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Abstract

Interleukin 7 (IL-7) is an essential cytokine forCell development ahhomeostasist
is well established that HZ promotes the transcriptional downregulationLafRA leading to
decreasedL-7Ra surface expression. However, it is currently unknowhether IL-7
regulates thentracellulartrafficking and early turnover ats receptorupon ligand binding
Here we show thatin steadystateT-cells, IL-7Ra is slowly internalzed and degradeahile
a significant fraction recyclelsackto the surface. Upon HZ stimulation there is rapidL-
7Ra endocytosisvia clathrincoated pits, decreased receptor recycling aadcelerated
lysosome andproteasomedependent degradatioin accordancethe halflife of IL-7Ra
decreasedrom 24h to approximately3h after IL-7 treatment Interestingly, ve further
demonstrate thatlathrindependent endocytosiss necessary for efficient HZ signal
transductionln turn, pre-treatment of Tcellswith JAK3 or panJAK inhibitors suggestthat
IL-7Ra degradatiordepends orthe activation of the 7 signaling effectodAK3. Overall,
our findingsindicatethat IL-7 triggers rapidL-7Ra endocytosis, whichis required forL-7-

mediatedsignalingand subsequent receptor degradation.



Introduction

Interleukin 7(IL-7) is a key presurvival cytokine essential for-dell proliferation,
developmentand homeostasidL-7 is produced by stromal cells in the thymus and bone
marrow, and also by vascular endothelial cells, intestinal epithelium, keratinocytes and
follicular dendritic celld. The IL-7/ IL-7R signaling network was shown to be critical in
health and disease.-IL is essential in lymphoid development, since knockout mice far IL
23 IL-7Ra?, vc°, and JAK®E or JAK3' sufer similar lymphoid developmental blocks. -
was alsashown to rescue primary-@ell acute lymphoblastic leukemia-@LL) cells from
spontaneous apoptosisvitro® and IL-7 transgenic mice develop lymphorhaBurthermore,
IL-7 may be involved in chronic inflammation, osteoclast maturation and subsequent bone
destruction in rheumatoid arthrit?s

IL-7 signals via the K7 receptor, composed by the-TRa and the gamma common
chain ), which is shared by other interleukieceptors, namely H2, IL-4, IL-9, IL-15 and
IL-21. Upon ligand binding, H7Ra and y. heterodimerize and are phosphorylated by
JAK1/3%. In T-cells, this directs the activation of STAT5 and PI3K, leading to cell cycle
progression, increased viability and cell $iZ€ In general, effective signal transduction
depend®n the tight control of receptor membrane trafficking via internalizatiorradagon
and recyclingmechanisn$, and may occur during receptor trafficking in intracellular
vesicles, rather than just at the cell sugtadvioreover, @docytosiss commoty required for
efficient receptoimediated signal transductioand it has been described for other cyteki
receptors such as 42R* and IL-5R™. Receptorendbcytosis can occur via clathrioated
pits and/or clathrinndependent routedzor example, assembly of high affinity-BR and
consequent signal transduction is dependent on lipidtaftserestingly, thelifferent chains

of the receptord, B and y.) are differentially sorted after internalizatiowhile § and vy,



chairs are targeted for degradation, the a chain internalizesconstitutively and recycldsack to
the surfac®. Other receptorssuch as the H5R', TGFp*’ ard EGFR® internalize not only
via clathrincoated pits but also via clathvindependent routes. Independently of the
internalization routeit is thought that receptors traffic to early endosgmehere they can
then be sorted for degradation and/or recy¢fiiy Whether an internalized receptor is
targeted for degradation or recyclidgpends onseveral factorswhich differ between
receptor and cell typ®®. Ubiquitinationis usually associated with receptor degradation via
proteasomedyut in some casesfficient degradation of ubiquitinated receptor reb@sboth
proteasomes and lysosorfie

Dissectinghow IL-7 regulates its cognate receptor membrane trafficiangucialto
the indepth understanding of tmele of IL-7/IL-7R in lymphocyte functionPrevious studies
have suggestetthat IL-7 stimulation of TFcells leads to surface downodulation of Il-7Ra
within 30minutes possibly due to receptor internalizatibrit later time points (h), IL-7
was shownto induce transcriptional downreguliain of IL7RA**?®. However, the actual
dynamics ofIL-7Ra internalization and the regulation of trafficking mechanisniy IL-7
remain to be elucidatedn the presentstudy, we showthat IL-7 inducesrapd clathrin
dependentL-7Ra internalization in human Fcells Moreover, arr resultssuggesthat IL-7-
induced signaling is dependent on-71Ro internalization and that subsequentreceptor
degradatiomrelies onJAK3 activity and is mediated by both proteasomes and lysosdbugs
study explores for the first time the mechanisms of7dbduced IL-7Ra trafficking,
contributing to the understanding of the biology of the7llL-7R axis in lymphocyte

function.



Materials & m ethods

Cell lines and primary human thymocytes Human HPBALL cell line was cultured in
RPMI-1640 (Gibco) supplemented with 10% (vol/vol) heat inactivdt®® (Gibco) and
2mM L-glutamine fereaftereferred to as RPM10). Cells were maintained at 37°C in 5%
CO2.Human thymocytes were isodat from thymic tissue obtained from children undergoing
cardiac surgery. Samples were obtaingith informed conserdfterinstitutional review board
approval. The tissue was gently disrupted in RPMI and filtered through a cell strainer.
Thymocytes were enriched by dglly centrifugation over FicelPaque (GE Healthcare) to at

least 95% purity.

Cell treatment with inhibitors. All cell culture experiments were performed in RPMI.
When indicated, cells were pteeated or not (vehicle controlvith inhibitors at a density of
10 cells/mL, and inhibitors were kept during the duration of experimégperosmotic
sucrose $igmaAldrich; 0.5M; 1h@ pretreatment NH4CI (SigmaAldrich; 50mM; 1h
pretreatment JAK3 inhibitor WHFP131 (Calbiochem; 18uM; 1h pretreatmeni panJAK
inhibitor I (Calbiochem; 10 uM; 1h pretreatment), Cycloheximide(SigmaAldrich; 500 uM,
30min. pretreatment Lactacystin (Calbiochem25uM, 1h pretreatment Filipin (Sigma

Aldrich; 2.5ug/ml, 1hpretreatment

Flow cytometry analysis. For cell surface assessment of receptor expression, cells were
washed in ice cold PBS afténe indicated stimulugretreatment resuspended in PBS/1%
BSA (SigmaAldrich), and incubated for 30im on ice with a-human IL-7Ra- phycoerythrin
(PB-conjugated antibodyR&D), or isotype and concentration matched -lBE control

Cells were then washed in iceold PBS, resuspended R paraformaldehydeS{gma



Aldrich), incubated 15 minon ice, and analyzed using a FACScalibdlow cytometer
(Becton Dickinson) an@FlowJosoftware TreeSta). For intracellular assessment of receptor
expression, cells were washed in ice cold PBS after the indicated stipralueatment,
resuspended iA% paraformaldehyd®/05M sucrosend incubated at 4°C for 15 mikfter

fixing, cells were washed in cold PBS as before, resuspended in Ul in PBS for
quenching,and incubated at room temperature for 10 min. After quengcldalls were
washed with permeabilization buffer (PBS/1%BSA/0.058aponin) resuspended in
permeabilization buffer and incubated at 37°C for 15 min. After incubation with antibody

30 min at 37°C, cells were washed in PBS, resuspended in 2% PFA, incubated for 15 min. on

ice andanalyzedy flow cytometry.

Antibody ‘chase for assessment of receptor ctocalization. For confocal microscopy
analysis, the HPB\LL cell line was plated on PDIPoly-D-lysine) (Sigma Aldrich}coated
coverslips for 30 min to 1h, at 37°C for cells to adhere.'cf@msé the pool of surface
receptor, cells were incubated RPMI10 for 30 min. on ice, with a-human IL-7Ra
unconjugated antibody. After primary antibody g cells are washed and resuspended in
RPMI-10 and reincubated on ice with a-IgG- Alexa 633 or 488 (Molecular Probes). After
washing with PBS, cells eve resuspended in RPNIO at the density of0° cells/mL and
stimulated or not (vehicle control) with recombinant huma+v I(Peprotech) (5@/ml) at
37°C, for the indicated time intervals. After stimulation, cells were washexdtl, fqguenched
and permeabhbzed as for intracellular staining for flow cytometapalysis. Cells were then
incubatedfor 1h at 37°C in permeabilization buffer with antibodies for different endosomal
compartments: clathrin heavy chain FFEGnjugated (Pharmingen); EEAATC-conjugaded
(Pharmingen); LAMP2 Alexa Fluor 48&njugated Ebiosciencg; rabbitunconjugated Rab

11 Zymed) When necessary, cells were washed in PBS and incubated with agcond



antibodies: when using FIF€bupled antibodies, a-FITC-Alexa Fluor 488conjugated
artibody (Molecular Probes) was used to enhance signal detection. FdrlRbgtection, we

used o-rabbit-Alexa Fluor 488conjugatedantibody. After secondary incubation, cells were
washediwice in permeabilization buffer antvice in PBS, followed by a 10 min incubation

with 4% PFA/sucrose at 4°C. Cells were washed again with PBS and slidesvegted

over a drop oectashieldDAPI (Vector Laboratories) and sealed with varniShdes were
analyzed by confocal microscopy, as detailed below. Image acguigiais performed with

the pinhole aperture set to 1 Airy unit for the highest wavelength (633 nm) and adjusted for
the lower wavelengths to maintain the same optical slice thickness for all channels. Five to ten
different fields of view (~ 40 cells per field of view) were collected for gfiaation, which

was performed for a given pair of fluorophores. The percentage-loicalizing cells was
determined by counting the fraction of cells showing at least orecabization event
(minimum 3x3 pixels) beteen the fluorophores from live cells presenting both fluorophores
only (cells in which only one of the fluorophores was present were discarded from the

analysis).

Antibody feeding and recycling The HPBALL cell line was plated onto PDtoated
coverslipsas described for elmcalization analysis. In parallel, 1M cells were plated on the
different conditions coverslips. Initially all cells were incubated at 4°C, in REMWwith
unconjugated a-human IL-7Ra antibody for 30 min. After this, cells are washed gently 3x

with ice-cold PBS and transferred to 37°C in the presence or absencer dbthg/ml) for
antibody feeding for 1h. Cells are subsequently washed again and the pasiéveeto
control coverslip was further incubated at 4°C with secandanpuse Alexa 488 antibody,

in RPMI-10, for 30 min. Cells were fixed at the end with 2% PFA incubation for 15 min on

ice and washed with PBS. The coverslip was then inverted onto a drop of Vediagkir|



as described before. The negative control is obtaiggaelforming an acid wash (RPMD

with Ph adjusted to 3), which removes all surfaoend antibody. After this acid wash, the
primary antibody/receptor complex was allowed to recycle to the cell surface bliswitce

cells to 37°C for the indicated time point, in pH 7 RPNI(wash 2x with RPMLO after acid

wash to reestablish normal pH). Recycling is stopped by washing the cells with cold PBS
Recyled IL-7Ra/unconjugated antibody complex is detected by incubating the cells with
antrmouse IgG Alexal88 secondary antibody, for 30 minutes on ®kdes were analyzed

by confocal microscopy, as detailed below. Measurements of mean fluorescence intensity
were performed with the pinhole set to its maximum aperture. This ensures that the
fluorescence meased for each cell corresponds to the total surface intensity rather than a
single optical slice. At least 8 different fields of view were imaged for each condition (~ 40
cells per field of view), keeping the same excitation (10% laser transmission) actodet
settings throughout the acquisition. Image processing and quantification wierenpgelrwith

ImageJ littp://rsbweb.nih.gov.)j Briefly, after being background subtracted, each image was

thresholded to iderfti surface fluorescence signals whose mean intensity was then
determined for each image. The threshold level was determined based on histograis1 analys

and was kept constant for each segmentation.

Confocal Microscopy. All images were acquired on a ZeisSM 510 META inverted
confocal laser scanning microscope (Carl Zeiss, Jena, Germany) using a PlanApochromat
63x/1.4 oil immersion objective. DAPI fluorescence was detected with a violet 40%odm di
laser (30 mW nominal output) and a BP 4D filter. BothEGFP and Alexa Fluor 488
fluorescence were detected using the 488 nm laser line of an Ar laser (45 mW nominal
output) and a BP 50550 filter. Alexa Fluor 633 fluorescence was detected using a 633 nm

HeNe laser (5 mW nominal output) and a custom META detectoi763tband pass filter.


http://rsbweb.nih.gov.ij/�

Transmitted light imaging was performed using one of the available laser lines and the
transmitted PMT channel available in the LSM 510 MEBequential multtrack/frame
imaging sequences were used to avoid any potenti@dtieough from the different

fluorophores. All confocal images were acquired with a frame size of 512x512 pixels.

Time-Lapse Microscopy For live time-lapseimaging,a proceduravas used similar tthe
antibody chase techniquand co-localization analyss. However, cells were kept alive
throughout the procedur@go fixing or permeabitation). Cells were placedn ice until
immediately before imaging, at which point they were transferred to thes Z&M 510
META system equipped with an incubator chambenere they were kept at a controlled
37°C and 5% CO2 environment. Cells were either imaged unstimulated or after addition of
IL-7 (50rg/ml). A total of 112 images were acquired with a time interval of 30 s between each
image and 488 nm laser intensity set to 3% to minimize photobleaching. Images were
background subtracted and further processed with ImageJ using a rigid bodwatregist
algorithm to correct for cell displacement during image acquisition. Movies of cells were then

generated and timannotaed.

Immunoblotting . Following the indicated conditions and time intervals of culture, cell
lysates were prepared, and equal amounts of protein (50pg/sample) were analysed by 12%
sodium dodecyl sulphatpolyacrylamide gel electrophoresis (SP8GE), tranferred onto
nitrocellulose membranes, and immunoblotted with the indicated antibodies. pJAK3 {Sigma
Aldrich); pSTAT5a/b (Upstade pAKT (Cell Signaling); Actinand ZAP 70 Upstate. After
immunoblotting with antibodiesgetection was performed by inbation with horseradish

peroxidaeconjugated artimouse (Promega) or ambbit (Promega) or angoat (Santa



Cruz) immunoglobulin (IgG, 1:5000 dilution), as indicated by the host origin of the primary

antibody and developed by chemiluminescence.

Statistics. Data were analyzed using Graph Pad Prism software (San Diego, CA). Statistical
analysis was performed using regular tway ANOVA followed by Bonferroni posiests

when comparing unstimulated VS-Winternalization and degradation rates throughout time.
When the unstimulated or {Z-induced internalization or degradation was analyzed on its
own, we used regular one-way ANOVA followed by Bonferroni gests.Student Ttest was

used to assesthe effect of IL-7 with and without inhibitors, at a selected time point

Differences were considered wittasstical significancéor p<0.05.
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Results

IL -7 induces rapid IL-7Ra internalization in T cells

To study the dynamics of ZRa internalization westarted byassessg cell surface
expressiorover time in the presence or absence of7lLFlow cytometry analysis showed
thatlL-7 induced rapidL-7Ra surfacedownregulationjn normal human thymocytd€Supp.
Figure 1)and inthe T-ALL cell lines TAIL7 ?(datanot shown)andHPB-ALL (Figure 1)
which we used in subsequent experimehmterestinglywe foundthatIL-7Ra surface levels
decreased rapidlywith goproximately 200 decrease upch minutes 30% after 15 minutes
(Figure 1A)and D% after30 minutesof IL-7 stimulation(Figure 1A,B). This indicateghat
IL-7-mediated downregulabn of IL-7Ra can occur more rapidly than previously
suggeste™d?>?® In addition, rapid IL-7-mediated I7Ra surface downregulabn was dose
dependenand clearly observed at doses as low as 1n@upp. Figure?). To confirm that
decreased surface expression was to receptor internalizatiowe stained HPBALL cells
with an unconjugated mousantiIL-7Ra antibody and an antmouse Alexa Fluor 488
conjugated secondary antibody on ice to label theRk-at the surface with minimal receptor
internalization®. This strategyallowed us to follow the pool ofsurface receptofrom a
defined stimulation point onward€onsistent with thdlow cytometry data, the levels of
suface receptor rema@a constant when cells were shifted to 37°C in the absence of stimulus
whereasupon IL-7 stimulation there was cleegceptor clustering and intealization(Fig 1 C

and Supplementary vidgo

IL -7Ra internalization occurs via clathrin-coated pits and is required for IL-7-mediated

signaling
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Receptommediated endocytosis maoccur via clathrircoated pits and/or clathrin
independent routes, such as lipid ralitseespectivelyof the internalization nate, it is thought
that internalizd receptors traffic to aiarly Endosome Antigen (EEA-1)-pcsitive early
endosome, where thegre sorted for degradation and/or recycfifhy. IL-2Ra, a cytokine
receptorthat sharsy. with IL-7Ra, wasshown to localize to lipid rafts and internalize in a
lipid raft-dependent mannét. We therefore prereated the cells with Filipin, which is known
to specifically inhibit lipid raft-dependent internalizati6h and assessed the impact on
constitutive and IE7-dependnt IL-7Ro internalization. Our data suggest that the
internalization of Il-7Ra is largely independent of lipid rafts (Supp. Figure 3).

IL-7 can inducephosphorylation of clathrin heavy chain in moiseell precursors’,
highlighting the potentialinvolvement of clathrin inL-7Ra internalization To assess this
hypothesis we next analyzed the cellular localization of -llRa, clathrin and EEA-1 by
confocal microscopy, in thabsence or presence ofLWe found thatL-7Ra constitutively
co-localized with clathrin andwith EEA-1 positive endosomem 60.4% and69.9% of the
cells analyzed, respectivelfFigure 2A) This suggests thalL-7Ra is internalized via
clathrincoatedpits ard trafiics into early endosomes a constitutive manneimportantly,
after 5 minutes of IL-7 stimulation IL-7Ra co-localized with clathrin in 78.1% andvith
EEA-1 positive endosomesn 74.7% of the cells, suggesting that clathdependent
intermalization into early endosomeapidly increased in the presence ofl(Figure 2A) To
confirmthese observations, we preated the cellsith hyperosmotic sucrog®.5M), which
has been shown tadnhibit clathrindependent endocytodls IL-7-induced receptor
internalizationwas abrogatedy hyperosmotic sucrogere-treatment(Figure 2B), indicating
that endocytosif IL-7Ra relies on clathrircoated pitsinterestingly inhibition of clathrin
mediated endocytosislocked IL-7-inducedsignaling as detamined by phosphorylation of

JAK1/JAK3, STAT5 and AKtPKB (Fig 2C). Thesedata show that, imilarly to other

12



transmembrane receptbt$®®! clathrindependentendocytosisis required for effective

triggering of IL-7-mediated signalingathways, thereby underlining the functional relevance

of IL-7Ra endocytosis via clathrin-coated pits.

A pool of internalized IL -7Ra constitutively recyclesback to the cell surface

Although IL-7Ro constitutively internalizé via clathrinrcoated pits, the overall
surface receptor levelgere kept constant, andhibition of clathrinrmediated endocytosis did
not affect the surface receptor levels in the absence 4f (dlata not shown)These
observationgaise the possibilityhat IL-7Ra may constitutively internalize and recycle back
to the cell surfaceTo test thisassumptionwe assessed whethiér-7Ra co-localized with
Rab11-positive recycling endoson&s We found that IL-7Ra co-localized with recycling
endosomes botlin the absenceand presence of 17 stimulus suggesting constitutive
recycling of internalizé receptor(Figure 3A). Next, we sought to quantify the amount of
recycling IL-7Ra in both conditions. To do this, we performed an antibody feeding and
recycling assay (adapted from Weber et®gl as described in ‘Materials and Methods’, in
which the amount of antibody found at the surface corresponds to the amount of irgérnaliz
and subsequently recycled-fRa. The results confirmed that there is constitutive IL-7Ra
recycling, which still occurs upon {E stimulation, albeit soewhat less efficiently (Figure
3B,C). These data further indieathat there are no major differences in7Ra recycling that

could account for decreased surface expression up@rirgatment.

IL- 7 induces rapid IL -7Ra degradation in a proteasome and lysosomedependent
manner.
To further characterize the mechansnmmvolved in I-7-mediated IL7Ra surface

downregulationywe next measuretthe total (surface plus intracellularg¢ceptor levis by flow

13



cytometry We observed rapidownregulabn of IL-7Ra upon IL-7 stimulation(Figure4A),
which was consistent wittmmunoblotanalysis(data not shown)in addition, pretreatment
of cells with the translation inhibitor cycloheximide revealed that kinetics ofIL-7Ra
degradation was significantly acceleratgubn IL-7 stimulation(Figure 4B. Accordingly,IL-
7Ra half-life was dramaticallydecreased, from roughl®4 hours in unstimulated cells to
around 3hin the presence of HZ (Figure 8B). These data indicate that-H-induced rapidL -
7Ra internalization was followed by significant receptor degradation.

Protein degrdation is thought to occur via two marechanismsn the cell] namely
the ubiquitinprote@ome and thepH-dependent lysosomal degradation pattstfayTo
identify the routes ofIL-7-inducedIL-7Ro degradation we pretreaed the cells withthe
specific proteasome inhibitdractacystiri® or the lysosome inhibitor NKCI, a lysomotropic

3¢ and evaluatk total IL-7Ro expression Our results show that NH4CI partially

agen
revesed, wheread.actacystin completey prevened IL-7-induced IL-7Ra degradation
(Figure 4C). This sugges that both lysosomes and proteasomparticipated in the
degradation of the receptddowever, lecauseNH,Cl displayedonly a partial effegtwe
sought tdfurther demonstratthe involementof lysosomes in the degradation ofTRa. We
performedreceptor ‘chaseand celocalization experimentssing Alexa Fluor 633abelled
antrIL7-Ro antibodyand andiLAMP-2 (Lysosome Associated Membrane Pro@inmlexa
Fluor 488conjugated antibodto detectysoomes’. As shown in figure 4D, we found that a
significant portion of the receptolocalized tolysomes, after IL7 stimulation(37% co
localizing cells in unstimalted conditionss. 63% at 1hpostiL-7 simulation) Theseresults
suggest thatafter IL-7 stimulation,a considerable fraction of the internalized7Ra pool is
degraded by lysosomes, probably in coordination with the ubieuititeasome pathway

Thus, arr dataindicate that IE7 induceslL-7Ra degradatiorby mechanisms that involve

both proteasome and lysosome pathways.
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IL -7-induced IL -7Ra degradationrelies on JAK3 activity

The JAK family of tyrosine kinases hdmeen previously implicated in the regulation of
receptor traffickingd®® In addition IL-7 was shown to induce tyrosine phosphorylation of
clathrin heavy chainpossibly viaactivation ofJAK3 *°. Therefore we askedwhetherJAK
kinases and particularly JAK3,could be involved in IE/Ro internalization and/or
degradation. Przeamentof HPB-ALL cells with a JAK3-specificinhibitor*’ did not prevent
IL-7Ra internalization, as determined by the analysis of1Ra surface expressiorFigure
5A,C). In contrast, JAK3 inhibition significantly revers#d-7-induced IL-7Ra degradation
(Figure 5B,C). Similar results were obtained using a-pai inhibitor (Figure 5). Taken
together, our data suggest that-7Ra degradation, but not internalization, is largely

dependent odAK3 activity.

15



Discussion

The generalized importance of-Land its receptor for-€ell biology, with critical
roles during development, homeostasis and differentiation, has pastcllarinterest on
how IL-7Ra expression is regulatedt is currently established that -IL, and other pro
survival cytokines, induce theanscriptionaldownregulabn of IL7RA and consequently
decrease significantly the cell surface expression ofRt at late time point§2-6h) %%,
This has been proposed as altruisticmechanism fooptimizing theaccess off-cellsto IL-
7, which is expressed at limiting leve®“® Here, we focused for the first time dhe
consequencesf IL-7 stimulationregardingthe early dynamics of HZRa surface expression
and associated mechanisms of internalization, recycling and degradsé@roposehaton
a steady state scenario,-TRa at the cell surfacéakes part ima slow cycle of constitutive
clathrindependent internalizan andrecycling with a pool of receptor eventually being
degradedand replaced byewly synthesized H7Ra. Upon IL-7 stimulation,endocytosis is
rapidly accelerated artthe balance is dramatically shifted towards degradaiiom® manner
that is depenént on JAK3 activation, which in turappears torely on IL-7Ra being
internalized (Figure 6).

Previouswork suggestedhatIL-7Ra is downregulatd at theT-cell surface withir80
minutes of IL-7 stimulation possiblydue tointernalization®®. Alternatively, it has been
proposedhatIL-7 lead to IL-7Ro. membraneshedding, instead of endocytostsHowever,
this has beewonsistentlychallenged byecentstudies****. In the present work, we deibe
for the first time thekinetics andmechanisms ofL-7Ra membrae trafficking in human T
cells, andconfirm that IL-7 rapidly downregulates HZRa. surfacelevels Importantly, both
flow cytometry and onfocal microscopy analyses revealed that IL-7Ra surface
downregulations mediated bylathrindependent internalization into early endosoniéss

integrates welith previous observatiorthat IL-7 induces phosphorylation of clathrin heavy
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chain in mouse Eells *°, which suggested that clathrin coated pits could be involved-in IL
7Ro. endocytosis. In agreement, we found thae-tpeatment with sucrose-containing
hypertonic media, which inhilsitthe formation of clathrirtoated pit%’, abrogatedIL-7-
induced I-7Ra internalization.

Interestingly, we found thamhibition of clathrincoated pitslso largely preventeld -
7-mediatedsignaling,suggesting thall-7Ra clathrindependent mdocytosisis essential for
optimal IL-7 signal transduction. This finding is not unprecedented. There is mounting
evidence thatendocytosis isfrequently necessary foefficient receptomediated signal
transductiori>. From a complementary point of viethe ability to transduce signal is also
dependent on thavailability of the receptor at the cell surfasghich reflecs the balance
betweende novo synthesisinternalization, degradation amelcycling'®. Our data suggest that
IL-7Ra constitutively internalizsandeither recycledack to the surface or is degraded in a
process that is relatively slow the halflife of the receptor is approximately 24h in non
stimulated cellsSince the expression of {{Ra at the cell surface of culturet-cells is
roughly constant, our observations implicate that, in stestdye, de novo synthesis
compensates for the pool of-IRa that & slowly degradedn the presencef IL-7, the route
of IL-7Ra internalization remains clathrgependentHowever, thekinetics is substantially
accelerated and the receptor surface expression is reducedréythan 30% within onlg5
minutes of stimuldion. Although recycling still occurs, there is major shift towards
degradationConsequently, the average k¢ of IL-7Ro decreasedramaticallyto around
3h.

IL-7-induced receptor degradation appears to be mediated by both proteasomes and
lysosomesIL-7Ra co-localization with lysosomeis upregulated upon HZ stimulation, and
pre-treatmentwith the lysomotropic agemMH,Cl *°, which specifically hhibits pH-dependent

lysosomal degradatidh significantly downregulatedl-7Ra degradation Additionally, the
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proteasome inhibitor Lactacystoompletely preventetl-7Ra degradation. Lactacystindid
not affect the internalizatiomf the receptor(data not shown)suggestingthat IL-7Ra
internalization isindependentof ubiquitin modification, in contrast to what has been
described for some surface receptbrghere is evidence that the proteasome can play not
only a direct role in proteolysis but also an indirect crucial function upstream gktismmal
pathway, acting at the endosome level to sort proteins towards lysosome tiegtiaOur
observationsthat NH4Cl and Lactacystin can both inhibit IL-7Ro degradation are in
agreement witlthe hypothesis that thproteasome astupstream of the lysosome in-i-
mediatedL-7Ra proteolysis. The fact that Lactacystin is more effectivaly suggest that the
proteasome igvolvednot onlyin sorting of ativated receptor towards the lysosome but also
directly in degradationAlternatively, it is conceivablehatNH4Cl is not completely effective
in inhibiting lysosomes, becausedieson a change in the ptd preveniysosome protease
activity. Thiscoud explain whywe werenotable torescuelL-7Ra degradation as efficiently
as by blocking an upstream step in the pathway.

Our presenstudiesfurther indicate thatactivation ofJAK3 is dispensabldor IL-7-
mediatedreceptor internalizatiorwhile playing a crucial role inL-7Ra degradationThis is
in line with IL-7 signaling, and therefore JAK3 activatidogingevident only upon receptor
endocytosis. Furthermore, iace JAK3 associates with the yc, our data suggestthe
requirement of yc for efficient IL-7-mediated IL7Ra degradation. Although we did not
analyze the fate of yc after IL-7 stimulation, there is good evidence tHat7Ra andyc co-

3%% Second,

localize. First, it is known that binding of {IRa to yc is dependent on JAK
similarly to IL-7Ra, yc localizes to EEA-1 positive early endosomes and LAMPpositive
lysosomes together with JARB Notably, JAK3 is involved not only inriggering IL-7-
mediated signaling but also in rapidly shutting it downpbgmoting the proteolysis dt -

7Ra. Thisindicates that the mechanisms of {L-dependent downregulation kf-7Ra are not
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restricted to and can actually precedéye inhibition of IL7RA transcription>*?®. The
prevalence of these mechanismssuggestive of th biological importance of limiting the
surface expression of {LRa in T-cells stimulated with 17, and may constitute further
support to thedltruistic model’ ?°“° Independently of these considerations, our data clarify
how IL-7 stimulation impacts the traffickingf IL-7Ra in T-cells and thusmay contribute to

a more complete understanding of T lymphocyte biokgyof diseases in which IZ-andits
receptor are thought to play a rodeich as AIDS, multiple sclerosis, rheumathoid arthritis or

leukemia.
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Figure Legends

Figure 1. IL-7 induces rapid IL-7Ra surface downregulation due to receptor
internalization. (A) HPB-ALL cells were cultured in the presence or absence ef IL
(50ng/ml) in culture medium for the indicated time points and subsequently anajyfled b
cytometry for surface H7Ro expression, as described in ‘Materials and Methods’. Relative
IL-7Ro expression was calculated as the geometric mean intensity of fluorescence normalized
to thetime zerocontrol. Data represenneanzsem fronat three independent experiments. *
P<0.05, *** P<0.001(Oneway ANOVA, with Bonferroni's postest) (B) Representative
flow cytometry histogram overlay of {ZRa surface expression in HPBLL cells stimulated

for 30 minutes with IL-7 (gray line) or left unstimulated (black line)(C) IL-7Ra
internalization visualized by timlapse microscopy of HRBLL cells. IL-7Ra initially
expressed at the cell surface, was stained with a-human IL-7Ra unconjugated antibody,
subsequently rncubated with a secondary a-mouse IgGAlexa488conjugated antibody, and
imaged for the indicated tim@oints,with or without addition of 1-7 (50ng/ml), as described

in the ‘Materials and Methods’. See supplementary data for fultiypse microscopy video.

Representative cells of each condition from two independent experiments are shown.

Figure 2. IL-7Ra internalization via clathrin -coated pits and trafficking into early
endosomes is required for efficient I-7-mediated signaling (A) Analysis of IL-7Ra co-
localization with clathrin and EEA1 was performed by confocal microscopy-ARBcells
were platecbn PDL-coated coverslips, incubated at 4°C withuman I-7Ra unconjugated
antibody, and subsequently with a secondary a-mouse IgGAlexa-633 antibody (red). Cells
were then shifted to 37°C in the presence or absence-pf(H0ng/ml) for5 min, fixed,

guenched and permeabilized. Endosomal compartments were detected usirgpRjdgated
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antibodies for clathrin heawhain or EEA1, both enhanced by a-FITC-Alexa Fluor 488
secondary antibody (greenhe two bottom images are 3D projections and inciDé® |-
stained nuclei. Representative cells of three independent experiments are shben.
percentage of etocalizing cells is indicated and was determined by counting the fraction of
cells showing at least one co-localization event between red and greeadunme(B) HPB-

ALL cells were pretreated or not with5M sucrose (hypertonic media) fah, to inhibit
formation of clathrincoated pitsandthen stimulated with 50ng/ml {Z or left untreated for

30 min.IL-7Ra surface expression was analyzed by flow cytomairyrelative expression
was calculated by normalizing the geometrical mean of fluorescence of the cell population in
the presence of HZ stimulus, divided by the unstimulated condition at the same tom p
(30 min). Data represenheantsem fronthree independent experiments: * P<0(@. HPB-

ALL cells were pretreated or not witbM sucrosegand stimulated witbOng/mlIL-7 for 30

min. Immunoblotting was performed and-TLmediated signaling assesdgy detection of

phosphorylated JAK1/3, STAT5a/b and AKT. ZAP-70 was used as a loading control.

Figure 3. A pool of internalized IL -7Ra recycles to the cell surface(A) Co-localization
betweenlL-7Ra and Rab-11 recycling endosomesas assessed after 5 min of stimulation
with IL-7 (50ng/ml).Total IL-7Ra expression was assessed by intracellular staining as for
flow cytometry. Rakl1 posiive vesicles were further detected by incubation with rabbit a-
human Rahl 1 unconjugated antibody followed by secondary detection with o -rabbit IgG
Alexa 488. Coverslips were moted over Vectashield /DAPCells representative of three
independent experiments are shoyB) Co-localization between HZRa and endosomesvas
performed byantibody chase and docalization assg asdescribed in Materials & MethodBriefly,

al cells, plated onto coverslips, were initially incubated at 4°C with unconjugaltectinan

IL-7Ra antibody for 30 min and subsequently washed and transferred to 39C in the presence
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or absence of H7 (50ng/ml) for 1hto allow for IL-7Ra internalization Cells were washed
and the positive controtine zerg was generated by incubatittge cellsat 4°C witha-mouse

IgG Alexa 488 secondary antibody for 30 min. The remaining coverslips underwent an acid
wash treatmento remove surfacebound antibody The negative control was not further
processed. The primary antibody/receptor complexallawed to recycle to the cell surface
in the experimental conditions, by switching the cells to 37°C again foRddycled IL-
7Ro/antibody complex was detected by incubating the cells with anti-mouse 1gG Alexa 488
secondary antibody for 30 minutes ore.icCellswere fixed and the different coverslips
mounted with Vectashield/ DAPRepresentative images$ two independent experimerdse
shown for eachcondition. (C) Microscopy images othe antibody feeding and recycling
assaywere guantified by determining the Mean Intensity of Fluorescence (MIF) of aBleast
independent fields of view for each condition. ** P<0.01, P¥0.001(Students-test, twa

tailed)

Figure 4. IL-7 stimulation accelerates IL -7Re degradation, in a lysosome and
proteasomedepencent manner. (A,B,C) Total IL-7Ro expression (surface plus
intracellular)was assessduly flow cytometry analysis of fixed and permeabiliz¢eB-ALL

cells. Analysis of the data was performed as described in FigarB<0.05, ** P<0.01, ***
P<0.001(Oneway ANOVA, with Bonferroni’'s postest) (B) To determindL-7Ra half-life

cells were treated with the transtat inhibitor g/cloheximide (CHX. (C) To determine the
pathwaysof degradation ofL-7Roa, cells were préreatedfor 1h with 50mM NH,Cl or 25uM
Lactacystin,and then stimulated or not with 50ng/mtTLfor 1h The geometrical mean of
fluorescence of the population was determined by flow cytometry, as shown in the
representative histograrh P<0.05 (Student Jest, twetailed). Datain A, B and C repesent

meanxsem from at least three independent experim@jtE€o-localization between H7Ra
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and lysosomes in the presence or absence -Gf (Lh; 50ng/ml) was performedusing a-
human I-7Ra antibody and LAMP-2 as a lysosome marker. The percentage dbcalizing
cellsis indicated andvas determined am Figure 2 Representative cells of three independent

experiments are shown.

Figure 5. IL -7-induced IL-7Ra degradation, but not internalization is JAK3 dependent.
(A,B) Surface(A) and total (B) IL-7Ra expression inHPB-ALL cells was assessed as
describedby flow cytometry. @lls were prereated with 150uM of JAK3 inhibitor (WHI-
P13]) or PAN-JAK inhibitor I, and then stimulated or not with-iL(50ng/ml) for 30 min (A)

or 1h (B) The geometrical mearf luorescence for each population was determined by flow
cytometry. Datgdmeartsem) arérom three independent experimentsP<0.05 (Student -T
test, twetailed). (C,D) Representative flow cytometry histogram overlay of surf@eor
total O) IL-7Ra expression in HPBALL cells predreated(blackline) ornot (gray line) with

the JAK3 inhibitorWHI-P131, followed by IL7 stimulationfor 30 min (C) or 1h (D).

Figure 6. Proposedmodel for IL -7Ra trafficking . At the steady state, HZRa is slowly
internalzed via clathrircoated pits andecycked back to the cell surfacejith a pool of
receptor being degradeuohd replaced by newly synthesized7Rao (not shown) Upon IL-7
stimulation, the balance is rapidly shifted towards receptor endocytosis and sufiiseque
degradationJAK3 activation, which appears to rely on1Ra being internalized, is critical

for triggering receptor degradation.
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FIGURE 2
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FIGURE 3
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FIGURE 4
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FIGURE 5
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FIGURE 6
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