tat localizes at the CO$% plasma
membrane through its interaction with PWP[32]. Unlike WT-Tat, W11Y-Tat localized
diffusely in the cytosol, its lack of affinity for PiPprewventing its plasma membrane
localization(Figure 3A & B). Thisis consistent withhe absence of W1tYat effect on PIR
dependent chanrsctivity.

Figure 3: WT-Tat but not W11Y-Tat localizes at the plasma membrane in COS cells

(A) Representative confocal immunostainings of, in red-VdT or W11¥-Tatin transfected
COS7 cells. GFP is used as a transfection reporter. Nuclei are stained with DAPI. Scale = 10
pum. (B) Surface plots offTat, GFP and DAPI fluorescence intensitiegach cell at the level
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of thedrawnlines in A Higher WT-Tat densities are observed in the region of the plasma
membrane, as opposed to WiTH#t.

3.2.Tat incubation does not alter hERG and KCNE1-KCNQ1 currents in

heterologous expression systems

In HIV patients, TFcellssecreted Tat can enter multiple cell types, through the interaction
with various ubiquitous receptof$8]. We thustested the effect of Tatppliedexternallyon
hERG and KCNE1KCNQ1 channet activity. We first studied the effect of Tat 2%
incubationin HEK293 cellsstably expresag hERG channeldVe chose a 24 incubation
since in the different biological assays in which Tat been tested (neurosecreti@2] and
phagocytosig[33]), it was found torequire some time (8 hours) for Tat, after initial
internalization, to accumulate on PRIPand to perturb processes relying on this
phosphoinositide. Moreover such a-24ncubation, and not acute application, had already
been associated with a decreas®ERG current density in this mod&6]. Surprisinglyard
unlike the previous obsenations, Tat incubation (200 or 400 ng/ml) did not induce any
change(Supplementalifjure 2A; Supplementalable ). In addition neitheractivation nor
inactivation curves were modified by Tat incubation (Supplementalfigure 2B & D;
Supplemental table)l nor the kinetics ofdeactivation,inactivation and recovery from
inactivation (Supplementafigure 2C, E & F). In addition, neithemRNA nor total hERG
protein levels wereaffected Supplementalfigure 2G & H). Tat entry into cells occurs
through receptors of which expression vary from one cell type to an@hemhe observed
absence of Tat effect may then be due to insufficient penetratiomiiocells In order to
evaluatewhether the cell type could explain the absenda@ibatedTat effect on {erg this
analysiswasrepeatedn COS7 cells transiently expressingERG (Supplementafigure 3).
Again 200 ng/mliTat incubationdid not lead to anghangen eitherhERG currentlensityor
biophysical parameterdn addition, we did not observe any effect of Tat incubation on
KCNE1-KCNQ1 channel activity in CO3 cells(Supplementaligure4).
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Supplemental &ble 1: Tat incubation has no effecton hERG and KCNE1-KCNQ1

currentsin heterologous expression systembiophysical characteristics.

HEK -hERG COS-7-hERG COS-7-KCNE1-KCNQ1L
Tatincubated Buffer Tna; /an)lo Tna; /ﬁ?lo Buffer Tr?é /?nolo Buffer Tr?g; /?T?IO
Current density 23) 14) (14) 38) (35) (19) (19)
?;Z%gv 195+20| 233+37 | 189+29 | 546+109 | 39.9+73 | 31.7+75 | 420+86
Activation (16) 11) 12) (18) 22) 11) 1)
Vo (MV) 269+14| 250428 266+14| -111+14 | -151+1.8| 266+46 | 26.7+43
K (mV) 74+02| 76+03 | 75+01 | 70+03 | 65+02 | 166+14 | 154+06
Inactivation (12) (5) (8) (8) (6)

Vo (MV) 663+14| 672432 -71.0+21| -546+7.3 | -57.3+2.4 - -

K (mV) 207+04| 209+05 | 203+07 | 226+06 | 204+07 . -

(n): number of cells;Student #test.V1, and K: voltage for halfctivation or-inactivation of
the K’ currents and slope.
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Supplemental figure 2: Tat incubation has no effect onhERG current in HEK -hERG
cells. (A) Tukey boxplots presenting hER@Il current densitiesncubated with buffer200
ng/ml or 400 ng/ml WT-Tat (Tat). (B) Activation curve measured from thail current
densities (C) time constants of deactivation (fast and slewjsusvoltage (D) inactivation
curve;(E) time constant®f inactivationversusvoltage (F) time constants of recovery from
inactivation versusvoltage in the same conditions as. Ahe protocols used are shown as
insets. The same protocol is used 1Gf &nd F). (G) hERG mRNA expression levekrsus
ACTB mRNA. (H) Top left: Western blot analysis of hERG protein expressiortHEK-
hERG cells Two hERG specific bands were revealed (mature, glycosylated membrane
subunit, 155 kDa, and immature, nglycosylated cytoplasmic subunit, 135kD&np right:
Stainfree eyression served asternal control of gel loading. BottonNormalized intensity
quantification of theotal and matur@ERG baads.



Supplemental figure 3. Tat incubation has no effect onhERG current in transfected
COS-7 cells.(A) Tukeyboxplots presenting hERG tail current densitiesorded from cells
incubated with buffeor 200 ng/mIWT-Tat (Tat). (B) Activation curves measured from the
tail currens; (C) time constants of deactivation (fast and slowdrsus voltage (D)
inactivationcurves;(E) time constants of inactivatioversusvoltage (F) time constants of
recovery from inactivationersusvoltagein the same conditions as Ahe protocols used are
shown as insets. The same protocol is useddpaiid ).



Supplemental figure 4: Tat incubation has no effect onKCNE1-KCNQ1 current in
transfected COS7 cells.(A) Representativeurrent recordings ilCOS7 cells transfected
with KCNE1-KCNQ1, andincubated witheither buffer or 200 ng/mIWT-Tat (Tat, voltage
protocol in B).(B) Tukey boxplots presentingCNE1-KCNQL1 tail current densities(C)
activation curves andD) time constants of deactivati@i-40 mV in the same conditions as
in A.

3.3. Tat incubation decreases {; in cardiomyocytes derived from human induced

pluripotent stem cells

Cardiomyocytedifferentiatedfrom hiPS cellsprovided us with the opportunity ®valuate
the effectof Tat incubation ona more relevant cellular model than pcardiac cells As
shown infigure 4A & B, Ik, isolated ashe E-403Xsensitive currentwas significantly
reducedin hiPSCMs incubatedfor 24 h with 200 ng/ml Tat After full activation, the
maximum tail E-4031-sensitivecurrent density measured &0 mV was reduced by 136
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(Figure 4B; Table2; p < 0.05. In addition no detectablelxs was observed after B031
application Thus, activation curve and deactivation kinetics were measured using th¢€'total
tail current. The activation curve was not modified btiie currentdeactivation was
acceleratedFigure4C & D; Table2, p < 0.05. Thereforewe observedimilar effect of Tat

on the activation gate as compared to the experiment$airtransfectedCOS7 cells
reminiscent of the effect of a decrease in,PTiRis suggests that hiPSMs express receptors
allowing Tat integration in sufficient quantity to alter the currents, as opposed ter @GOG
HEK293 cellular modelsWe directly tested thisypothesisusing confocal andtructured
lllumination Microscopy(SIM) imaging on Taincubated COS cells expressing hERG, and
hiPSCMs. Confocal images showed that Tat protein was comparably present in both cell
types after 24h incubation (FigurBA). Higher magnificationanalyses highlighted that in
COS7 cells expressingERG, Tat proteimlid not entethe cells.In marked contrasin hiPS

CMs, Tat was found both in the cytoplasmd/or vesicular structures that are presumably
endocytic elementss well as colocalized with hERG proteins, at the plasma membrane
(Figure 5B). Altogether these experiments® hiPSCMs show thatTat, when applied at
biologically relevantconcentrationgs ableto affect PIR availability, thereby affectingk,

current.

Since Tat also affestransfected KCNEEKCNQ1, which isrelated to theardiac ks current,
we set outto study the effect of Tat orkd in native tissueHowever, h our model of
cardiomyocytes differentiated frohiPS cells, we did no observe atayl current in presence
of 1 uM E4031 (not shown) suggesting thakCNE1 and/or KCNQ1 subunits arenot
expressed/functional in this model. We also applied 1 pMegtirine to enhance this current

[35, 36]but again, no tail was observed in 1 uMIg31.

Table 2: Tat reduces k; recorded from hiPS-CMs: biophysical characteristics.

iPS-CMs-I, |

Tat incubated Tat 200
Buffer
ng/ml

Current density (15) (15)
at 60 mv

0.93+0.18 | 0.64 +0.23*
(PA/pF)
Activation (21) (13)
V2 (MV) 237+16 | -227+1.7
K (mV) 57+05 57+04

(n): number of cellsStudent ttest,*: p < 0.05; W, and K: voltage for halkctivation or
-inactivation of the K currents and slope.
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Figure 4. Tat reduces k, recorded from hiPSCMs. (A) Representative superimposed
currents recorded from hiPSGMs incubated with buffer (left) 0200 ng/mIWT-Tat (Tat;

right), before (control) and after 1 uM4D31 applicationThe E403Xsensitive currentgl,

was obtained by digital subtraction of the current recorded af&3E application to the one
recoded before application (inset: voltaglemp protocol). (B) Tukey boxplots presenting |

tail current density measured-&0 mV after depolarization at +60 mV. Malivhitney test: *

p < 0.05. (C) { activation curves measured from ttedl currens. (D) Averaged time
constants of fasand slowdeactivation upon repolarization &0 mV. Student {#test:* p <

0.06. The fast component represents around 50% of the deactivating current in both
conditions. (E) hERG mRNA expression levalersus Troponin | mRNA. (F) Top left:
Western blot analysis of hERG protein expressiohiPSCMs. Two hERG specific bands
were revealed (mature, glycosylated membrane subunit, 155 kDa, and immature, non
glycosylated cytoplasmic subunit, 135kDapp right: sain-free expression served asemal
control of gel loading. Bottom:atmalized intensity quantification of thetal and mature
hERG bads in hiPSCMs. Student-test * p < 0.05.
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Figure 5. Tat enters hiPS-CMs but not COS7 cells (A) Representative confocal
immunostainings of Tafred) and hERG(green) Left: COS7 cells expressing hERG. Right:
hiPSCMs. Top: cells incubated wittontrolbuffer. Bottom: cells incubated with T&cale =

50 Bn. (B) Top: Representative confocal immunostainings ofif@aibated COS cells and
hiPSCMs. Bottom: Representative SIM immunostainings, showing that Tat remains in the
extracellular compartment of CAGScells (red arrow) while in hiPSCMS, Tat is locatd

inside the cytoplasr{asterisk} and colocalize with hERG at the plasma membrafyellow
arrows) Scale = 5@n.
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In addition to hERG and KCNQZPIP, has been shown to modulate the activity of a plethora
of ion channel$37], yet it is possible that many of these channelsataffectedoy PIR if
variations are limited tats physidpathophysi@gical range[38]. To address this issueve
tested the effect of Tat on several chanrslggested to be regulated by PIPIP, has
previously been shown to modulate théype C&" current, .., in neurons and in natural
killer cells [39, 40] and Ca,1.2 and C&1.3 in heterologous expression systg¢#i]. We
investigated Tat effects othe L-type C&" currentin hiPSCMs. Tat incubation did not
modify Ica. density orbiophysical propertiesF{gure 6), showing that endogenou€a™*
channe$ activity is not affected by Tat in hiPSMs. This observation suggethathiPSCM

C&" channels araot as sensitive as hERG to a decreaswailablePIP..

Figure 6: Tat has no effect on ¢, recorded in hiPSCMs. (A) Representative
superimposed currents recorded from R8s incubated with buffeor 200 ng/mIWT-Tat
(Tat). (B) Current densityvoltage relationshipinset: protocol use(C) Ic,, activation curves
obtained fromcurrent densityvoltagecurves (D) Voltagedependence of in&gation. Inset:
protocol used.
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In order toevaluateif Tat also altes the activity of an inward rectifier channel, we chase
channel which has a low apparent affinity to PIBuch channel, which is less stabilized by
PIP, is more prone to a decrease in activity when available iBIBecreasef42]. Thus we
selected th& atp channel, since the alptsabunit of this channel, Kir6,has a low affinity to
PIP, and is more prone tbe sensitive tbat [42]. As no Katp currentwas detectedn the
hiPSCMs as aglibenclamdesensitive outward current measured at +40 m\é, used
neonatal mouse cardiomyocytes which a 24 h incubatiorwith 200 ng/miITat led to a
decrease in the &p current (Supplemental figurg). This suggests that Tat may lead to a
remodeling of the electrical activity of cardiomyocyteotigh an alteration of the activity of

several PIRsengtive channels.

Supplemental figure 5: Tat induces a decrease in farp recorded in mouse neonatal
cardiomyocytes (A) & (B). Representative superimposed currents recorded from@QNS
incubated with buffer (A) o200 ng/ml WT-Tat (B), during 20 mol/l glibenclamide
perfusion. Vertical bar, 500 pAFor clarity, only every other trace is shaw(i€) Tukey
boxplots presentingchte current density measuresbs the glibene@midesensitive current
measurect the end of a%) ms pulse to +40 m\MannWhitney test: * p < 0.05.

34. Tat related reduction of I ¢, is not due toa reduction in membranehERG

Since Tat has been shown to interfere with protein expression in hos4éllg mayalso
act on hERG through a reduction its expression.To test whether Tat directly altes
expression ohativehERG inhiPS-CMs, we performedRT-PCR and western blot analyses
While noreduction ofhERG mRNA was observedotal hERG protein amountas reduced
by about 20% only (Figure 4 E & F). Moreover the mature (i.e. glycosylated)fraction
responsible for the Kcurrent[44], was not significantlyeducel (Figure4F), suggesting that
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inhibition of hERG protein expression is not responsible for hLERG current decasalsthat
in cardiomyocytes, Tat incubationostlyaffects hERG gating.

3.5. Tat modifies the electrical activity ofcardiomyocytes derived from human induced

pluripotent stem cells

Action potentials (APs) were then recorded using permeabilizedpatch configuration in
hiPSCMs. Three types of AP shapes were obtained and categorized as atddl, and
ventricularlike APs (Table 3). Since LQTS is associated with ventricular AP prolongation,
we focused on ventriculdike APs paced at two cycle lengths. As illustratedrigure 7A,
APs were proongead in hiPSCMs incubatedor 24 h with200 ng/miTat. Only APD+o and
APDg were prolonged as expected with hERG inhibitidp < 0.05; Figure/B). In addition,
most Tatincubaed cells showed a higher ARfispersion compared to cellscubatedwith
buffer (Figure8). This dispersion resulted from AP duration and amplitude alterfragare

8A). APDy alternans were exacerbated at faster stimulation rates (shorter PCLs;8Byure

Table 3: Quantitative parameters used for classification of action potentials obtained

from patch-clamp experiments on control cells.

(APDg, +
hiPS-CM AP amplitude MDP (mV) Peak to peak dVv/dt ax APDgg APD,)/ APDsy/
APs (mV) duration (ms) (Vis) (ms) (APD7o + APDgg
APDg)
Nodal-like 174.4 + 0.6
(n=4) 63.0+4.4 -41.7 + 3.7 650.1 + 147 21+04 25 2.3%+0.2 0.002
Atrial -like 2159+ 0.6 +
(n=7) 77.3+2.2 -47.2+1.5 901.2+ 188.5 44+05 229 1.0+0.1 0.001
Ventricular -
like 1026+31 |-586+21 |1301.2+3108 | 109+12 | 2894% 49+07 |08%
(h=9) 30.1 0.02

MDP: Maximum diastolic potentiadV/dt max: maximum upstroke velocity



Figure 7: Tat significantly increases ventricularlike action potential durations in hiPS
CMs. (A) Left, representative ventricukdike APs recorded from hiREMs incubated with
buffer or 200 ng/mWT-Tat (Tat), stimulated at a pacing cycle length (PCL) of 70Q ms
Right, expanded APs taggedin left panel. Horizontal dashed Ilsand bas: 0 mV. Vertical
dashed ling stress the duration differencd®) Averaged AP duration at 30 (AR, 50
(APDsg), 70 (APDy) and 90% (APLy) of full repolarization measured in ventriculdee
cells incubated with buffer aVT-Tat at 2 different PCLs. * : p < 0.05 (HolBidak posthoc
test).
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Figure 8: Tat incubation leads to alternans events in ventriculadlike hiPS-CMs. (A)
Representative ventricukike action potentials recorded from three different R8s
incubated with 200 ng/mWVT-Tat (Tat). Cell 1: APDy of five consecutive APareindicated
below. (B) PoincarZ plots of ARBP(one color per cell) recorded at thrdifferent PCLs. The
grapls show APDRy of each AP (number n+Mersusthe APDy of its preceding one (n).
Same color code used in A.

#)"



DISCUSSION

HIV Tat binds PIRwith a very high affinity, the Kbeing20 to50 timeslower than the K of

the phospholipase C pleckstrin homology domaime of the best cellular ligands fBiP,
[18]. Knowing that hERG and KCNQ1 currents are modulated by membranéei?éR, we
tested whether Tat can affetiose currerstby sequesteringIP,.. Cotransfecting Tat with
either channel led tmodification of the biophysical parameters in accordavitie a decrease

in available PIR. Moreover,the W11Y-Tat mutant which is 300 times less affine for PIP
[18], has no effect otheactivity of both channeldmportanty, W11Y-Tat mutationdoes not
alter its native transactivation activit{23], suggesting that loss of effect of W1-Tat on
hERG and KCNEXKCNQL1 channes activity is rather due to thdisruptedinteraction with
PIP, than through another mechanism, such as the regulation of gene expr&asoen
W11Y-Tat is not localized to the merane,one might argue thatvT-Tat effects may be
mediated through alternative mechanisms independent ¢f 8lPh as a direct interaction
with the ion channels of interest. HowevarKCNEXKCNQ1 mutant which is not sensitive
to PIR is not affected byVT-Tat, confirming thatTat acts by sequestering RIfhcubation

of hiPS-derived cardiomyocytes with/T-Tat alsoleads to a decrease ix Bnd acceleration
of deactivation consistent with a decrease in available ;,PRnally, the cells electrical
activity is affected through delayed repolarization and AP alterrditgether, theeresults
indicatethat Tatmay affect cardiomyocytesepolarization hrough a interaction wih PIP,,
reducing tle major repolarizing curremty, andlgxs Those results arparticularly significant
as,despite the proven effect of RBIBn the gating of many channels, the relevance of such a
regulation in physiological or pathophysiological conditions is still questiolhdths been
suggested thanh cardiac cellsPIPR; levelsare not affected enough by Pid@upled receptors
to alter k, and ks[38]. This work enlightensa pathophysiologicakondition where k; is
indeedreduced through a decrease in available,.RNe also show thattber PIR-sentitive
channels, such as theit channel[45] may also be affected. Since this channel is implicated
in the ischemic preconditioningthis could explain at least partly the increaseaaute
myocardial infarction in HIVpatients adjusted fdnypertension, diabetes, and dyslipidemia
[46]. In human cardiomyocytes, we ditbt observe any effect of Tat incubation on the
transient calcium currentd,, despite its described RIBensitivity [41]. This observation
supports the hypothesis that channel activity is differentially modulated depewialiitg
affinity for PIP,[47].
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Tat incubation affectedd in humancardiomyocytes, bunot in COS7 and HEK293 modsl
This highlights the usefulness of hHé8rived cardiomyocytes as a more reliable mallah
heterologous systems. Most importantly, it validates the use of@NFSto study cardiac
nontgenetic disase such as infectious diseadike AIDS. Onecouldconsiderthe absence of
detectablelks in nonstimulated conditioras alimit of this model But this characteristic
makesthis modelcloser tohardly availablehumancardianyocytes[48, 49] as compared to
guineapig cardianyocytes[50] in which ks presers a much larger contribution to the

repolarizing currentwithout any adrenergic stimulus

Bai and collaboratordid observe an effect of Tat incubation on hE&@ent amplituden a
similar HEK293 modelaswe used16]. However, these authors used a short isoform of Tat
enmded by the first exon of the protein only (72 residues:7Bat The Tat protein used in
our study isa 86 residues lon¢Tat-86), two-exon form of Tathat is presenn viral isolates
[34]. Although both Ta72 and TaB86 contain the transactivation domain, and are frequently
used forin vitro studies, TaB6 is more readily taken up than 3% by various cell types
[51]. In addition, he second exon endows Tat with additional activities and is critical for both
in vitro andin vivo HIV replication [52]. Therefore, the use of 786 appears to be more
relevant to evaluate HIV impachdwuman cardiomyocyte electrical activity.

In LQT patients, Twave alternans mirroring ventricular AP alternans are assocvatad
delayed repolarization and are a known risk factor for sudden ¢&2jthin hiPSderived
cardiomyocytes, Tat incubation resulted in a significant reductioR, inutrrent,associated

with ventricular AP prolongation, as would be expected, and alternans occurrence. Up to now,
suchhuman AP alterations could be addressed witlsilico studies only. For example,
similar AP prolongation at low rate and APD alternah®levated rate were observed when

Ik, alterations due to a human L€@&lated hERG mutation were implementad a
mathematical model of the human ventricular action potef@#gl Similarly, mild reduction

in repolarization reserve due to alteration@fplarameters led to APD alternans using another

in silico model [55]. These results are also in agreement with the observations in canine
cardiomyocytes of AP alternans suppression by overexpression of fEERGIowever,in

silico or animal models are limited to investigate the potential multiple effects of actors such
as Tat on their various mechanistic targets, in a situation far more complex than a single

mutation.
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In conclusion, this study strongly suggests that, FdPthe Ink between HIV/Tat and the
cardiac arrhythmias observed in Hpésitive individuals. Imeurosecretorgells, it has been
proposed that Taperturbsthe recruitment ofseveral PIP,-dependentkey players of the
exocytotic machinery32]. Combined with this previousvestigation our work suggest a

general remodeling of PjRlependent processes by HWW& Tat It would be interesting to

test whetler other processes, immune or not immune, are also affected thydtegh PIR.
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