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The regulatory role of most dual speci ¢ phosphatases durig T cell activation remains
unknown. Here, we have studied the expression and function fophosphatases of

regenerating liver (PRLs: PRL-1, PRL-2, and PRL-3) during cell activation, as well as,
the dynamic delivery of PRL-1 to the Immunological Synapsdg). We found that T cell
activation downregulates the expression of PRL-2, resuttg in an increased PRL-1/PRL-
2 ratio. PRL-1 redistributed at the IS in two stages: Initig}, it was transiently accumulated
at scanning membranes enriched in CD3 and actin, and at lateimes, it was delivered at
the contact site from pericentriolar, CD2-containing, vesicles. Once at the established
IS, PRL-1 distributed to LFA-1 and CD3 sites. Remarkably, PRL-1 was found to regulate
actin dynamics during IS assembly and the secretion of IL-2Moreover, pharmacological

inhibition of the catalytic activity of the three PRLs redwed the secretion of IL-2. These
results provide evidence indicating a regulatory role of AR1 during IS assembly and

highlight the involvement of PRLs in immune responses by mate T cells.

Keywords: T cell immune response, immunological synapse, phosp
cytoskeleton, IL-2

hatases of regenerating liver, actin

INTRODUCTION

Antigen-induced activation of T lymphocytes is mediated bg formation of the immunological
synapse (IS), a dynamic supra-molecular structure organizetieainterface of interacting T
lymphocytes and antigen presenting cells (AP3) The intracellular signaling downstream the
T-cell receptor (TCR) triggers actin rearrangements, as vwlingicrotubule organizing center
(MTOC) and endosomal compartment polarization to the IS. Inrtuthis cytoskeleton and
endosomal compartment dynamics is critical for IS organ@atsustains intracellular signaling
and mediates cytokine secretio”-5). Nonetheless the interplay between signaling networks and
the cytoskeleton/endosomal compartment dynamics is notgeiely understood.
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Castro-Sanchez et al. PRL-1 at the Immunological Synapse

Phospho-tyrosine phosphatases (PTPs) can be classi ed espanded Thl cells re-stimulated with phorbol esters and
classical PTPs, which are specic for pTyr residues, and duémomycin (PI treatment). PKC activation and intracellular
speci city phosphatases (DSPs), which are also specic faise of C&° obtained by this treatment upregulated and
pSer, pThr, phospholipids, or nucleic acid§, (/). Most data downmodulatedTP4AlandPTP4A2respectivelyKigure 10).
about regulatory functions of these enzymes in T cell aitma At protein level, although an upregulation of PRL-1 was not
refer to classical PTPs, including enzymes that dephospditeryl detected, the Pl treatment clearly downmodulated the exjess
cytoskeleton regulators or signaling molecules-1(). By of PRL-2, causing an increment in the relative amount of PRL-1
contrast, the function of DSPs in T cell activation is mostlyregarding PRL-2 Kigure 1D). A similar mRNA regulation
unknown, except for some enzymes that regulate the intraleell of PTP4Al and PTP4A2 but not PTP4A3 was found in
signaling by MAPK or phospholipids8( 11, 12). In addition, peripheral blood CD4T cellsSupplementary Figures 1A,B
the delivery of DSPs to the IS and their regulatory role in theThe regulation of PTP4A1 and PTP4A2 mRNA levels
dynamics of the cytoskeleton and the endosomal compartmergccompanied the induction of CD69 activation marker
during T cell immune responses have been barely studiéd ( (Supplementary Figure 1 These data indicated that T cell
14). stimulation leading to PKC activation and &a elevation

Phosphatases of regenerating liver (PRLs) comprise a groigcreased the relative amount of PRL-1 compared with PRL-2.
of 3 highly homologous small DSPs (PRIRTP4A1 PRL-
2/PTP4A2aqd PRL-3PTP4.A3 overexpregsed in several cancerpr| -1 Localizes at the Immunological
types, including hematological malignanciés)( In the carboxyl
terminal region, downstream the PTP catalytic domain, thessynapse . . .

DSPs contain a polybasic sequence and a CAAX motif foyve then decided to investigate Whether_ PRL-1 regule_lted_ the
farnesylation that mediate the binding to cell membrari3.(In assembly of the ISand T c_eI_I e ect_or functlc_)ns. The distribution
situ hybridization of human tissue specimens indicates astrongf PRL-1 at the IS was initially imaged in IS-like structures
expression of genes coding for PRL-1 and PRL-2 inthe T cell ar (&rmed by peripheral blood CDAT cells of healthy donors and

of lymph nodes (7). Furthermore, PRL-1 has been previouslym'cro'Spheres coated with anti-CBand anti-CD28 antibodies
proposed to regulate the actin cytoskeleton in tumor celld.( as previously described(). Co-staining with antibodies speci ¢

These data suggest a regulatory role of PRLs inimmune reaponggr PRL'l_ Su.pplementary Fi‘-?“res 2ABand CD¥ revealeq
by T cells. Thus, we aim to study whether PRLs havearegulato?ycorrelat'or,' in the polar|zat|9n of both molecul'es at 1Selik
role during CD4 T cell activation. Here, we have evaluatesl th® ructgres Figure ZA)_’ su_ggestlng that PRL-_l_enrlc_hmen'F was
expression of PRLs in human primary CD4 T cells and tracke&lsso_Clated to the actlva_tlon process. Co-staining Wlth auliibs
the dynamic delivery of PRL-1 at the IS. We have studied thaPec ¢ for a}lpha twbulin rgvealed the gccumulatlon Of. PRL'
regulatory role of this enzyme in actin dynamics occurringidg 1faththe I'S-Ilkebs':ructures. n cells showing or not E'(I)Iarlzatlo
T cell activation. Finally, we have assessed the producfitin® of the microtubule-organizing center (MTOC), while it was

upon pharmacological inhibition of the catalytic activity BRL- hot recruited to interfaces established with non-stimirigt

1 and of all PRLs. The obtained results suggest a regulattey rocontrol beadskKigure 2B). Interestingly, two pools of PRL-1 were
of PRLs during T cell immune responses observed; one around the MTOC and other accumulated at the IS

(Figure 20).
We also studied by confocal microscopy the spatial
RESULTS distribution of PRL-1 in the CD4T cell line Jurkat
. . (JK) transfected with PRL-1 uorescent fusion proteins
Expression of PRLs in Human Mature (Supplementary Figure 2 Cells were imaged before and after
CDAT Cells the assembly of the mature IS established with Staphylotocca

The reported strong expression &fTP4Aland PTP4A2in  Enterotoxin E (SEE)-loaded Raji B cells (see material and
the T cell area of lymph nodesl]) prompted us to evaluate methods). Consistent with endogenous protein, staininghwit
the expression of the genes coding for PRLs in peripherantibodies specic for the pericentriolar material-1 (PCM1)
blood CD4 T lymphocytes. mRNA levels BTP4A1 PTP4A2, revealed an intracellular pool of GFP-PRL-1 around the MTOC
and PTP4A3were similar to those of other genes coding forin non-stimulated cells Kigure 3A). To further characterize
classical PTPs that regulate T cellimmune responses, stdl+as this pool, we stained the specimens for CD71, a marker of the
PTPPTPNZ2 SHP1PTPNG or HePTPPTPN7(8) (Figure 1A).  recycling compartment, which has been shown to deliver the
Among the group of PRLs, gene expression BTP4A2 TCR to the IS 21). PRL-1 co-localized with CD71 positive
was higher than those dPTP4Aland PTP4A3(Figure 1A). endosomes, suggesting a mechanism for PRL-1 delivery t&the |
Protein levels of PRL-1 and PRL-2 in peripheral blood CD4 T(Figure 3A). Supporting this idea, GFP-PRL-1 was accumulated
lymphocytes and the CD4T cell line Jurkat (JK) were consistergt the mature IS Kigure 3B). Distribution of PRL-1 was also
with mRNA levels Figure 1B). Hela cells were used as control of studied in JK cells transfected with mCit-PRL-1 (see mataridl
PRL-1 and PRL-2 expression. Typical electrophoretic migratiomethods) Supplementary Figure 2and stained with antibodies
of PRL-1 and PRL-2 was found). directed against extracellular epitopes of GlaBd LFA-1. PRL-1

In order to gain insight about the function of these moleaule clearly co-localized with LFA-1 areas. A partial co-locaita
during T cell activation, we studied the regulation of mRNAwas also found with CD8in more restricted sites through the IS
expression levels ®#FTP4A1 PTP4A2,and PTP4A3in in vitro  (Figure 3Cand Supplementary Figure 3.

Frontiers in Immunology | www.frontiersin.org 2 November 2018 | Volume 9 | Article 2655


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Castro-Sanchez et al. PRL-1 at the Immunological Synapse

A B
JK CD4 Hela
Sk @QQ OQQO) Sk QQQQ o“Qq Sk
& & B
20 KDa __
P
- B
2 PRL-2
0.03 0.07 0.09 0.11 0.11 0.12 1.9
37 KDa
-2 T T T T T T T
N D D S ® QO
W & &
L EEEEL
c D v
PMA and lo Stimulation o
2.5 MW ‘é\ é\ !
- PTP4A1 20 KDa IS
2.0 Nl 1 *
o
ﬂ 0. -
a ] 1.5 I
€ 9o ’
'.E 1.04 0. ~
§ 0.2
— T
0. T T
0.0 Th1  Th1_Pl_4h

Time (min)

FIGURE 1 | Expression of PRLs in mature CD4 T cellA) The gene expression of PRLs and other PTPs in peripheral bldaCD4 T cells fromn D 3 donors was
analyzed by gPCR. The mean value of th& CT and the standard deviation (SD) for each gene is shown. Dabf PRLs were compared by a one-way ANOVA.
Asterisks indicate thep-value: P 0.05, ***P  0.001. (B) Western Blot for PRL-1 and PRL-2 detection in the CD4 T cellde Jurkat (JK), in peripheral blood CD4 T
cells (CD4) and in the Hela cell line. The amount of proteindded is indicated. Numbers under the PRL-1/PRL-2 blot indict the normalized densitometry of PRL-1
vs. PRL-2. The molecular weight (MW) markers are indicate@ne representative experiment is shown(C) Expression of PTP4Aland PTP4A2mRNA in Thl
effectors upon stimulation with PMA and lonomycin for the indated times in minutes (min). Graphs represent the relagvexpression (RQ) with respect to time cerat (
D 0). The mean SD is shown of RQ values frorm D 4 different donors. Asterisks indicate thg-value of a one-samplet-test comparing each time tot D 0. Hashes
indicate the p-value of at-test comparing PTP4A1and PTP4A2expression at each time. * and” P 0.05, ** and** P 0.01. (D) Western blot for PRL-1 and
PRL-2 (upper left panel) and GAPDH (lower left panel) detéah. The MW markers are indicated. Right panel shows the PRIL/PRL-2 ratio. Pl indicates PMA and
lonomycin stimulation. The graph shows the mean SD obtained fromn D 4 donors analyzed. The mean of the sample was compared by a peed t-test. The
asterisk indicates thep-value: 0.05.

Dynamic Delivery of PRL-1 to the CD3zmCherry was found at peripheral dynamic sites of the
Immunological Synapse IS established by JK cells adhered to activating surfaces (se

The accumulation of PRL-1 at the IS regardless of the MTO@aterial and methods)HRigure 4B, Supplementary Figure 4C
polarization Figure 2B), suggested that PRL-1 was deliverec@nd Supplementary Videos 3l). PRL-1 also located at CR23
to the contact site before the IS maturation. To further provecontaining vesicles recruited to the interaction sifégure 48
this idea the polarization of the GFP-PRL-1 fusion proteinS€€ arrows in magni ed areas). By tracking the early adinesio
was also tracked in live cells from the initial scanning ofof JK cells in these assays, a clear localization of GFP-PRL-1
the APC until the complete assembly of the IS. Time-laps¥as observed in clusters enriched in GB8Cherry Figure 4C
confocal microscopy revealed a fast and transient accuipalat @nd Supplementary Video 3. These data suggested that PRL-1
of GFP-PRL-1 at dynamic membranes scanning the APC andig included in CD3-containing vesicles polarized to the IS and in
subsequent delivery, along with the endosomal GB&herry, ~ Signaling aggregates organized during initial T cell ative
to the mature IS from the polarized pericentriolar compartment . . .
(Figure 4A and Supplementary Figure 4A see white arrows Regulation of Actin Dynamics by PRL-1
and yellow arrowheads for membranes and intracellulaCatalytic Activity
compartment, respectively, an8upplementary Videos 1 2).  The recruitment of PRL-1 at the IS during the early activation
Membrane targeting and delivery of PRL-1 to the IS wasimes suggested a regulatory role of this enzyme in earlgteve
dependent on the carboxyl terminal CAAX, as revealed by kading to the IS assembly. Thus, this possibility was furthe
mutant lacking this motif Supplementary Figure 4B investigated by TIRFM of 1S-like structures as before. dtlij

To further assess the co-localization of PRL-1 with CD3 sitewe tracked the formation of F-actin by using the LifeAct probe.
at the established IS we used total internal re exion micayyy  An early transient enrichment of GFP-PRL-1 preceded actin
(TIRFM), which enabled us to image cells with higher spatiapolymerization. Maximal enrichment of PRL-1 accumulation
and temporal resolution. Co-localization of GFP-PRL-1 andht the adhesion site occurred 10s before the maximal amount
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FIGURE 2 | Distribution of endogenous PRL-1 at the IS. Representativenages are shown of immuno uorescence of CD4 T cells interaatig for up to 20 min (see
material and methods) with microspheres coated with anti-O3+and anti-CD28 antibodies (IS-like interactions) or IgG1 as gative control for stimulation. Images
represent confocal sections in the green and red channels,sawell as, the merged of channels and the transmission lighT(). Calibration bar is shown in
pseudocolored images. Scale bars 5mim. (A) Examples of conjugates showing or not accumulation of PRL-And CD3z at the IS. The right panel represent the
(Continued)
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FIGURE 2 | correlation of PRL-1 and CDZ accumulation at the 1S. Dots represent individual conjugate The p-value of the Pearson coef cient is shown.

(B) Examples of conjugates showing or not accumulation of PRL-&nd the MTOC at the IS. The right panel represents the quanti dzon of PRL-1 accumulation to
the IS in relation to MTOC polarization. Dots represent inddlual conjugates. Groups were compared by a one-way ANOVA. #terisks indicate thep-value: 0.05,
*p  0.01. (C) Two confocal sections are shown of a cell forming an IS-like faraction and one confocal section of a non-stimulated cellRight panels represent

pro les of the uorescence intensity in the green and the red clannel along lines drawn in images. Numbers indicate the caspondence between the cell and the
pro le. (A—C) Data obtained from 2 experiments done with 2 different dona.

of F-actin (Figure 5A and Supplementary Video §. These were also stimulated with PMA and ionomycin. Also in this case,
observations suggested a regulatory role of PRL-1 in tha acttreatment of cells with siRNA speci ¢ for PRL-1 decreased the
polymerization, which mediates early adhesion to the atitiga detection of IL-2 in supernatantS@pplementary Figure 7.
surface. To test this possibility JK cells were co-trandflesith a In order to assess the requirement of the catalytic actiefty
plasmid expressing mCherty-actin under a speckle promoter PRL-1 in this process, pharmacological inhibition of its cgial
and plasmids expressing GFP-PRL-1, GFP-PRLAAAX, or  activity was done in peripheral blood CD4T cells by using
GFP alone, used as control. This model enabled us to monitd?B3. Consistent with previous experiments, PB3 caused asubtl
the formation of the distal (d)SMAC/lamelipodium containing decrease in the amount of IL-2 secreted by peripheral blood
the retrograde ow of actin and surrounding a wide central CD4 T cells stimulated for 6 h with anti-CB3and anti-CD28
area cleared of actind( 22). While cells overexpressing GFP antibodies Figure 6D). Given the high identity of the three
or GFP-PRL-1 CAAX showed a typical formation of a narrow PRLs, we also used Thyenopiridone (TP), a selective inhibitor
dSMAC, cells overexpressing GFP-PRL-1 showed a smallefrthe enzymatic activity of the group of PRL&Y (Figure 6B.
central area cleared of actiRigure 5B). GFP-PRL-1 transfected TP treatment of human CD4 T cells stimulated with anti-Cb3
cells also showed a reduced area of contact in comparis@nd anti-CD28 antibodies also decreased the secretion &f IL-
with cells expressing GFP and cells expressing GFP-PRLHewever, no inhibitory e ect was found when cells were pre-
1 CAAX, which developed the largest contact arEaygre 5B).  treated with Analog 3, a drug that also inhibits classical PTPs
Consistent with previous data, experiments showed the dglivel(25), such as the negative regulator of TCR signaling TC-PTP
of PRL-1 to the IS in two waves; an initial transient delivery to(26). Thus, these data suggest that the enzymatic activityef th
actin enriched scanning membranes and a later delivery to thgroup of PRLs was required for the optimal secretion of IL-2.
central area of the IS once dynamic actin reached the periphery
(Supplementary Figure Sand Supplementary Video 7. DISCUSSION

We further studied whether the catalytic activity of PRL-1
regulated F-actin dynamics during T cell activation by @sin In this study, we have analyzed the expression of the PRLs
procyanidin B3 (PB3), a selective inhibitor of PRL-1 catalytiin human peripheral blood CD4T cells, the dynamic delivery
activity (23). Peripheral blood CD4 T cells were enabled to formof PRL-1 at the IS and the role of this protein during 1S
IS-like structures with micro-spheres coated with anti-GBd  assembly and T cell activation. PRL-1 is early delivered ¢o th
anti-CD28 antibodies, and F-actin polymerization at the I&w IS in early scanning membranes and later in pericentriolar
evaluated by phalloidin staining. Polymerization of actirtfee  vesicles. PRL-1 accumulation at adhesion sites, in whicl acti
IS was signi cantly reduced in cells treated with the inldbi  polymerizes, suggests a causal relation between both events.
when compared with cells exposed to the vehicle as contréhdeed, pharmacological inhibition indicates that the dytia
(Figure 50Q. activity of PRL-1 participates in actin rearrangements duri8g

Taken together, these data suggest that the catalytidtgaifv  assembly. Polarization of PRL-1 in two di erent pools suggests
PRL-1 regulates actin dynamics during the assembly of the IS. the existence of several roles of this enzyme during T cell

. . . activation and/or e ector function. In this regard, PRL-1 efttic

Enzymatic Activity of PRLs Is Required for activity seems to contribute to these processes as detetirbiyne
Optimal IL-2 Secretion IL-2 secretion.
The delivery of PRL-1 to the IS and fostering of acting Previous data on the expression BfP4Aland PTP4A2
dynamics prompted us to study whether PRL-1 regulated then lymph nodes (7) suggested a regulatory role of PRLs in
activation or the e ector function of CD4 T cells. Secretioh o the adaptive immune responses by mature lymphocytes. Our
IL-2 was analyzed in JK transfected with the plasmid codingesults support this notion; we show a high expression of the
for mCit-PRL-1 fusion protein and cultured for 16 h with genes coding for PRLs in human peripheral blood CD4 T cells
Raji B cells loaded or not with SEE. An enhanced secretioand a contribution of their phosphatase activity to the TCR-
of IL-2 was observed in cells overexpressing the mCit-PRL-ihduced secretion of IL-2. Although PRL-2 expression levels
fusion protein compared with those cells expressing the YFBre higher than those of PRL-1, T cell activation by phorbol
alone Figure 6A and Supplementary Figure §. Interfering the  esters and lonomycin downmodulates PRL-2 expression and,
endogenous expression of PRL-1 by small interference (sijRNéonsequently, raises the relative amount of PRL-1 regarding
also decreased the amount of IL-2 detected in supernatants BRL-2. The balanced expression of PRL-1 and PRL-2 induced
JK/Raji(SEE) conjugateBigures 6BC). In order to delimit the by activation suggested a predominant role of PRL-1 during
step in which PRL-1 participates in the IL-2 response, JK cellissue in ammation. This idea and the regulation of the acti
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FIGURE 3 | Subcellular distribution of PRL-1 in JK cells(A) Representative cells of Immuno uorescence experiments of JKells overexpressing GFP-PRL-1 and
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FIGURE 3 | channel along the line drawn in the PRL-1/PCM1 merged image.dwer and right panel showed the Pearson's coef cient for quatifying the PRL-1
co-localization with CD71 or PCML1. Spots represent cells aalyzed fromn D 3 experiments. (B) Representative immuno uorescence of cell conjugates forme by JK
cells overexpressing GFP-PRL-1 or GFP alone and RAJI cellsbeled with CMAC (blue) and loaded with SEE. The right panedpresents the quanti cation of the
accumulation of GFP-PRL-1 or GFP alone at the IS. Dots repres¢ individual conjugates obtained frorm D 2 experiments. Groups were compared by a-test.
Asterisks indicate thep-value: **  0.001 (C) Immuno uorescence of cell conjugates formed by JK cells overngpressing mCit-PRL-1 or YFP alone and conjugated
with RAJI cells loaded with SEE and labeled with CMAC (blueJhe IS markers are shown in red. mCit-PRL-1 and YFP are shown aspseudocolor image with the
calibration bar. Co-localization is shown in a pixel map (pjrobtained at the interaction site. White pixels indicate ctocalization sites. Scatter plots of green and red
channels along the stack are shown. Numbers indicate Mandercoef cients (MC). The interface surface obtained from a 3Deconstruction of the IS where
co-localization was analyzed is shown. Scale bars 16m. Lower graph: Quanti cation of the co-localization by Peason coef cients (R). Dots represent individual cell
conjugates obtained fromn D 2 (LFA-1 vs. PRL-1)h D 7 (CD3 vs. PRL-1) om D 5 (CD3 vs. GFP) experiments. The different samples were coraped by at-test.
Asterisks represent thep-values: *P  0.01, ***  0.0001.

cytoskeleton by the catalytic activity of PRLAB), prompted us crucial for proper sustained activation and IL-2 productione a
to study the dynamics and the regulatory role of PRL-1 during Tregulated downstream PKC and €a(4, 29, 32-35). Complex
cell activation, a process dependent on actin rearrangements feedback loops, which we don't completely understand yet, are
Live-cell confocal and TIRF microscopy data suggest thatpparently occurring36, 37). Thus, the cellular machinery builds
intracellular PRL-1 is delivered to the IS in two stages: eafrly a three-dimensional IS, which is essential for proper susthin
F-actin- and CD&-enriched sites and, later, from the polarized signaling, transcription factor activation and e ector fuiam.
intracellular compartment organized around the MTOC. The co-PRL-1 seems to participate in this IS architecture.
localization of pericentriolar PRL-1 with CD71 and the looati The stronger inhibitory eect on IL-2 secretion by
in CD3z-containing vesicles suggests that PRL-1 tra cs to the ISharmacological inhibition of PRLs than of PRL-1 indicates a
in the TCR-containing recycling endosomes described preshio  redundant contribution of PRL-2 and/or PRL-3 in this e ector
(21). Once at the established IS, PRL-1 mainly locates at LFAflinction. This is consistent with the high identity of the prary
and, to a lower extent, at CD3 sites. The endosomal compartmestructure of the three human PRLs, 87% (PRL-1 vs. PRL-2), 79%
has been shown to be essential for T cell activation and aygok (PRL-1 vs. PRL-3) and 76% (PRL-3 vs. PRL12).(Supporting
secretion 2, 27-29). It will be of interest to further characterize a redundant role during T cell activation, the three molesule
the particular endosomes that convey PRL-1 to the IS and thave been found polarized to the IS (Castro-Sanchez and
analyze whether the endosomal tra c and/or the signal fronet Roda-Navarro, unpublished data). Polarized secretion ¢ tb-
TCR or LFA-1 is regulated by this molecule. the IS has been describedd|. It is tempting to speculate that
Early localization of PRL-1 at CR3and b-actin sites PRLs might be involved in the polarized secretion of cytokines
immediately follows the adhesion of Jurkat cells to acthgti We envisage that regulatory mechanisms of PRLs during IS
surfaces. This is reminiscent of signaling aggregatesquslyi assembly might contribute to T cell polarity during T cell e ecto
shown @2) and suggests a regulatory role of PRL-1 infunctions.
cytoskeleton rearrangements downstream TCR/CD28 siggalin  The fast and transient delivery of PRL-1 at membranes
Overexpression and pharmacological inhibition of the cadtaly scanning the APC makes conceivable that a cytosolic pool of
activity support the notion that PRL-1 is required for proper PRL-1 represent a fast di usible signaling intermediate able t
actin dynamics and cell spreading. The data obtained with theeach di erent intracellular signaling-competent compartngn
GFP-PRL-11 CAAX mutant suggest that membrane targeting iSPRL-1 is a cytosolic protein containing a polybasic sequence
required for actin regulation by this phosphatase. Conststétih ~ and a C-terminal CCAX motif farnesylated in the rst cysteine
previous reports18), our data indicate that the regulation of the (Cys170). We have observed that this motif is essential for
actin dynamics involves the catalytic activity and, consedly, targeting the protein at membranes and at the I8. vitro
the existence of PRL-1 substrates at the early IS. In this ce&kperiments have previously shown the palmitoylation of the
context, PRL-1 might regulate the signaling pathway trigderehomolog PRL-3 in the second cysteine of the motif (Cys139) (
by the TCR/CD28 or LFA-1 or might constitute a downstreamsuggesting that this posttranslational modi cation mighave a
cytoskeleton regulator. Consistent with the later ideagréint  role in the dynamics of the PRLs. Studying mobility properties of
proposed substrates for the homolog PRL-3, including®RL-1 and the regulatory role of posttranslational modi caiso
Ezrin and PIB (16), are important elements of cytoskeleton will assist in our understanding of its delivery and functian
regulation @1). the IS.
The actin dynamics is essential for intracellular signatng The activation of T cells in the lymph node involves serial
IL-2 production upon TCR engagemen8( 31). Accordingly, and transient interactions followed by later stable intgi@ns
we have found that the catalytic activity of PRL-1 contrilsute of T cells with dendritic cells (DC)40). Our data would be
to IL-2 secretion. It should be nonetheless noted that theada consistent with a regulatory role of PRL-1 in transient ard/o
presented here indicate that PRL-1 regulates IL-2 response btable cognate naive T cell-DC interactions or during T-B
acting on steps downstream PKC activation and®Caaise. cell cooperation. Thus, there is a new open research avenue
Importantly, components of the cellular machinery such as théocus on the function of PRLs during immune responses by
cytoskeleton and the endosomal-recycling compartmenth botlymphocytes.
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FIGURE 4 | Dynamic delivery of PRL-1 to the IS(A) Right panel: Frames of a representative time-lapse confo¢anicroscopy experiment from 13 conjugatesif D 5
experiments) showing accumulation of GFP-PRL-1 at the IS. & shown the distribution of GFP-PRL-1 in the pseudocolor imge and in the merged image of channels
(green signal). The red signal in merged images corresponde CD3z-mCherry. The Raji cell is labeled with CMAC (blue). Time iesonds (s) is indicated. White
arrows indicate transient accumulation of GFP-PRL1 in scaring membranes. Yellow arrowheads indicate the pericentiar location of GFP-PRL-1. Scale bars 5mm.
The right graph represents the quanti cation of the accumultion of GFP-PRL-1 in scanning membranes along the time of coplete (from the beginning) interactions.
It is represented the mean and the SD obtained in 6 conjugategB) A merged image of the red (CD2-mCherry) and the green (GFP-PRL-1) channel is shown of the
representative time-lapse TIRFM experiment presented Mideo 3. Lower and left graph represents the pro le of the uorescenceintensity of the green and the red
channel on the line that would cross the numbered sites. A mag ed area of the region pointed by a square is shown at diffenet times. White arrows point a
CD3zmCherry-containing vesicle in which GFP-PRL-1 arrives.le bar 2mm. Intensity pro les show the correlation of the green and theed intensities at sites
pointed by the arrows displayed in magni ed areas. The right pnel shows the Pearson's coef cient for the signal correlatin of CD3z-mCherry and GFP-PRL-1 in
vesicles arrived at the interface. Spots represent areas e¢ttaining or not vesicles obtained from 5 cellsnD 3 experiments). Samples Were Compared by a T-test **P*
< 0.0001. (C) Green (pseudocolor) and red channels, as well as, the mergeichage of a frame of the time lapse TIRFM experiment presented Video 5. (B,C) A total
of 11 cells were tracked inn D 3 experiments. Time in minutes:seconds is indicated.

MATERIALS AND METHODS (Invitrogen CA, USA). CD% naive T cells were isolated
Cell Puri cati d Cult from PBMCs by negative selection with Naive CD4T
e uri cation an ulture Cell Isolation Kit Il (Miltenyi Biotec, Germany). Purity 90—

Peripheral blood mononuclear cells (PBMCs) were obtained byso, of cD€/CDAC/CDASRAC cells was assessed by ow
Lymghopreﬂ'\" (Rafer, Spain) density gradient centrifugation.cytometry (FACS). Puried cells were polarized to Thl
CD4* T cells were isolated from PBMCs by negative selectiog ector cells by activation with Dynabeads Human T-Activato
with Dynabead8” Untouched™ Human CD4T cells kit CD3/CD28 (Invitrogen) in RPMI 1640 culture medium (Lonza
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FIGURE 5 | PRL-1 regulates actin dynamics at the IS(A) Green (pseudocolor) and red channels and merged image of tee frames of the time-lapse TIRFM
experiment shown inVideo 6. Scale bars 10mm. Time in minutes:seconds is shown. A kymograph of the greeand the red channel obtained from the line drawn in
(Continued)
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FIGURE 5 | the merged image is shown. The normalized intensity pro le ishown of the green and red channel in the square labeled in thpseudocolor image. The
time in seconds (s) between the maximal intensity in both chnels is indicated. A representative cell is shown of 5 cellsacked (B) Pictures show the
mCherry-b-actin (pseudocolor) in frames and kymograph of representave time-lapse TIRFM experiments of cells also expressingfP-PRL-1, GFP-PRL-141 CAAX,
or GFP alone. Kymographs were obtained in lines shown in thegdme. Calibration bar is indicated. Dots in lower graphs rapsent individual cells adhered to the
activating surface obtained fromn D 6 experiments. Different samples were compared by the one-ay ANOVA. Asterisks represent th@-value: *P  0.01, ***P
0.0001 (C) Immuno uorescence of I1S-like structures stained for F-actinThe green (pseudocolor) and the transmission light (TL) aslown. The PB3 treatment
(25mM) and the control (vehicle) are indicated. Scale barsfSm. Quanti cation of the F-actin accumulation at the interfae is shown in the right panel. Dots in the
graph represent individual cell/bead conjugates analyzeainD4 experiments. Samples were compared by &-test. Asterisks represent thep-value: **P  0.001.

FIGURE 6 | PRL-1 regulates IL-2 secretion(A) IL-2 secretion assessed by ELISA in JK cells overexpressingtieer mCit-PRL-1 or YFP alone and stimulated for 16 h
with Raji cells loaded with SEE. Samples in each SEE conceation were compared by a pairedt-tests (n D 3 experiments).(B) PRL-1 and PRL-2 protein expression
in JK cells transfected with a pool of siRNAs targeting PRL-br with a pool of non-targeting siRNAs (NT) as control. A lysa of the breast cancer derived cell line
MCF7 was included in the WB experiment represented(C) IL-2 secretion assessed by ELISA in JK cells transfected witthe PRL-1 siRNA pool or the NT. The mean

the SEM ofn D 3 experiments is shown. Samples at different time points wercompared by at-test. The asterisks represent thep-value: 0.05. (D) IL-2
secretion assessed by ELISA in peripheral blood CD4 T cellss@ted or not with PB3 or the vehicle and stimulated for 6 h witantiCD3+#/CD28-coated beads.
Concentrations of PB3 are indicated. Results were normaléd to control (Vehicle) and the mean SD is shown of the data obtained withn D 4 experiments. Samples
in each PB3 concentration were compared with the control (Meicle) by a one-samplet-test of one tail. Asterisks represent thg-value: *?  0.05 (E) IL-2 secretion
assessed by ELISA in peripheral blood CD4T cells treated or navith the indicated inhibitor or the vehicle and stimulatedior 6 h with anti-CD3tanti-CD28 coated
beads. Results were normalized to control (Vehicle) and thmean SD is shown of the data obtained withn D 4 experiments. Samples were compared with the
control (vehicle) by a one-samplé-test. Asterisks represent thep-value: 0.05.

Group, Switzerland) supplemented with 10% FCS (Gibco, MDand CH7C17 (here called CH7)4% were grown in the
USA), 2mM L-Glutamine, 100 U/mL penicillin, 1083/ml  same medium as primary cells, but without IL-12. The CH7
streptomycin (all from Lonza Group) and 10ng/mL of IL- stably express B8 TCRs specic for in uenza Hemagglutinin
12 (Peprotech, NJ, USA)n vitro polarization to Thl was (HA) peptide and its culture medium was supplemented
assessed by intracellular staining for IgN&fter 4 h stimulation  with 4mg/ml puromycin and 0.4 mg/ml hygromycin B to
with 10ng/mL Phorbol 12-myristate 13-acetate (PMA) andkeep expression of transfected HA-speci ®3/ TCRs. FACS
1mM lonomycin (both from Sigma Aldrich, MO, USA) data were acquired with a FACSCalibur system (BD) and
(data not shown). The Raji and Hom2 B cell lines, usedinalyzed by the Flowjo software (Treestar, Inc., OR, USA).
as APCs, and CD4T cell line Jurkat (JK) clones JZ7) ( Primary cell isolation in the project was approved by the
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Clinical Research Ethical Committee of the San Carlos Clinicalone 48 h after nucleofection. As control, we used the siRNA

Hospital. ON-TARGETplus Non-targeting (NT) Pool (Dharmacon, Inc).
Nucleofection was done with the Ama%aNucleofectoF I
Antibodies and Reagents device using Amax@ Cell Line Nucleofectot KitV (both from

Mouse uorescently labeled antibodies specic for CD4 andLonzaGroup) by using program X-001.
CD45RA were obtained from Beckman Coulter (CA, USA)
APC-labeled anti-CD3 from BD Pharmingen (CA, USA), rabbit . . , .
anti-GFP from Life Technologies (CA, USA) and mouse anti- JK cells were conjugated Wlth Raji c_ells loaded W|th__SEE
tubulin and mouse IgG1 isotype control (MOPC21) from Sigma(1 mg/mL) or Hom_2 Ioe_lded with HA pe_ptlde (10®g/ml)._ Raj .
Aldrich (MO, USA). Anti-CD3+(T3b) and anti-LFA-1 (TP1/40) and Hom2 were identi ed on.cell ponjugates by labeling W|th
supernatants were provided by Dr. Francisco Sanchez-Madr'r]:xO M CMAC. For cell conjugation assays JK were mixed

(Hospital Universitario de la Princesa, Madrid, Spain). TheWith the APCs at a cell rat_io 1.1, briey centrifug_ed, and
mouse anti-PRL-1 ascites was provided by Dr. Qi Zeng (In:{aitutgently resuspended before being plated on poly-L-Lysine-doate

of Molecular and Cell Biology, Singapore) and the rabbit anticoverslips. Cells were then allowed to interact for around

CD3z (CD247) by Dr. Balbino Alarcén (Centro de Biologia 20min. Human primary C_DA'T cells were conjuge_lted With_ anti-
Molecular Severo Ochoa, CSIC, Madrid, Spain). The anti-CDsc,:D3/am'_'CD28 coated n_mcrospheres (S|gmaAIdr|ch) at 1tibra
clone UCHT1 was puri ed from the hybridomel3) and the anti- fo.r 20 min. When spect ?d‘ .cells were pre-lncubate.d for .lh
CD28 obtained from BD Biosciences. Rabbit anti PCM-1 wa’é‘"th PB3, which was mamtamed.dunng the wholg stimulation
obtained from Cell Signaling (MA, USA), mouse anti-PRL-1/21Me- Both \_]K/Rap and CD4/m|crosph_eres con]ugates were
(clone 42) from Millipore (MA, USA). Phalloidin-488, secondary 1€ Xed with 4% paraformaldehyde in PBS during 5min
antibodies goat anti-mouse-lg Alexa 594, donkey anti-fabb &t f0OM temperature. After xation, conjugates were stained
Alexa 488, goat anti-mouse Alexa 488 (all of them highly ©ros Wllth the indicated antibodies. For Ilvq-cell time-lapse fowal
absorbed) and the uorescent tracker chloromethyl derivaif microscopy, JK cells co-transfected with GFP-PRL-1 and£D3
aminocoumarin (CMAC) were obtained from Molecular probesmCherry were attached to the bottom of L_abTek chambered
(OR, USA). Poly-L-lysine was obtained from Sigma Aldrich COVE" glasses (Nunﬁ:, Denmark) coa‘Fed withrrglml poly-
mouse serum from Calbiochem (Germany) and Staphylococc&s"‘ys'ne' Then, Ra“_ cells Iabele_d with CMAC were added.
Enterotoxin E (SEE) from Toxin Technologies (FL, USA). PRLge”s were 'maged in DMEM without phenol red (L_onza)
inhibitors Analog 3 and thienopyridone were obtained from supplemented with 5% FCS and 25mM hepes bu er (Gibco) at
Enamine (Ucrania) and the PRL-1 inhibitor procyanidin B3 37 Cand 5% of Ce.

(PB3) from ChemFaces (Wuhan, PRC). ICAM1-Fc was produce
as previously described4).

‘Conjugation Assays

Fluorescence Microscopy

Confocal microscopy was performed with a FV-1200 microscope
) . . (Olympus Deutschland GmbH, Germany). 405nm (for the
Expression Plasmids, siRNA and Cell CMAC), 488nm (for the GFP, Alexa488 and mCitrine) and
Transfection 594 nm (for the Alexa594 and mCherry) excitation lines were
PRL-1 and PRL-11 CAAX cDNAs were ampli ed by RT-PCR used. The elapsed time is indicated in each time-lapse miopysc
and cloned at the Xhol and BamHI restriction sites of the pEGFPexperiment.

C1 vector from Clontech Laboratories (CA, USA). The resgitin ~ For TIRFM, cells were diluted in imaging medium (Hank's
constructs encode the GFP-PRL-1 and GFP-PRLEAAX. balanced salt solution (HBSS) supplemented with 1% fetahleovi
mCitrine-PRL-1 (mCit-PRL-1) and mCitrine-PRL-2 (mCit-PRL- serum and 25 mM HEPES). Cells were allowed to settle onto glass
2) encoding constructs were kindly provided by Dr. Philippebottom dishes (No 1.5 Mattek; Ashland, MA, US) coated with
Bastiaens (Max Planck Institute of Molecular PhysiologylCAM1-Fc (10mg/ml), anti-CD3+ (10mg/mL) and anti-CD28
Dortmund, Germany). The expression vector coding for the(3mg/ml). Cells were immediately visualized with a Leica AM
CD3z-mCherry chimeric protein was kindly provided by Dr. TIRF MC M system mounted on a Leica DMI 6000B microscope
Balbino Alarcén. For actin visualization in living cellswsed the  coupled to an Andor-DU8285_VP-4094 camera and tted with a
expression vector pCAGLifeAct—-TagRFP from Ibidi (GermanyHCX PL APO 100.0x1.46 OIL objective. Images were processed
or the Speckle mCherrig-actin plasmid kindly provided by Dr. with the accompanying confocal software (LCS; Leica, Geyjnan
M. Vicente-Manzanares (Centro de Investigacion del Cancefhe laser penetrance used was 150 or 200 nm for both laser
Salamanca, Spain). Two million JK cells were nucleofectdd withannels (488 and 561 nm), using the same objective angle.
4 mg of the indicated plasmid. 24 h after transfection, livingse Optimized time-lapse settings are speci ed throughout the .text
were isolated by centrifugation on Lymphopréband used for Synchronization was performed with the accompanying Leica
experiments. software.

For siRNA experiments, we nucleofected 300 nM/million All processing, analysis and quanti cation of uorescence
cells of a pool of three PTP4A1 siRNAs [ON-TARGETplusimages were developed with FIJI freeware (NIH, USA).
J-006333-06 (GAUUGUUGAUGACUGGUUA), J-006333-07Polarization of molecules to the synapse or at membranes
(CCAAUGCGACCUUAAACAA) and J-006333-09 (GAAAGA scanning APCs was quanti ed using SynapseMeasures Plugin
AGGUAUCCAUGUU)] (Dharmacon, Inc). Experiments were as described 45). Briey, after background subtraction,
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uorescence intensity in regions placed at the IS surfacevere run in 7900HT Fast Real-Time PCR system (Applied
interface was normalized to uorescence intensity in regio Biosystems). Comparative analysis of the results obtained i
placed at the cortical cytoplasm and non-IS membranesli erent samples was done by using the delta CGt; Ct of the

of the cell. Co-localization was quanti ed by the Pearson'studied gene subtracted by the Ct of the housekeeping gene) or
coe cient. by the method 211 €t (46) as indicated.

IL-2 Secretion Statistical Analysis
Mixtures of JK cells (transfected with either mCit-PRL-1 orStatistical analysis was implemented with PRISM 6 (GraphPad,
YFP) and Raji cells (loaded or not with SEE) or primary CD4 TCA, USA) and Statgraphics Centurion XVII (Statpoint

cells and Dynabeadl$ Human T-Activator CD3/CD28 (Gibco) Technologies, Inc. VA, USA). When comparing three or
were done at cell ratio of 1:1 during overnight or 6 h cultyresmore samples, one-way ANOVA followed by Bonferroni's
respectively. In addition, cells were also stimulated fornithh ~ multiple comparing test correction was used. When comparing
10ng/mL PMA and IrM lonomycin. Supernatants were then two samples, Studerit-test was performed. Welch correction
collected for IL-2 measurements. When speci ed, cells wer&/as applied when variances between samples were statistically
pre-incubated for 1h with the indicated inhibitor, which was di erent. Normalized values were analyzed by a one-sample
maintained during the whole stimulation time, or transfedt T-test. All tests were implemented with two tails with the
with the indicated siRNA. The IL-2 content in supernatants wasxception of the indicated experiments.
determined by ELISA assays using the BD OptIAELISA
set (BD). Quanti cation was done in an ELx800 absorbancaUTHOR CONTRIBUTIONS
microplate reader (Biotek, VT, USA).

PC-S did the experiments, analyzed data, and contributed
Western Blot o to the manuscript writing. RR-M, OA-S, SA-G, and SH-P
Transfectgd cells were lysed for 30 min in |c¢-cold RIPA bu ersgntributed to the experiments. RR, CC, and QZ contributed
(20 mM Tris-HCI pH 7,5; 1% NP-40; 0,5% sodium deoxycholatgimportant reagents. NM-C and FS-M participated in TIRFM
0,1% SDS; 150mM NaCl; 10 mM-glicerophosphate; 1X experimentation and data analysis and corrected the maijtscr

protease inhibitor cocktail; 10mM NaF; 1mM PMSF; 1mMpR.N conceived and designed the research, analyzed data, an
NagVO4) and sonicated in a digital sonier (Branson). Cell \yrote the nal manuscript.

lysates were mixed with 4x Laemmli bueC 20% b-
mercaptoethanol. Samples were then boiled at®%r 5min NDING
and proteins were separated by SDS-PAGE in acrylamide géfsu

which were then transferred to an Immobilon-FL membraneF,R_N and the students PC-S and RR-M are founded by European
(Millipore). After .transference, the membrarles were .bIOCkqunion (Career reintegration grant, FP7-PEOPLE-2012-CIG-
with LICOR blocking bu er before O/N incubation with primary 321858) and the Ministry of Economy and Competitiveness

mouse or rabbit antibodies. HRP-conjugated goat anti-mousg;\i=c oy with research grants SAF2012-33218 and SAF2016-
antibody and PiercB’ ECL Plus Substrate or uorescently- 75656-P. The later from the Agencia Estatal de investigacié

labeled secondary antibodies IRDye 680 goat anti-Mouse a “ : "
IRDye 800 goat anti-rabbit were used. All blots were scann(;E founded by *fondo Europeo de desarrolo regional (FEDERY)".

and uorescence or quimioluminiscence was quanti ed with a

Odyssey Infrared Imager (LICOR). ACKNOWLEDGMENTS
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