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2.2. Cell culture

Primary human endothelial cells derived from umbilical veins
(HUVEC) were provided by the Hospital Clinic (Universitat de Barcelona).
HUVEC were cultured in Medium 199 (r ef. BE12-119F, Lonza, Barcelona,
Spain), supplemented with 20% FCS (ref. A15-101, GE Healthcare,
Barcelona, Spain), 2 mM L-glutamine (ref. BE17-605E, Lonza), penicillin/
streptomycin (ref. DE17-602E, Lonza), 20 mM HEPES (ref. BE17-737E,
Lonza), 1 mM sodium pyruvate (ref. BE13-115E, Lonza), 100 !g/mL
heparin (ref. H3149, Sigma-Aldrich) and 20 !g/mL Endothelial Cell
Growth Supplement (ref. 02-102, Millipore, Madrid, Spain), and used be-
tween passages 3 and 6. Daudi B cells and Jurkat E6.1 human T cells were
obtained from the European Collection of Cell Cultures (Sigma-Aldrich).
Jurkat 8B is a CD4-negative Jurkat T cell line that is routinely used in
our laboratory [15B17]. Both Jurkat cell lines (E6.1 and 8B) were used
in all assays described in this study with analogous results, except in
the static adhesion assay to HUVEC. Daudi cells and Jurkat cells were rou-
tinely grown in RPMI 1640 (ref. BE12-702F, Lonza) supplemented with
10% FCS, 2 mM-glutamine and penicillin/streptomycin. The cells were
maintained at 37 jC in 5% CO,.

2.3. Plasmids and transfections

Mutations of human wild-type sdc2 cDNA were carried out by PCR
ampli ! cation using mutated primers as described elsewhere [17]. In
order to obtain stable cell lines, Jurkat cells were transfected by electro-
poration (Multiporator; Eppendorf, Madrid, Spain) and incubated in
Geneticin (ref. 11811031, Gibco, Invitrogen, UK). A total of four Jurkat
cell lines overexpressing wild-type SDC2, three Jurkat cell lines overex-
pressing SDC2(* EFYA) and one Jurkat cell line overexpressing
SDC2(FAAF) were used in this study.

To study the role of RhoA, Racl and Cdc42, transient transfections
were performed using the following plasmids: RhoA-T19N, RhoA-
Q63L, Racl-T17N, Racl-Q61L, Cdc42-T17N and Cdc42-Q61L cloned
into pcDNA3-EGFP expression vector. These plasmids were from
Addgene (refs. 12967, 12968, 12982, 12981, 12976 and 12986 respec-
tively, Cambridge, MA), deposited by Dr. G. Bokoch [18]. The plasmid
coding for mouse EGFP-talinl-head was from Addgene (ref. 32856), de-
posited by Dr. A. Huttenlocher [19]. The plasmid coding for 2PH-
PLCdelta-GFP was from Addgene (ref. 35142), deposited by Dr. S.
Grinstein. Electroporation (6.25!10 © cells/mL) was carried out with
10 ! g of plasmids. Transfected cells were maintained in RPMI 1640 B
10% FCS without antibiotics for 24 h before use.

2.4. Flow cytometry

Jurkat T cells were incubated with saturating amounts of primary Ab
in PBP1% FCS for 30 min at 4 jC, washed and incubated with Alexa 488-
conjugated secondary Ab in PBSP1% FCS for 30 min at 4 jC in the dark.
Non-speci! ¢ " uorescence was assessed by incubating cells only with
the same Alexa 488-conjugated anti-mouse Ig Ab (grey histograms in
all FACS! gures).

For detection of high-af ! nity LFA-1, primary mAb24 was mixed with
Alexa 488-conjugated secondary Ab in PBS for at least 30 min at RT in
the dark, in the presence or absence of 1 mM Mg 2* and 1 mM ethylene
glycol tetraacetic acid (EGTA) (ref. E4378, Sigma-Aldrich). Jurkat cells
were activated or not with 10 ng/mL phorbol myristate acetate (PMA)
(ref. P8139, Sigma-Aldrich) at 37 jC for 30 min. The cells were washed
twice with PBS and stained for 20 min at 37 jC in the dark with the an-
tibody mix. Non-speci ! ¢ " uorescence was determined by incubating
cells with an antibody mix in which primary mAb24 was replaced by
non-speci! c IgG.

For intracellular labelling, cells were ! xed in 1% paraformaldehyde
in PBS for 20 min at room temperature, then washed and permeabilized
with 0.2% saponin in PBSB1% FCS (permeabilization buffer) for 30 minin
ice. Cells were centrifuged and resuspended in permeabilization buffer
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containing primary Abfor 1 hat4 C. Then, cells were washed and treat-
ed with secondary Ab conjugated to Alexa 488 in permeabilization buff-
erfor45minat4 C. Cells were washed with permeabilization buffer for
45 min at room temperature, resuspended in PBS B1% FCS and analysed
by " ow cytometry. Non-speci ! ¢ " uorescence was calculated by incu-
bating cells with a non-speci ! ¢ IgG (clone NCGO1 for mouse Abs)
followed by staining with the same Alexa 488-conjugated Ab.

Flow cytometry experiments used a Cytomics FC500 MPL or a Gallios
" ow cytometer (Beckman Coulter, Inc., Fullerton, CA). The sample was
excited by a 488 nm air-cooled argon-ion laser (Cytomics) or 488 nm
and 635 nm lasers (Gallios). Fluorescence was collected on the logarith-
mic scale. Optical alignment was checked with 10 nm " uorescent beads
(Flow-Check " uorospheres, Beckman Coulter). The cell population was
selected by gating in a forward scatter vs. side scatter dot plot, excluding
aggregates and cell debris. Fluorescence histograms were represented
in single-parameter histograms (1024 channels) and dual-parameter
histograms of green vs. orange " uorescence, in order to distinguish
auto-" uorescence from Alexa 488 " uorescence.

2.5. Static adhesion assay

HUVECs were cultured in a 96-well plate at a density of 0.5 !
10* cells/well, until they reached 90% con " uence, and were then acti-
vated or not with 1 ng/mL TNF- #. After 18 h, the wells were washed
twice with warm RPMI 1640. Jurkat T cells were washed, stained
in 1 mL RPMI 1640 containing 2 ! M Calcein-AM stock (ref. 56496,
Invitrogen) and activated or not with 10 ng/mL PMA at 37 jC for
30 min. The labelled Jurkat T cells were washed and incubated with
HUVECSs for 1 h at 37 jC. Each condition was performed at least in quin-
tuplicate. After incubation of the Jurkat T cells with con " uent HUVEC
monolayers, the Qotal " uorescenceOwas quanti ! ed using a " uores-
cence plate reader at 490 nm excitation and 520 nm emission. The me-
dium containing non-attached Jurkat T cells was removed and the cells
remaining in the wells were washed carefully with PBS. The remaining
adherent cells were visualized by " uorescence microscopy and quanti-
! ed using a " uorescence plate reader. The percentage of Jurkat T cell
adhesion to HUVEC was calculated using the formula: Adhesion (%) =
(@ uorescence of adherent cells O/ Qotal " uorescence) [100.

2.6. RNA isolation, cDNA synthesis, and real-time quantitative RT-PCR

Cells were lysed, their total RNA was reverse-transcribed (Super-
Script I, ref. 11752-050; Invitrogen) and real-time PCR was performed
with SYBR Green-based detection (ref. 11761-500; Invitrogen). The oli-
gonucleotides used for SDC-2 were 5 '-TCGGCGGAGTCGGAGCAGAG-3
(sense) and 5’-CAGAAGCGTAGTCATCGTCATCA{antisense). The oli-
gonucleotides used for CD11a were 5 -AAATGGAAGGACCCTGATGCTC-
3’ (sense) and 5'-TGTAGCGGATGATGTCTTTGGC(antisense). The oli-
gonucleotides used for CD18 were 5 '-GTGCTGAAGCTGACCAACAA-3
(sense) and 5’-AAATGGAAGCCGTCATCAGT-gantisense). For all sam-
ples, the expression levels were normalized to 18S, and the oligonucle-
otides were from TATAA (ref. RRN18S; TATAA Biocenter, Tebu-bio,
Barcelona, Spain). The relative quanti ! cation value was calculated as
described elsewhere [17].

2.7. Conjugation assay

Daudi B cells were labelled with PKH67 (ref. PKH67-GL, Sigma-
Aldrich) according to the manufacturer's instructions, incubated in the
presence or absence of 1 ! g/mL staphylococcal enterotoxin D (SED)
(ref. DT303, Toxin Technology, Sarasota, FL) superantigen at 37 jC for
30 min, and then washed and resuspended at a density of 10 © cells/mL
in RPMI 1640. Jurkat cells were stained with Hoechst 33342 (ref.
B2261, Sigma-Aldrich) at 37 jC for 30 min, and then washed and resus-
pended at a density of 10 © cells/mL in RPMI 1640. For JurkatBDaudi con-
jugation equal volumes of Jurkat cells and Daudi cells were thoroughly
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mixed and centrifuged at 20 °C for 5 min. Cell mixtures were incubated
at 37 °C for 30 min and then vigorously pipetted. The relative proportion
of green, blue and green-blue populations was determined using a
Gallios flow cytometer.

2.8. Cell spreading

Jurkat cells were labelled with PKH67 and stimulated or not with
10 ng/mL PMA at 37 °C for 30 min. Cells were then allowed to adhere
to poly-p-lysine (pLys) (ref. 354210, Becton Dickinson, Madrid, Spain)
glass coverslips for 4 h at 37 °C. Coverslips were prepared by coating
them with 10 pg/mL pLys for 2 h at 37 °C. Cells were visualized with
an Olympus BX61 epifluorescence microscope (Tokyo, Japan) using a
x50 objective and images were taken with an Olympus DP70 (Tokyo,
Japan).

2.9. Immunofluorescence and confocal imaging

Jurkat cells were incubated in the presence or absence of 10 ng/mL
PMA at 37 °C for 30 min, and then washed and labelled with primary
Ab against CD11a or CD18 in PBS-1% FCS at 4 °C. After 30 min, the
cells were washed and stained with Alexa 488-conjugated secondary
Ab in PBS-1% FCS for 30 min at 4 °C in the dark. Finally, the cells were
washed and resuspended in 7 pL of Fluoromont mounting medium, ap-
plied to microscope slides, and covered with coverslips. Immunostained
samples were viewed under a Leica TCS-SPE confocal microscope with
an Argon-Krypton laser and a 60x (NA 0.7, oil) Leitz Plan-apochromatic
objective, at room temperature. Pictures were acquired using the Leica
Application Suite software. Final images were processed by Image]
software.

2.10. Statistical analysis

Statistical analysis was carried out by calculating the average and s.d.
of independent experiments. The unpaired t-test was used to calculate
p-values. P < 0.05 was considered statistically significant.

3. Results
3.1. Engagement of SDC2 increases cell polarization

To study the contribution of SDC2 to cell adhesion, we transfected
Jurkat T cells with sdc2. Jurkat T cells exhibited undetectable levels of
endogenous SDC2 at the cell surface as analysed by flow cytometry, al-
though the mRNA was perceptible by RT-PCR (Suppl. Fig. 1B, C). Upon
transfection of full-length human sdc2 cDNA, stable cell lines were ob-
tained that expressed abundant SDC2 mRNA but discrete cell surface
densities of SDC2 (Suppl. Fig. 1C, D). All stably transfected cell lines de-
scribed in this work, with the exception of one (A21, Suppl. Fig. 1D),
showed a SDC2 expression level comparable to that of human T cells
[15,17].

During cell adhesion, the SDCs modulate the activity of integrins [2].
We first evaluated the role of SDC2 in mediating cell adhesion indepen-
dently of integrin contributions by using the non-biological substratum
pLys, which is a high-affinity SDC ligand [20] (Suppl. Fig. 1E) that does
not engage integrins. Previous reports described increased cellular
spreading of SDC-1- and SDC-3-expressing cells on pLys [20,21], as
well as on plates coated with anti-SDC Ab [22,23]. We seeded sdc2-
transfected cells (Jurkat-SDC2) onto pLys, and these cells rapidly
showed a spreading morphology with several cellular protrusions
after a PMA treatment. Unlike wild-type Jurkat, which are usually
spherical, after 4 h of incubation the majority of Jurkat-SDC2 showed a
polarized morphology indicating contractile activity in their cytoskele-
ton (Fig. 1A). These results indicate that specific ligation of SDC2 can
lead to cell spreading and polarization and suggest a possible role for
this molecule in T cell adhesion.

3.2. SDC2 expression reduces adhesion of Jurkat T cells to endothelial cells

We next analysed whether SDC2 can modulate the adhesion of T
cells to primary endothelial cells. To do this, we performed a static adhe-
sion assay of Jurkat-SDC2 to HUVEC. Interestingly, ectopic expression of
SDC2 led to a ~33% decrease in the adhesion of Jurkat T cells to HUVEC
(Fig. 1B). The same response was observed with every cell line tested
(Suppl. Fig. 2A), suggesting that SDC2 decreases the expression and/or
inhibits the function of adhesion molecules.

As integrins play a major role in T cell adhesion to endothelia [4], we
evaluated the nature of integrin involvement in the adhesion between
Jurkat-SDC2 and endothelial cells. Jurkat-SDC2 cells were stimulated
with PMA, which activates the integrins, and the adhesion of Jurkat to
endothelial cells subsequently increased (Suppl. Fig. 2B). However,
even after PMA stimulation, Jurkat-SDC2 cells adhered less well to en-
dothelial cells than wild-type Jurkat (Fig. 1B, Suppl. Fig. 2A, B).

The inhibitory effect of SDC2 was also observed when examining the
adhesion of Jurkat-SDC2 to inflamed endothelia. Indeed, although TNF
stimulation of endothelial cells increased the adhesion of Jurkat and
Jurkat-SDC2 (Suppl. Fig. 2B), the latter adhered significantly less well
(Fig. 1B). TNF-stimulated endothelial cells show increased leukocyte ad-
herence by means of increased expression of the integrin ligands ICAM-
1 and VCAM-1 [24], and therefore the lower adhesion of Jurkat-SDC2 to
endothelial cells under the different conditions assayed suggests that
integrin function is impaired in Jurkat-SDC2.

3.3. SDC2 expression impairs T cell conjugation to B cells

We then analysed the adhesion of SDC2-expressing T cells to a dif-
ferent cellular model. T-B-cell adhesion is the first step in the formation
of the immune synapse [6], a context in which correctly activated LFA-1
isindispensable [7]. We therefore assessed whether the inhibitory effect
of SDC2 on Jurkat adhesion to HUVEC is observed when Jurkat cells con-
jugate to Daudi B cells loaded with SED superantigen. Interestingly,
quantitative analysis by FACS revealed that the conjugation of Jurkat-
SDC2 cells to Daudi B cells was significantly reduced compared to that
of wild-type Jurkat (Fig. 1C). Moreover, this phenomenon was observed
regardless of whether B cells were superantigen-loaded or not. This
finding correlates with the impaired adhesion of Jurkat to endothelial
cells and suggests an inhibitory role for SDC2 during cell adhesion.

3.4. SDC2 expression decreases the LFA-1 surface density

Previous studies demonstrated that SDCs are required for the normal
membrane expression of some growth factor receptors [13,17] and for
the control of integrin trafficking [12]. Thus, we determined whether
the inhibitory effect of SDC2 on Jurkat adhesion to HUVEC and B cells
was a consequence of the down-regulation of integrin. The cell surface
levels of the LFA-1 subunits o; (CD11a) and 3, (CD18) and the VLA-4
subunits oy (CD49d) and 3 (CD29) were determined by flow cytome-
try. Interestingly, in comparison to wild-type Jurkat, the cell surface
levels of CD11a and CD18 in Jurkat-SDC2 cells were significantly dimin-
ished, whereas the amount of integrin VLA-4 was the same (Fig. 1D).
Moreover, other cell membrane adhesion proteins like LFA-2, LFA-3,
ICAM-1 and ICAM-3 were not down-regulated (Suppl. Fig. 3). The reduc-
tion of LFA-1 levels on the cell surface of Jurkat-SDC2 correlates with the
observed reduction of adhesion to HUVEC and to B cells (Fig. 1B, C).

To determine the mechanism of LFA-1 down-regulation in Jurkat-
SDC2 cells we analysed the steady-state levels of mRNA. The reduced
amount of LFA-1 surface expression in Jurkat-SDC2 was not a conse-
quence of lower transcriptional expression, since the CD11a and CD18
mRNA levels in Jurkat-SDC2 were similar to those of wild-type Jurkat
cells (Fig. 1E). The down-regulation of surface CD11a in Jurkat-SDC2
cells showing unaltered CD11a mRNA levels suggests that CD11a
could be retained intracellularly. Indeed, SDCs can control integrin
recycling in a syntenin-Arf6-dependent manner [12,13]. However, the
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Fig. 1. SDC2 impairs T cell adhesion and down-regulates LFA-1. (A) Jurkat T cell adhesion to pLys. Representative images of Jurkat-SDC2 and wild-type Jurkat cells (Jurkat-wt) stimulated
for 30 min at 37 °C with PMA (10 ng/mL) and allowed to adhere to pLys-coated glass coverslips for 4 h. (B) Jurkat T cell adhesion to HUVEC. Jurkat cells were stained with Calcein-AM and
activated or not with PMA (10 ng/mL). The stained cells were placed onto the HUVEC monolayer previously stimulated or not with TNF-a¢ (1 ng/mL), and incubated for 1 h at 37 °C. The
adhered cells were quantified using a fluorescence plate reader. Data are expressed as the mean of adhesion +/— SD of three Jurkat-SDC2 clones, each one analysed in at least two inde-
pendent experiments performed in quintuplicate, and normalized to Jurkat-wt, which was given an arbitrary value of 1.0 (dotted line). (C) Jurkat T cell adhesion to Daudi B cell. (Left) A
representative plot of T-B conjugate formation +/— SED superantigen. The boxed areas indicate double-positive events. (Right) Mean of conjugate formation +/— SD of three indepen-
dent experiments with one Jurkat-SDC2 clone, normalized to Jurkat-wt, which was given an arbitrary value of 1.0 (dotted line). (D) Expression of LFA-1 (CD11a and CD18) and VLA-4
(CD29 and CD49d) at the cell surface as analysed by flow cytometry. (Left) Representative histograms of cell surface staining. (Right) Quantification of FACS staining. The mean fluores-
cence intensity (MFI) is represented as a percentage of the value obtained with Jurkat-wt. Mean +/— SD of four Jurkat-SDC2 clones, each one analysed in at least three independent
experiments. (E) LFA-1 mRNA expression as analysed by reverse transcription and real-time PCR. CD11a: 18S and CD18: 18S values were calculated and normalized to Jurkat-wt,
which was given an arbitrary value of 1.0 (dotted line). The analysis was repeated with three different Jurkat-SDC2 clones and the average +/— SD of three independent experiments
is presented. (F) Expression of total CD11a (extracellular and intracellular). (Top) Representative histograms. Cells were fixed, permeabilized and incubated with anti-CD11a or
isotype-matched control primary antibody plus Alexa 488-conjugated F(ab’), anti-mouse antibody. (Bottom) Quantification of FACS staining. The MFI is represented as a percentage
of the value obtained with Jurkat-wt. The analysis was repeated with two different Jurkat-SDC2 clones and the average +/— SD of three independent experiments is presented.

*P < 0.05; **P < 0.01; ***P < 0.001.

lower surface amount of CD11a in Jurkat-SDC2 was not caused by its
intracellular retention (Fig. 1F). Taken together, these results suggest
that CD11a down-regulation in Jurkat-SDC2 cells could be caused by a
decline in the translation of CD11a mRNA or by reduced CD11a protein
stability.

3.5. Role of PDZ-binding domain of SDC2 in cell adhesion

Syntenin binding to the PDZ-binding domain of SDCs participates in
the control of integrin recycling, adhesion and cell migration [3,4]. To
test the role of the PDZ-binding domain in the inhibitory effect of
SDC2 on adhesion, cells were transfected with a mutant sdc2 without
the EFYA domain (sdc2(AEFYA)) (Suppl. Fig. 1).

Jurkat-SDC2(AEFYA) cells activated with PMA and seeded onto pLys
did not show a polarized morphology (Fig. 2A), indicating an altered
pattern of intracellular signalling in Jurkat-SDC2(AEFYA) compared to
Jurkat-SDC2. Moreover, adhesion of SDC2(AEFYA)-expressing cells to

resting and to TNF-stimulated HUVEC increased in comparison to
Jurkat-SDC2, eliminating the negative effect of wild-type SDC2 and re-
covering the adhesion levels observed in wild-type Jurkat (Fig. 2B,
Suppl. Fig. 2C, D). This indicates that the PDZ-binding domain of SDC2
participates in the inhibition of cell adhesion. However, Jurkat-
SDC2(AEFYA) cells stimulated with PMA adhered weakly to endothelial
cells (Fig. 2B), suggesting that additional regulatory elements present in
the SDC2(AEFYA) cytoplasmic domain were uncovered by PMA stimu-
lation. These results indicate that SDC2 inhibits the adhesion of Jurkat to
endothelial cells through the PDZ-binding domain and suggest the pres-
ence of additional regulatory cytoplasmic motifs.

To determine whether the deletion of the PDZ-binding domain
would improve the adhesion of Jurkat-SDC2 to Daudi B cells, we per-
formed a conjugation assay. A lower percentage of T-B conjugation
was observed between Jurkat-SDC2(AEFYA) and Daudi B cells com-
pared to wild-type Jurkat (Fig. 2C), in both SED-loaded and -unloaded
Daudi B cells. This result is consistent with the observed inhibition of
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Fig. 2. PDZ-binding domain of SDC2 regulates T cell adhesion. (A) Jurkat T cell adhesion to pLys. Representative images of Jurkat cells treated as in Fig. 1A and allowed to adhere to pLys-
coated glass coverslips. (B) Jurkat T cell adhesion to HUVEC. Jurkat cells were stained with Calcein-AM and treated as in Fig. 1B. Data are expressed as the mean of adhesion +/— SD of three
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three independent experiments is presented. *P < 0.05; **P < 0.01; ***P < 0.001.

adhesion to endothelial cells when SDC2(AEFYA)-transfected Jurkat
cells were stimulated with PMA, further confirming that in addition to
the EFYA sequence other SDC2 cytoplasmic motifs are inhibitory.

The recovered adhesion of Jurkat-SDC2(AEFYA) cells to endothelia
suggested the parallel reconstitution of surface LFA-1 levels. Intriguing-
ly, the surface expression of LFA-1 in Jurkat-SDC2(AEFYA) cells was as
low as in Jurkat-SDC2 (Fig. 2D), suggesting that the potential negative
effect of lower LFA-1 levels in Jurkat-SDC2(AEFYA) cells on adhesion
is neutralized by a compensatory mechanism such as the activation sta-
tus of LFA-1 or its level of clustering (see below). Moreover, in contrast
to Jurkat-SDC2 cells, the steady-state levels of CD11a mRNA in Jurkat-
SDC2(AEFYA) cells were significantly diminished (Fig. 2E); however,
CD18 mRNA levels were unaltered. Whether the signals generated by
SDC2(AEFYA) led to enhanced CD11a mRNA degradation or to reduced
transcription of cd11a remains to be determined.

3.6. SDC2 impairs LFA-1 high-affinity conversion by PMA and Mg®*, but
not LFA-1 clustering, through the PDZ-binding domain

The above results show that Jurkat-SDC2(AEFYA) cells adhere
better to endothelial cells than Jurkat-SDC2 (Figs. 1B, 2B), despite

expressing comparable LFA-1 surface densities (Figs. 1D, 2D). LFA-1
adhesiveness is regulated by the modulation of affinity (conforma-
tion) and avidity (clustering) [9]. Therefore, we hypothesized that
changes in LFA-1 affinity or avidity accounted for the observed dif-
ference in adhesion between Jurkat-SDC2 and Jurkat-SDC2(AEFYA)
cells. When T cells come into contact with chemokines present on
the endothelial cell surface glycocalyx [4], this leads to inside-out
activation of LFA-1 affinity or clustering, and the presence of SDC2
could act as a modulator of the clustering or conformational state
of LFA-1.

To test this notion, we quantified the activation state of LFA-1 using
the activation state-specific mAb24 antibody [25] that binds to activated
3 I domains [26]. We observed that unstimulated Jurkat-SDC2(AEFYA),
Jurkat-SDC2 and wild-type Jurkat contained similar basal levels of high-
affinity LFA-1 (Fig. 3A). We then stimulated inside-out signalling by
PMA treatment and used the integrin activator Mg?* [25]. Both treat-
ments alone or in combination increased the affinity of LFA-1 in wild-
type Jurkat and, to a lesser extent, also in Jurkat-SDC2(AEFYA) (Fig. 3A
and Suppl. Fig. 4). In contrast, the affinity of LFA-1 in Jurkat-SDC2
could not be improved by any of these treatments (Fig. 3A and Suppl.
Fig. 4).
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percentage of the value obtained in Jurkat-wt stimulated with PMA and Mg?*~EGTA. The results are the mean +/— SD of three independent experiments with one Jurkat-SDC2 clone and
one Jurkat-SDC2(AEFYA) clone. The p-values from the t-tests between experiments represented by bars of the same colour are shown in Supplementary Fig. 4. (B) Distribution of surface
CD11a and CD18. Jurkat cells was stimulated or not with PMA (10 ng/mL) at 37 °C for 30 min, stained with anti-CD11a or anti-CD18 antibodies and analysed as indicated in the methods.

Scale bar: 10 um. *P < 0.05; **P < 0.01; ***P < 0.001.

Moreover, although the affinity of LFA-1 in Jurkat-SDC2(AEFYA) cells
increased following PMA treatment (Fig. 3A and Suppl. Fig. 4), it did not
reach the activation levels of wild-type Jurkat cells, correlating with the
adhesion differences observed between PMA-stimulated wild-type
Jurkat and Jurkat-SDC2(AEFYA) cells (Fig. 2B), and suggesting that addi-
tional inhibitory elements are present in the SDC2 cytoplasmic domain,
with their effect being potentiated by phorbol ester stimulation.

We also analysed the degree of LFA-1 clustering in cells. PMA, which
is known to regulate integrin clustering on the cell surface, was used to
activate cells. However, no differences in the level of LFA-1 clustering
among the different cell types were observed (Fig. 3B). Overall, these
results indicate that LFA-1 in Jurkat-SDC2 is locked in a low-affinity
closed conformation and that the SDC2 PDZ-binding motif plays a
major role in maintaining this low-affinity conformation.

3.7. Talin1 head domain does not rescue LFA-1 affinity in Jurkat-SDC2 cells

The activation of integrin affinity by inside-out signalling is mediated
by talin [27]. The talin head domain regulates integrin clustering and af-
finity [28,29], and is necessary for LFA-1 activation via inside-out signal-
ling [19]. To identify a potential role of talin1 in the inhibition of the LFA-
1 high-affinity conformation by SDC2, we transfected a cDNA coding for
talin1 head fused to EGFP to wild-type Jurkat and Jurkat-SDC2 (Suppl.
Fig. 5A). Cells were then stimulated with PMA and Mg+ to activate
the high-affinity conformation of LFA-1 and were stained with the affin-
ity reporter mAb24. Surprisingly, overexpression of the talin head

domain did not increase the levels of high-affinity LFA-1 in Jurkat-SDC2
cells (Fig. 4A), indicating that LFA-1 is locked in a bent conformation.

Phosphatidylinositol 4,5-bisphosphate (PtdIns[4,5]P,) can promote
talin binding to the integrin  chain [30] and SDCs modulate PtdIns
[4,5]P, intracellular traffic [31]. Therefore we hypothesized that in
Jurkat-SDC2 cells the distribution of PtdIns[4,5]P, could be altered by
the presence of SDC2 and be inaccessible to talin1 and LFA-1. To test
this hypothesis, we visualized the PtdIns[4,5]P, pools by cellular expres-
sion of the pleckstrin homology domain of phospholipase C fused to GFP
[32]. The distribution of PtdIns[4,5]P; in Jurkat-SDC2 and wild-type
Jurkat cells was similar, with major localization at the plasma mem-
brane (Fig. 4B). This indicates that the lack of effect of overexpressing
talin head in Jurkat-SDC2 cells is not due to major differences in the
cellular distribution of PtdIns[4,5]P,. Therefore, the lack of activation
of high-affinity LFA-1 in Jurkat-SDC2 cells expressing a constitutively
active talin head domain suggests that LFA-1 pools are not accessible
to the expressed talin head domain.

3.8. Expression of Rac1, RhoA and Cdc42 does not rescue LFA-1 affinity in
Jurkat-SDC2 cells

We next focused on three small GTPases known to participate in the
control of integrin function [33], to investigate whether they might
be involved in the deregulated LFA-1 activity in Jurkat-SDC2 cells.
SDC-4 mediates the activation of RhoA and Rac1 and regulates direc-
tional migration in response to extracellular matrix [34]. Further-
more, the engagement of RhoA and Rac1 activity has been linked to
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the process of adhesion and modulation of integrin activity [33]. Thus,
we overexpressed constitutively active rhoA-Q63L and rac1-Q61L or
dominant-negative rhoA-T19N and rac1-T17N cDNA mutants fused to
EGFP to determine whether the inhibition of LFA-1 by SDC2 could be
prevented (Suppl. Fig. 5B). Neither expression of inhibitory nor activat-
ing RhoA or Rac1 had any effect on the inhibition of high-affinity LFA-1
by SDC2 (Fig. 4C).

Previous studies have reported that Cdc42, a Racl-related small
GTPase, is a negative regulator of LFA-1 affinity [33]. Moreover, SDC2
overexpression in COS-1 cells correlates with the activation of Cdc42
[35], which is required for the induction of filopodia. To test whether
the LFA-1 low-affinity conformation in Jurkat-SDC2 is due to activation
of Cdc42, we overexpressed dominant-negative cdc42-T17N fused to
EGFP (Suppl. Fig. 5B). Compared to untransfected cells, cdc42-T17N-
transfected Jurkat-SDC2 did not show any change in the closed confor-
mation of LFA-1 (Fig. 4C). Furthermore, overexpression of a constitu-
tively active-mutant cdc42-Q61L (Suppl. Fig. 5B) did not change the
basal affinity of LFA-1 in Jurkat-SDC2 cells (Fig. 4C). These data collec-
tively suggest that the small GTP binding proteins, RhoA, Rac1 and
Cdc42, do not play a role in the capacity of SDC2 to inhibit the LFA-1
high-affinity conformation.

3.9. Role of SDC2 cytoplasmic tyrosines and serines in cell adhesion

The incomplete recovery of adhesion of PMA-stimulated Jurkat-
SDC2(AEFYA) cells to HUVEC (Fig. 2B) suggested that signalling motifs
other than the PDZ-binding domain in the SDC2 cytoplasmic domain
play a role in adhesion. Indeed, published data indicate that the

phosphorylation of tyrosine 180 (a tyrosine that is conserved in all
four SDCs) in the cytoplasmic region of SDC4 determines integrin
recycling and cell movement [12]. Moreover, phosphorylation of SDC2
by EphB2 receptor tyrosine kinase is required for SDC2 clustering and
spine formation [36]. To determine the role played by the SDC2-
conserved tyrosines 179, 191 and the specific serines 187 and 188,
they were mutated to Phe and Ala, respectively. The mutant sdc2(FAAF)
was stably transfected into Jurkat (Jurkat-SDC2(FAAF)) and adhesion to
endothelial cells and Daudi B cells was determined. The pattern of adhe-
sion of Jurkat-SDC2(FAAF) cells was related to that of Jurkat-SDC2,
showing a decreasing trend in the four experimental conditions
assayed, though the differences in adhesion reach significance only
when Jurkat and HUVEC were stimulated (Fig. 5A). Curiously, although
the adhesion of Jurkat-SDC2(FAAF) to unstimulated Daudi B cells was
impaired, upon SED stimulation, Jurkat-SDC2(FAAF) cells adhered to
Daudi B cells almost as well as wild-type Jurkat cells (Fig. 5B). Jurkat-
SDC2(FAAF) cells also showed CD11a down-regulation (Fig. 5C), but
this was not due to mRNA inhibition (Fig. 5D).

Furthermore, as observed in Jurkat-SDC2(EFYA) cells, expression of
sdc2(FAAF) did not lock LFA-1 into a low-affinity conformation (Fig. 5E
and Suppl. Fig. 4). When cells were treated with PMA and/or Mg?*, the
affinity of LFA-1 increased, but not as much as in wild-type Jurkat cells.

4. Discussion
To examine the role of SDC2 in cell adhesion we chose two cellular

models: adhesion to endothelia and adhesion to B cells. Although
SDC2 has been reported to have an enhancing role in adhesion
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in Jurkat-wt. Mean +/— SD of three independent experiments with one Jurkat-SDC2 clone.

[37-41], we found impaired adhesion of Jurkat expressing SDC2 in both
models. Consistent with this finding, polymorphonuclear cells from
mutant mice lacking SDC1 showed increased adhesion to unstimulated
and TNF-a-stimulated HUVEC [42,43]. Furthermore, inhibition of
chemokine-induced migration of neutrophils, monocytes and lympho-
cytes by antithrombin is mediated by SDC4 [44,45]. These data are consis-
tent with the results presented herein, suggesting an inhibitory role for
the SDC family in the adhesion of leucocytes to endothelia.

The ability of a T cell to adhere to other cells is regulated by the levels
of integrins on the cell surface [4]. All three transfected SDC2 cDNAs
(sdc2, sdc2(AEFYA) and sdc2(FAAF)) led to down-regulation of LFA-1
at the cell surface. However, distinct signalling pathways caused the
levels of LFA-1 to decrease in each case. Thus, in Jurkat-SDC2 and
Jurkat-SDC2(FAAF) cells LFA-1 was regulated post-transcriptionally,
whereas in Jurkat-SDC2(AEFYA) cells the reduction in LFA-1 was caused
by a decrease in CD11a mRNA steady-state levels, possibly due to tran-
scriptional inhibition (Fig. 2E). These results suggest that the PDZ-
binding domain may control the activity of the CD11a gene, whereas
residues Y179, Y191, S187 and S188 may control the CD11a half-life or
its translation rate. Consistent with an inhibitory role for SDCs in
integrin expression, elimination of the SDC1 function in mice results

in increased transcription of the integrin subunits o3 and o9 [46]. Fur-
thermore, the engagement of SDC4 has been reported to induce integrin
endocytosis, reducing cell avidity for fibronectin [47].

We found that deletion of the PDZ-binding domain of SDC2, a do-
main conserved by all SDCs, led to increased adhesion of Jurkat-
SDC2(AEFYA) to endothelia, but not to B cells. Likewise, mutation of res-
idues Y179, Y191, S187 and S188 increased the adhesion of Jurkat-SDC2
to antigen-stimulated B cells. Interestingly, this was not due to the re-
covery of cell surface LFA-1 levels, because Jurkat-SDC2(AEFYA),
Jurkat-SDC2(FAAF) and Jurkat-SDC2 cells showed similar amounts of
cell surface LFA-1. Although changes in LFA-1 density at the cell surface
certainly affect the adhesion capacity of the cell, our data show that an
alternative mechanism is critical in determining the lower adhesion of
Jurkat-SDC2 to endothelia and antigen-presenting cells. Thus, in Jurkat-
SDC2 cells LFA-1 was locked in a low-affinity conformation, as it was
not recognized by the activation reporter antibody mAb24 (Fig. 3A).
This was apparent when Jurkat-SDC2 cells were treated with PMA,
which activates integrins while bypassing TCR signalling, and when cells
were incubated with Mg? */EGTA, which artificially triggers the activation
state of LFA-1 (Fig. 3A). The blockade of LFA-1 in a closed conformation
could not be reverted by overexpression of talin head domain (Fig. 4A).
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(Bottom) Quantification of FACS staining. The MFI is represented as a percentage of the value obtained in Jurkat-wt stimulated with PMA and Mg?"-EGTA. Mean +/— SD of
one Jurkat-SDC2(FAAF) clone analysed in three independent experiments. The p-values from the t-tests between experiments represented by bars of the same colour are

shown in Supplementary Fig. 4. *P < 0.05; **P < 0.01; ***P < 0.001.

It seems likely, therefore, that the differences in adhesion to endo-
thelia between Jurkat-SDC2 and Jurkat-SDC2(AEFYA) cells are mediated
by SDC2 control of inside-out signalling on LFA-1, through the PDZ-
binding domain. The diminished adhesion of Jurkat-SDC2 to Daudi B
cells was reverted by the mutation of tyrosines 179, 191 and serines
187 and 188, but not by deletion of the PDZ-binding domain. Thus, a hi-
erarchy of functional strength seems to exist between these two motifs,
being uncovered by the interaction with Daudi B cells, but not with
HUVEC. The results are consistent with the view that the cytoplasmic ty-
rosines 179, 191 and serines 187 and 188 are part of an inhibitory motif
that together with the PDZ-binding domain exert a potent inhibitory ef-
fect on LFA-1 affinity. It is tempting to speculate that a conserved mech-
anism in the SDC family could regulate LFA-1 affinity through the PDZ-
binding domain and conserved tyrosine Y179, and this will be worthy of
further consideration. In line with an inhibitory effect of SDCs on the ac-
tivity of LFA-1, it has been reported that SDC1-deficient polymorphonu-
clear cells show increased adhesion to ICAM-1, which can be blocked by
Abs directed against CD18 [48]. However, the fact that SDCs have also
been implicated in the activation of integrin receptors, and have been

shown to synergize with integrins during adhesion to extracellular ma-
trix and focal adhesion formation [49], suggests that integrin-SDC
crosstalk may depend on the specific pairs functionally interacting and
the particular cellular context [50].

5. Conclusions

In summary, our results suggest that SDC2 may impair cellular adhe-
sion by acting on LFA-1 function at multiple steps, by reducing LFA-1
levels at the cell surface and by locking LFA-1 in a low-affinity closed
conformation, via signalling starting in two domains of the SDC2 cyto-
plasmic region.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cellsig.2014.03.012.

Authorship

X.R. conceived, designed and performed most experiments.
X.R. and M.A. designed the T-B conjugation experiments.


http://dx.doi.org/10.1016/j.cellsig.2014.03.012
http://dx.doi.org/10.1016/j.cellsig.2014.03.012

1498 X. Rovira-Clavé et al. / Cellular Signalling 26 (2014) 1489-1499

E

PMA - + -
Mg /EGTA - - + +
A
= Jurkat-wt
2
4
=2
2
Jurkat-SDC2(FAAF)
L J - » " "w " w " -» > » » » \-4
L
High affinity LFA-1
(] Jurkat-wt
A2 vee B3 Jurkat-SDC2 (FAAF)
>
‘S g 1007
ET
%'—'3 80 1 s
=3 60
g D 40
35 ;
2= 0]
= M.
PMA . + - +
Mg /EGTA - . + +

Fig. 5 (continued).

M.A. performed the confocal microscopy experiments.
X.R.,, M.A, MR. and E.E. analysed the data.
X.R.,, M.R. and E.E. wrote the manuscript.

Disclosure
The authors declare no competing financial interests.
Acknowledgements

We thank the technical staff of the FACS facility for their support.
This research was supported by grant FBG300412 from Fundacié
Bosch i Gimpera to MR, Universitat de Barcelona. X.R. and M.A. are sup-
ported by a predoctoral fellowship from Fundacié Bosch i Gimpera
(FBG300412).

References

[1] J.G. Cyster, Annu. Rev. Immunol. 23 (2005) 127-159.
[2] J.T. Pribila, A.C. Quale, K.L. Mueller, Y. Shimizu, Annu. Rev. Immunol. 22 (2004)
157-180.
[3] R.Evans, L. Patzak, L. Svensson, K. De Filippo, K. Jones, A. McDowall, N. Hogg, J. Cell
Sci. 122 (2009) 215-225.
[4] K. Ley, C. Laudanna, M.I. Cybulsky, S. Nourshargh, Nat. Rev. Immunol. 7 (2007)
678-689.
[5] R. Alon, SW. Feigelson, Curr. Opin. Cell Biol. 24 (2012) 670-676.
[6] S.K.Bromley, W.R. Burack, G. Kenneth, K. Somersalo, T.N. Sims, C. Sumen, M.M. Davis,
A.S. Shaw, P.M. Allen, M.L. Dustin, Annu. Rev. Immunol. 19 (2001) 375-396.
[7] T.A. Springer, M.L. Dustin, Curr. Opin. Cell Biol. 24 (2012) 107-115.
[8] M. Kim, C.V. Carman, W. Yang, A. Salas, T.A. Springer, J. Cell Biol. 167 (2004)
1241-1253.
[9] T. Schiirpf, T.A. Springer, EMBO ]. 30 (2011) 4712-4727.
[10] W. Chen, C. Zhu, Immunol. Rev. 256 (2013) 160-176.
[11] JR. Couchman, Annu. Rev. Cell Dev. Biol. 26 (2010) 89-114.
[12] M.R. Morgan, H. Hamidi, M.D. Bass, S. Warwood, C. Ballestrem, M.J. Humphries, Dev.
Cell 24 (2013) 472-485.
[13] P.Zimmermann, Z. Zhang, G. Degeest, E. Mortier, I. Leenaerts, C. Coomans, J. Schulz,
F. N'Kuli, PJ. Courtoy, G. David, Dev. Cell 9 (2005) 377-388.

[14] E. Tkachenko, A. Elfenbein, D. Tirziu, M. Simons, Circ. Res. 98 (2006) 1398-1404.

[15] T. Teixé, P. Nieto-Blanco, R. Vilella, P. Engel, M. Reina, E. Espel, Mol. Immunol. 45
(2008) 2905-2919.

[16] M. Buxadé, ].L. Parra, S. Rousseau, N. Shpiro, R. Marquez, N. Morrice, J. Bain, E. Espel,
C.G. Proud, Immunity 23 (2005) 177-189.

[17] X. Rovira-Clavé, M. Angulo-Ibafiez, O. Noguer, E. Espel, M. Reina, Immunology 137
(2012) 214-225.

[18] M.C. Subauste, M. Von Herrath, V. Benard, C.E. Chamberlain, T.H. Chuang, K. Chu, G.
M. Bokoch, K.M. Hahn, J. Biol. Chem. 275 (2000) 9725-9733.

[19] W.T.N. Simonson, SJ. Franco, A. Huttenlocher, J. Immunol. 177 (2006) 7707-7714.

[20] D.J. Carey, R.C. Stahl, G. Cizmeci-Smith, V.K. Asundi, ]J. Cell Biol. 124 (1994)
161-170.

[21] VK. Asundi, R. Erdman, R.C. Stahl, D.J. Carey, J. Neurosci. Res. 73 (2003) 593-602.

[22] CS. Lebakken, A.C. Rapraeger, J. Cell Biol. 132 (1996) 1209-1221.

[23] D.M. Beauvais, A.C. Rapraeger, Exp. Cell Res. 286 (2003) 219-232.

[24] E. Majewska, E. Paleolog, Z. Baj, U. Kralisz, M. Feldmann, H. Tchérzewski, Scand. J.
Immunol. 45 (1997) 385-392.

[25] I Dransfield, C. Cabaiias, A. Craig, N. Hogg, J. Cell Biol. 116 (1992) 219-226.

[26] C.Lu, M. Shimaoka, Q. Zang, J. Takagi, T.A. Springer, Proc. Natl. Acad. Sci. U. S. A. 98
(2001) 2393-2398.

[27] JH. Wang, Cell Res. 22 (2012) 1512-1514.

[28] C. Cluzel, F. Saltel, J. Lussi, F. Paulhe, B.A. Imhof, B. Wehrle-Haller, J. Cell Biol. 171
(2005) 383-392.

[29] F.Saltel, E. Mortier, V.P. Hyténen, M.-C. Jacquier, P. Zimmermann, V. Vogel, W. Liu, B.
Wehrle-Haller, ]. Cell Biol. 187 (2009) 715-731.

[30] M. Das, S. Subbayya Ithychanda, . Qin, E.F. Plow, Biochim. Biophys. Acta 1838 (2014)
579-588.

[31] S. Kwon, H. Son, Y. Choi, J.H. Lee, S. Choi, Y. Lim, 1.O. Han, E.S. Oh, FEBS Lett. 583
(2009) 2395-2400.

[32] P. Vérnai, T. Balla, J. Cell Biol. 143 (1998) 501-510.

[33] M. Bolomini-Vittori, A. Montresor, C. Giagulli, D. Staunton, B. Rossi, M. Martinello, G.
Constantin, C. Laudanna, Nat. Immunol. 10 (2009) 185-194.

[34] M.D. Bass, K. a Roach, M.R. Morgan, Z. Mostafavi-Pour, T. Schoen, T. Muramatsu, U.
Mayer, C. Ballestrem, .P. Spatz, MJ. Humphries, J. Cell Biol. 177 (2007) 527-538.

[35] F. Granés, R. Garcia, R.P. Casaroli-Marano, S. Castel, N. Rocamora, M. Reina, ].M.
Urefia, S. Vilaré, Exp. Cell Res. 248 (1999) 439-456.

[36] LM. Ethell, F. Irie, M.S. Kalo, J.R. Couchman, E.B. Pasquale, Y. Yamaguchi, Neuron 31
(2001) 1001-1013.

[37] S. Choi, Y. Kim, H. Park, 1.O. Han, E. Chung, S.Y. Lee, Y.B. Kim, JW. Lee, E.S. Oh, J.Y. Yi,
Biochem. Biophys. Res. Commun. 384 (2009) 231-235.

[38] J.R. Whiteford, X. Xian, C. Chaussade, B. Vanhaesebroeck, S. Nourshargh, J.R.
Couchman, Mol. Biol. Cell 22 (2011) 3609-3624.

[39] M. Mytilinaiou, A. Bano, D. Nikitovic, A. Berdiaki, K. Voudouri, A. Kalogeraki, N.K.
Karamanos, G.N. Tzanakakis, IUBMB Life 65 (2013) 134-143.


http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0005
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0010
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0010
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0015
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0015
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0020
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0020
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0025
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0030
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0030
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0035
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0040
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0040
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0045
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0050
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0055
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0060
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0060
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0065
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0065
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0070
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0075
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0075
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0080
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0080
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0085
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0085
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0090
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0090
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0095
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0100
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0100
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0105
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0110
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0115
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0120
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0120
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0125
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0130
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0130
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0135
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0140
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0140
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0145
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0145
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0150
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0150
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0155
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0155
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0160
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0165
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0165
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0170
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0170
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0175
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0175
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0180
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0180
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0185
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0185
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0190
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0190
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0195
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0195

X. Rovira-Clavé et al. / Cellular Signalling 26 (2014) 1489-1499 1499

[40] M.J. Kwon, Y. Kim, Y. Choi, S.H. Kim, S. Park, I. Han, D.H. Kang, E.S. Oh, Biochem.
Biophys. Res. Commun. 431 (2013) 415-420.

[41] CM. Vicente, R. Ricci, H.B. Nader, L. Toma, BMC Cell Biol. vol. 14 (2013) 25.

[42] M. Gotte, AM. Joussen, C. Klein, P. Andre, D.D. Wagner, M.T. Hinkes, B. Kirchhof, A.P.
Adamis, M. Bernfield, Invest. Ophthalmol. Vis. Sci. 43 (2002) 1135-1141.

[43] M. Gotte, M. Bernfield, A.M. Joussen, Curr. Eye Res. 30 (2005) 417-422.

[44] S.Dunzendorfer, N. Kaneider, A. Rabensteiner, C. Meierhofer, C. Reinisch, ]. Rémisch,
CJ. Wiedermann, Blood 97 (2001) 1079-1085.

[45] N.C. Kaneider, C.M. Reinisch, S. Dunzendorfer, ]. Romisch, CJ. Wiedermann, C.J.
Wiederman, J. Cell Sci. 115 (2002) 227-236.

[46] M.A. Stepp, H.E. Gibson, P.H. Gala, D.D. Iglesia, A. Pajoohesh-Ganji, S. Pal-Ghosh, M.
Brown, C. Aquino, A.M. Schwartz, O. Goldberger, M.T. Hinkes, M. Bernfield, J. Cell
Sci. 115 (2002) 4517-4531.

[47] M.D. Bass, R.C. Williamson, R.D. Nunan, J.D. Humphries, A. Byron, M.R. Morgan, P.
Martin, M.J. Humphries, Dev. Cell 21 (2011) 681-693.

[48] B.Kharabi Masouleh, G.B. Ten Dam, M.K. Wild, R. Seelige, ]. van der Vlag, A.L. Rops, F.
G. Echtermeyer, D. Vestweber, T.H. van Kuppevelt, L. Kiesel, M. Gétte, J. Immunol.
182 (2009) 4985-4993.

[49] M.R. Morgan, M.J. Humphries, M.D. Bass, Nat. Rev. Mol. Cell Biol. 8 (2007) 957-969.

[50] J.A. Roper, R.C. Williamson, M.D. Bass, Curr. Opin. Struct. Biol. 22 (2012) 583-590.


http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0200
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0200
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0250
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0205
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0205
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0210
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0215
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0215
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0220
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0220
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0225
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0225
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0225
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0230
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0230
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0235
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0235
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0235
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0240
http://refhub.elsevier.com/S0898-6568(14)00105-3/rf0245




Article

Dual role of ERKS in the regulation of T cell
receptor expression at the T cell surface

Xavier Rovira-Clavé,* Maria Angulo-Ibdnez,* Cathy Towrnier,’ Manuel Reina,*' and Enric Espelr’l

#Celltec-UB, Department of Cell Biology, and *Department of Physiology and Immunology, Faculty of Biology, Universitat de
Barcelona, Barcelona, Spain; and 1LUniversity of Manchester, Faculty of Life Sciences, Manchester, United Kingdom

RECEIVED JANUARY 28, 2015; REVISED JULY 8, 2015; ACCEPTED AUGUST 5, 2015. DOI: 10.1189/j1b.2A0115-034R

ABSTRACT

Regulation of the levels of the TCR/CD3 complex at the
cell surface is critical to proper T cell development and
mature T cell activation. We provide evidence that

the MAPK ERKS5 regulates the surface expression of the
TCR/CD3 complex by controlling the degradation of the
CD3( chain and the recovery of the complex after anti-
CD3e¢ stimulation. ERK5 knockdown led to TCR/CD3 up-
regulation at the cell surface and increased amounts of
the CD3( chain. Inhibition of the MEK5-dependent phos-
phorylation status of the kinase domain of ERK5 in human
T CD4* cells reduced CD3¢ ubiquitination and degradation,
limiting TCR/CD3 down-regulation in anti-CD3-stimulated
cells. Moreover, TCR/CDS3 recovery at the cell surface,
after anti-CD3e treatment, is impaired by ERK5 knockdown
or pharmacological inhibition of autophosphorylation in the
ERKS5 C-terminal region. ERKS5 loss in thymocytes aug-
mented cellular CD3( and increased cell surface levels of
TCR/CD3 on CD4*CD8"* thymocytes. This correlated with
enhanced generation of CD4*CD8 CD25* thymocytes.
Our findings define ERK5 as a novel kinase that modulates
the levels of TCR/CD3 at the cell surface by promoting
CD3{¢ degradation and TCR/CD3 recovery after TCR
stimulation. J. Leukoc. Biol. 99: 143-152; 2016.

Introduction

T cell activation depends on the TCR/CD3 complex recognizing
specific peptides on the MHC. The TCR/CD3 complex is

a multimeric receptor composed of 4 noncovalently attached
dimers: the antigen-binding TCR-a3, as well as CD3ey, CD3¢3,
and CD3{{ chains. Regulation of TCR/CD3 complex levels on
the cell surface is a dynamic phenomenon that is coordinated
through multiple pathways to ensure correct signal transmission.

Abbreviations: AICD = activation-induced cell death, APC = allophycocyanin,
DP = double-positive, EGFP = enhanced GFP, Foxp3 = forkhead box p3,
Lamp-1 = lysosomal-associated membrane protein 1, LAPTM5S = lysosomal
protein transmembrane 5, loxP = locus of crossover of P1, MFI = mean
fluorescence intensity, MHC-I = MHC class |, sh = short hairpin, shS =
scrambled sh sequence, SLAP = Src-like adaptor protein, SP = single-
positive, TEY domain = threonine-glutamic acid-tyrosine activation domain,
Treg = regulatory T cell, tT,og = thymus-derived regulatory T cell

The oniine version of this paper, found at wwwijleukbio.org, includes
supplermental information.

0741-5400/16/0099-143 © Society for Leukocyte Biology

The cell-surface levels of the TCR/CD3 complex present
a balance among internalization, recycling, and degradation of
existing complexes and the expression of new ones that must be
fully assembled before reaching the cell surface [1]. Expression
of the TCR/CD3 complex in mature T cells is stable and shows
a cycling behavior, with ~30% of the complexes found within
endosomal compartments [2]. However, stimulation by TCR/
CD3 triggers its rapid down-regulation by enhancing internali-
zation and degradation and reducing recycling [3], thereby
avoiding T cell hyperactivation and autoimmunity [4]. In the
thymus, thymocytes at the DP stage express 10-fold less TCR/
CD3 on the cell surface than SP cells, which is a hypothetical
control mechanism for negative and positive selection [5].

ERKD, also known as MAPK?7 or big MAPKI, is a member of the
MAPK family. The better studied ERK1/2, p38, and JNK kinases
play key roles during thymocyte development and in mature T cells
after TCR/CD3 stimulation [6]. ERK5 consists of an N-terminal
region with a TEY domain, similarly to ERK1/2, and a large
C-terminal region with transcriptional activity after autophosphor-
ylation [7]. ERK5 activation occurs by dual phosphorylation of its
TEY domain that is mediated by MEK5 [8]. The MEK5/ERKb5
pathway is essential for proper blood vessel and cardiac develop-
ment; thus, ERK5-deficient mice typically die at d 10 or 11 of
gestation [9]. In addition, ERKb is strongly implicated in
tumorigenesis, and targeted use as an anti-cancer therapy has been
investigated [10, 11]. During T cell development, TCR/CD3
stimulation by strong or weak agonists activates the MEK5-ERK5
pathway and helps to regulate negative selection [12]. It is also
known that ERK5 is phosphorylated in peripheral T cells upon
TCR/CD3 stimulation [12-15] and that silencing ERK5 in
DO11.10 hybridoma cells and primary murine T cells enhances
their activation [15]. However, studies that use conditional deletion
of Erk5 in CD4" cells show unaltered T cell development and
peripheral T cell maintenance [14, 16]. Therefore, the contribu-
tion of ERK5 to T cell biology is not fully understood.

In this study, we use genetic and pharmacological approaches
in human and mouse T cells to demonstrate that ERK5 promotes
CD3( degradation and TCR/CD3 recovery after anti-CD3¢

1. Correspondence: Faculty of Biology, Universitat de Barcelona, Av.
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stimulation. Consequently, we show that ERK5 contributes to the
control of TCR/CD3 complex expression on the cell surface.

MATERIALS AND METHODS

Antibodies and reagents

The mAb anti-human-CD11a (clone MEM-25), anti-human-CD18 (clone
MEM-48), and anti-human-MHC-I (clone W6/32) and Annexin V-FITC
conjugated were from ImmunoTools (Friesoythe, Germany). The mAb anti-
human-TCR-o/B (clone IP26), anti-mouse-CD4-APC (clone RM4-5), anti-
mouse-CD8-FITC (clone 53-6.3), anti-mouse-CD3e-APC (clone 145-2C11), and
anti-mouse-CD25-PE (clone 3C7) were from BioLegend (San Diego, CA,
USA). Purified no azide/low endotoxin hamster anti-mouse-CD3¢ (clone 145-
2C11) was from BD Biosciences (San Jose, CA, USA). The anti-human-CD3e
mAb (IgG2a; clone 33-2A3) was from Immunostep (Salamanca, Spain). The
anti-TCR{ (clone 6B10.2) and anti-ubiquitin (clone P4D1) were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). The polyclonal anti-ERK5 was
from Cell Signaling Technology (Danvers, MA, USA). Rabbit anti-Lamp-1-Cy3
and anti-B-actin (clone AC-40) were from Sigma-Aldrich (St. Louis, MO,
USA). Alexa 488-labeled secondary antibodies were all from Life Technologies
(Grand Island, NY, USA). The ERK5 inhibitor BIX02188 was from Sell-
eckchem.com (Houston, TX, USA), and XMD8-92 was from Tocris Bioscience
(Bristol, United Kingdom). The cycloheximide was from Sigma-Aldrich.

Mice

ERK5'*/1** mice on a C57BL/6 background were described previously in
ref. [14]. ERK5'**"*" mice were bred to Vav-Cre mice (kindly provided by
Thomas Graf, Centre for Genomic Regulation, Universitat Pompeu Fabra,
Barcelona, Spain) [17] and Foxp%EGFP reporter mice (kindly provided by
Thomas Stratmann, Universitat de Barcelona, Barcelona, Spain). All mice
were treated in accordance with institutional guidelines and national laws and
policies. Experiments were conducted on 4-wk-old mice.

Isolation of murine splenocytes and cell cultures

The spleens were extracted freshly by dissection and disaggregated
mechanically to obtain a single-cell suspension. The splenocytes were treated
with RBC lysis buffer for 15 min at room temperature before being pelleted by
centrifugation and then cultured to 107 cells/ml. Murine splenocytes, primary
human T cells, Jurkat, shS cells, and shERKb5 cells were cultured in RPMI,
supplemented with 10% FCS, 2 mM r-glutamine, and penicillin/streptomycin
and maintained at 37°C in 5% COs.

Murine DP thymocyte purification

Thymuses were extracted freshly by dissection and disaggregated mechanically
to obtain a single-cell suspension. DP thymocytes were purified by sorting on
a FACSAria (BD Biosciences), by gating on the CD4" and CD8" population
(purities up to 95% were obtained). The cells were lysed and analyzed by
Western blotting or real-time PCR.

Generation of stable cell lines

Jurkat E6.1 human T cells were obtained from the European Collection of
Cell Cultures (Sigma-Aldrich). One million Jurkat T cells were stably trans-
fected by electroporation (Multiporator; Eppendorf, Hamburg, Germany)
with a scrambled shRNA expression vector or ERK5-specific shRNA expression
vector directed to a conserved Erk5 sequence in exon 2 (ref.
TRCN0000001354; Sigma-Aldrich) and cultured in 10 wells of 24-well plates
with medium containing 1 pg/ml puromycin. A total of 9 shS and 10 shERK5
cell lines was obtained and used in this study.

Isolation of human T cells

All of the studies involving human samples were approved by the Ethics
Committee of the Universitat de Barcelona. Primary human T cells of healthy
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blood donors were obtained from buffy coats at Banc de Sang i Teixits (Blood
and Tissue Bank, Barcelona, Spain). PBMCs were isolated by a Ficoll 1.007
density gradient (Lymphoprep, ref. 1114545; Axis-Shield, Dundee, Scotland),
and resting T CD4" cells were purified by negative selection by use of affinity
chromatography (Cedarlane, Ontario, Canada), as described in the manu-
facturer’s protocol (typical purity = 90%). To prepare activated human T
CD4" cells, resting T CD4" cells were activated with PHA (10 wg/ml), anti-
CD28 (hybridoma CK248 supernatant), and IL-2 (20 U/ml). After 3 d at 37°C,
T cells were washed twice and cultured for 1 d in RPMI (ref. BE12-702F;
Lonza, Basel, Switzerland) and 10% FCS before their use in experiments.

Real-time quantitative PCR

Cells were lysed, their total RNA was reverse transcribed (SuperScript
III, ref. 11752-050; Life Technologies), and real-time PCR was
performed in the StepOne Real-Time PCR system (Applied Biosystems,
Life Technologies) by use of GoTaq qPCR Master Mix (ref. A6001;
Promega, Madison, WI, USA). The oligonucleotides used for human
ERK5 were 5'-GCCTATGGAGTGGTGTCTC-3’ (sense) and 5'-
GGTCGCTTTCCATCAGGTC-3' (antisense). The oligonucleotides used for
human CD3{ were 5'-CAGCCTCTTTCTGAGGGAAA-3' (sense) and 5'-
TCTCAGGAACAAGGCAGTGA-3" (antisense). The oligonucleotides used for
mouse CD3{ were 5'-AGCCCTGTACCTGAGAGCAA-3' (sense) and 5'-
CTGTTTGCCTCCCATCTCTG-3' (antisense). For all samples, the expression
levels were normalized to 18S RNA with oligonucleotides from TATAA
Biocenter (Goteborg, Sweden; ref. RRN18S). The relative quantification value
was calculated as described elsewhere [18].

Western blot

A total cell extract was prepared from 10° cells dissolved in 100 ul of an SDS
loading buffer. The cell extract was incubated at 95°C for 30 min before
loading on 8, 10, or 12% SDS polyacrylamide gel and then transferred to

a nitrocellulose membrane. Western blots were quantitated by chemilumi-
nescent detection by use of a Kodak X-Omat film or a Luminescent Image
Analyzer LAS-3000 (Fujifilm, Tokyo, Japan). Densitometric analysis of proteins
was performed by use of Fiji software. All analysis involved normalizing to actin
as a loading control.

Flow cytometry

Flow cytometric analyses were performed as described previously [19].
Samples were analyzed on a Gallios flow cytometer (Beckman Coulter, Brea,
CA, USA). Apoptosis was determined by incubating the thymocytes in binding
buffer (10 mM Hepes pH 7.4, 140 mM NaCl, 2.5 mM CaCly) with Annexin
V-FITC and propidium iodide.

Confocal microscopy

Cells were fixed, permeabilized, and stained as in intracellular flow cytometry
with mouse antibodies against CD3& or CD3{ and rabbit antibody against
LAMP-1 conjugated with Cy3. Then, cells were washed and incubated with
anti-mouse Alexa 488 (Invitrogen). Finally, the cells were washed and
resuspended in 7 pl Fluoromount mounting medium, applied to microscope
slides, and covered with coverslips. Immunostained samples were viewed
under a Leica TCS-SPE confocal microscope at Leitz Plan apochromatic 60X
(NA, 0.7, oil) objective at room temperature. Pictures were acquired by use
of the Leica Application Suite software. Final images were processed by

Fiji software.

CD3( ubiquitination analysis

For the immunoprecipitation experiments, 50 X 10° PBMCs were treated with
DMSO or BIX02188 (10 uM). After 1 h at 37°C, the cells were stimulated with
anti-CD3e (clone 33-2A3; 0.3 pg/ml) for 6 h, washed twice, and lysed in a 1 ml
lysis buffer (10 mM Tris HCI, pH 7.5, 10 mM NaCl, 1% Triton X-100, 2.5 mM
DTT, 0.1 mM EDTA, 0.1 mM EGTA, and inhibitors of proteases and
phosphatases). The lysates were precleared overnight at 4°C with agarose
beads, immunoprecipitated with CD3{ antibody, and separated by SDS-PAGE
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before Western blotting. The membrane was probed with ubiquitin
antibody or CD3{ antibody.

TUNEL assay

The thymuses were fixed immediately after killing with 10% neutral formalin
and embedded in paraffin. Thin tissue sections were cut at 10 wm and
deparaffinized before TUNEL staining was performed by use of an In Situ Cell
Death Detection Kit (ref. 12156792910; Roche Diagnostics, Indianapolis, IN,
USA), according to the manufacturer’s protocol. The thymus sections were
visualized with an Olympus BX61 epifluorescence microscope by use of a X20
objective, and images were taken with an Olympus DP70 camera. The final
images were processed by Fiji software.

Statistics

Data are expressed as the means = sb from 3 or more independent
experiments. Differences between groups were compared by use of Student ¢
tests for 2 groups; 2-way ANOVA with Bonferroni post hoc correction was used
for groups with 2 independent variables. Statistical analysis was carried out by
use of GraphPad Prism (GraphPad Software, La Jolla, CA, USA). Significance
levels are indicated in the figure legends.

RESULTS

ERK5 knockdown in Jurkat T cells led to higher
cell-surface levels of TCR/CD3

To define the role of ERK5 in T cells, we initially targeted ERK5
in Jurkat leukemic T CD4" cells by use of shRNA-mediated
knockdown directed to a conserved Erk5 sequence in exon 2
(shERKb5; Fig. 1A and B). Interestingly, ERK5 reduction led to
higher levels of CD3¢ (Fig. 1C) and TCR-o/f (Fig. 1D) at the
cell surface compared with control cell lines transfected with
shS. Up-regulation of CD3¢ and TCR-a/ by ERK5 knockdown
was specific, as the expression of other abundant cell
membrane proteins, such as MHC-I (Supplemental Fig. 1A) or
LFA-1 (CD11a/CD18; Supplemental Fig. 1B and C), was not
altered. Moreover, CD3e up-regulation was not a result of
augmented total amounts of this protein in shERK5 cell lines
(Fig. 1E). Importantly, TCR/CD3 up-regulation in shERK5
cell lines correlates with an enhanced AICD (Supplemental
Fig. 1D). These results suggest a possible role for ERK5 in

the regulation of TCR/CD3 expression at the cell surface in
Jurkat T cells.

ERKS5 knockdown in Jurkat T cells led to higher CD3(
protein levels and reduced TCR/CD3 recovery at the
cell surface after anti-CD3¢ stimulation

Given that the control of CD3( levels is a key regulatory
mechanism for TCR/CD3 complex expression at the cell surface
[20], we analyzed the total amount of CD3{ in shERK5 cell lines
and observed a significant increase in the expression of CD3{
compared with shS cell lines (Fig. 2A). In contrast, CD3{ mRNA
levels were similar in shERK5 and shS cell lines (Fig. 2B),
suggesting that CD3( chain degradation was reduced in shERK5
cell lines. To test this hypothesis, we measured CD3{ half-life by
incubating the cells with cycloheximide, an inhibitor of protein
synthesis, for up to 6 h (Fig. 2C). CD3( showed a trend toward an
increased half-life in shERK5 cells at 3 h (P = 0.061). This
difference could account for the incremented CD3( levels
observed in long-term cultured cells. These results show that
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Figure 1. ERK5-knockdown in Jurkat T cells increased cell-surface levels
of TCR/CD3. (A) ERK5 mRNA levels in shERK5 Jurkat cell lines. ERKb5:
18S values are normalized to 1 shS cell line, given an arbitrary value of 1.0.
(B) ERK5 protein levels in shERK5 Jurkat cell lines. Representative
Western blot with anti-ERK5 (left); ERKb:B-actin ratio (right). (C and D)
Cellsurface expression of CD3e (C) and TCR-a/B (D). Cells were
incubated with anti-CD3¢ or anti-TCR-a/B, followed by staining with
Alexa 488-conjugated F(ab’)s anti-mouse antibody and analysis by flow
cytometry. Representative histograms (upper); quantification of FACS
staining (lower). The MFI is represented as a percentage of the value
obtained with the shS cell line. (E) Expression of total CD3g
(extracellular and intracellular). Representative histogram (upper);
quantification of FACS staining (lower). (A and B) Nine and 10 different
cell lines were analyzed for shS and shERKS5 cell lines, respectively. (C-E)
The analyses were repeated with 2 different shS cell lines and 2 different
shERKS5 cell lines, and the average * sp of 3 independent experiments is
presented. **¥¥P < (0.001.

increased CD3{ expression led to increased TCR/CD3 at the
surface of shERKbD Jurkat T cells and suggest a role for ERK5 in
the regulation of CD3{ protein levels.

Antigen-stimulated T cells are known to down-regulate
TCR/CD3 from the cell surface, a process that rapidly desensitizes
the cell [4, 21]. To gain insight in the ERK5 function in the
regulation of TCR/CD3 at the cell surface, we promoted
TCR/CD3 down-regulation in shS and shERK5 cell lines by
stimulation with soluble anti-CD3e antibody. Analysis of
TCR/CD3 down-regulation by quantitation of cell-surface CD3e
expression at different time points, showed a similar down-
regulation pattern for both shERKb5 and control shS cells
(Fig. 2D).

The down-regulation of TCR/CD3 in stimulated T cells is
reversed after removal of the stimulus [1]. To establish whether
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Figure 2. ERK5 knockdown in Jurkat T cells led to reduced CD3{
degradation and reduced TCR/CD3 recovery on the cell surface after
anti-CD3¢e stimulation. (A) CD3{ protein levels in shERK5 Jurkat cell
lines. Representative Western blot with anti-CD3{ (left) and CD3{:B-actin
ratio in 9 different cell lines (right) is presented. (B) CD3{ mRNA levels
in shERKS5 cell lines. CD3¢:18S values in 10 different cell lines were
normalized to 1 shS cell line given an arbitrary value of 1.0. (C) CD3{
protein levels in shERKS Jurkat cell lines. shS and shERKb cells were
cultured in the presence of cycloheximide (CHX; 25 wg/ml) for different
time points. Representative Western blot with anti-CD3{ (left) and CD3{:
B-actin ratio (right) are presented. (D) Kinetics of CD3¢ down-regulation
in shERKb5 Jurkat cell lines. shS and shERK5 cells were stimulated with
anti-CD3e (0.3 pg/ml) for different time points at 37°C. The cells were
then incubated with saturating amounts of the same anti-CD3g, followed
by staining with Alexa 488-conjugated F(ab’)s anti-mouse antibody and
analyzed by flow cytometry. The MFI is represented as a percentage of the
value obtained at time 0. (E) TCR/CD3 recovery after anti-CD3e
treatment in shERK5 Jurkat cell lines. shS and shERKS5 cells were treated
during 6 h as in D and then washed twice to remove the antibody before
culturing them in normal medium during 18 h. Then, the cells were
stained as in D. TCR/CD3 recovery was normalized to the shS cell line
given an arbitrary value of 1.0. (C-E) The analyses were repeated with
1 shS cell line and 1 shERKS5 cell line, and the average * sp of 3
independent experiments is presented. *P < 0.05; **P < (0.01.

ERK5 controlled the recovery of TCR/CD3 at the cell surface, we
treated shERKD cells with anti-CD3¢ over 6 h, washed the cells to
remove the antibody, and cultured them in normal medium for
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18 h. Unexpectedly, the surface CD3g levels in shERKS cells
showed a 40% reduction compared with shS cells (Fig. 2E),
suggesting that ERK5 may play a positive role in the TCR/CD3
recovery at the cell surface after anti-CD3¢ treatment. Taken
together, these data support that ERK5 could alter cell-surface
expression of TCR/CD3 by acting in 2 different pathways: CD3(
degradation and TCR/CD3 recovery at cell surface after anti-
CD3¢ treatment.

Pharmacological inhibition of ERK5 impaired
TCR/CD3 down-regulation and reduced its recovery
in anti-CD3e-stimulated T CD4" cells

We next evaluated whether pharmacological inhibition of the
MEK5/ERKS signaling pathway affects TCR/CD3 recovery after
anti-CD3¢ treatment. The inhibitor BIX02188 suppresses MEK5
catalytic activity and ERK5 phosphorylation in the kinase domain,
whereas the inhibitor XMD8-92 blocks ERK5 autophosphoryla-
tion at the C-terminal region (Fig. 3A) [7]. At the concentrations
used in this study, neither one is known to affect other related
MAPKs [10, 11]. Whereas inhibition of the MEK5-dependent
phosphorylation status of the ERK5 kinase domain by BIX02188
in TCR" PBMCs from healthy donors during TCR/CDS3 recovery
did not show differences compared with control cells, ERKH
inhibition with XMD8-92 resulted in an impaired capacity to
recover normal levels of TCR/CD3 at the cell surface (Fig. 3B).
These data suggest that ERK5 regulates TCR/CD3 recovery at
the cell surface after anti-CD3¢ treatment through autophos-
phorylation of its C-terminal region and independently of the
MEK5-dependent phosphorylation status of its kinase domain.
We also used these pharmacological inhibitors to analyze the
effect of ERK5 during TCR/CD3 down-regulation. Interestingly,
when Jurkat cells were CD3 stimulated in the presence of
BIX02188 or XMD8-92, the down-regulation of TCR/CD3 was
impaired (Fig. 3C and Supplemental Fig. 2A and B), suggesting
arole for ERK5 in the control of TCR/CD3 down-regulation. To
confirm our results in primary human T CD4" cells, these were
stimulated with soluble anti-CD3¢ to induce TCR/CD3 down-
regulation in the presence or absence of BIX02188 and XMD8-
92. Stimulation of resting (Fig. 3D) or activated (Fig. 3E) T
CD4" cells with different concentrations of anti-CD3¢ led to
TCR/CD3 down-regulation, but interestingly, this was signifi-
cantly impaired in cells treated with BIX02188. This confirmed
a role for the MEK5/ERKSD signaling pathway in the regulation
of cell-surface levels of TCR/CDS3. Treatment with XMD8-92 did
not modify TCR/CD3 down-regulation in resting (Fig. 3D) or
activated (Fig. 3E) cells, suggesting that autophosphorylation of
the C-terminal region of ERK5 was not involved in the
regulation of TCR/CD3 down-regulation during anti-CD3¢
treatment. The inhibition of the MEK5/ERKD5 signaling pathway
by BIX02188 did not affect TCR/CD3 down-regulation in the
1st 30 min, but after this time, down-regulation was arrested in
BIX02188-treated resting (Fig. 3F) or activated (Fig. 3G) T
CD4" cells. Of note, stimulation of Jurkat cells with anti-CD3¢
led to TCR/CD3 down-regulation of >50% (Fig. 3C and
Supplemental Fig. 2A and B), an extent that we did not observe
in primary human T CD4" cells. This suggested a role for the
phosphorylation of the C-terminal domain of ERK5 in the
control of TCR/CD3 down-regulation during strong signaling.
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Figure 3. TCR/CD3 down-regulation by anti-CD3¢ treatment is impaired by pharmacological inhibition of ERK5. (A) Mechanism of action of ERK5

pathway inhibitors. P, phosphorylation; MEKK, MEK kinase; KD, kinase domain; NKD, nonkinase domain; N, N terminus; C, C terminus. (B) TCR/CD3
recovery after anti-CD3¢ treatment in TCR* PBMCs, which were stimulated with anti-CD3¢ (0.3 pg/ml) for 6 h at 37°C in the presence (left) or absence
(right) of DMSO, BIX02188 (10 uM), or XMD8-92 (10 uM). Then, cells were washed twice to remove the antibody before culturing them during 18 h in
medium with inhibitors and stained as in Fig. 2D. TCR/CD3 recovery was normalized to the shS cell line, given an arbitrary value of 1.0; n = 3. (C) Jurkat
T cells treated with DMSO, BIX02188 (10 uM), or XMD8-92 (10 uM). After 1 h at 37°C, cells were stimulated with anti-CD3¢ (clone 33-2A3; 0.3 pg/ml)
for 4 h at 37°C. The cells were then incubated with saturating amounts of the same anti-CD3g, followed by staining with Alexa 488-conjugated F(ab')s
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ERK5 controlled CD3{ ubiquitination and degradation
during TCR/CD3 down-regulation

Results from shERKb cell lines suggested a role for ERK5 in CD3{
degradation. To prove it, we treated activated T CD4" cells with
soluble anti-CD3e over 6 h to induce CD3{ degradation in the
presence or absence of BIX02188. Whereas cellular levels of
CD3({ decreased with CD3 stimulation, treatment with BIX02188
blocked CD3{ degradation (Fig. 4A). Importantly, in unstimu-
lated cells, the inhibitor alone does not affect the CD3{ steady
state (Supplemental Fig. 2C), indicating that the kinase domain
of ERK5 promotes CD3( degradation after CD3 stimulation.
Confocal microscopy was then performed to visualize the effect
of BIX02188 on CD3¢ and CD3{ distribution in T CD4" cells. As
expected from flow cytometry and Western blot analysis, CD3
stimulation caused internalization of CD3e and CD3{ and
reduction of CD3{ (Fig. 4B), with both phenomena spared by
BIX02188 treatment.

After TCR triggering, CD3( is known to be targeted by
ubiquitination before its degradation [22], so next, we tested
whether the pattern of CD3{ ubiquitination was altered by
ERKS5 activity. PBMCs were stimulated with soluble anti-CD3¢ to
induce CD3{ degradation, in the presence or absence of
BIX02188, before cell lysates were prepared, and CD3{ was
immunoprecipitated. As previously seen for T CD4" cells (Fig.
4A), treatment of PBMCs with BIX02188 impaired the
degradation of CD3{ produced by CD3 stimulation (whole-cell
lysate; Fig. 4C and Supplemental Fig. 2D). However, CD3( was
less ubiquitinated in cells treated with BIX02188 (Fig. 4C and
Supplemental Fig. 2D), suggesting that the kinase domain of
ERK5 promoted CD3{ ubiquitination. Taken together, these
results indicate that the kinase domain of ERK5 promoted
TCR/CD3 down-regulation by promoting ubiquitination and
posterior degradation of CD3{.

Splenic T cells from Erk5~/~ mice did not show
attenuated TCR/CD3 down-regulation

To obtain insight into the physiologic significance of ERK5 in
T cell function, we bred ERK5-floxed mice to Vav-Cre mice to
generate ERK5-specific deficiency in the hematopoietic system
(called ERK5/~; Supplemental Fig. 3A—-C). Neither the T cell
cellularity (Supplemental Fig. 3D-E) nor the percentages of T
CD4" and CD8" cells (Supplemental Fig. 3F and G) in the thymus
and spleen were altered by the absence of ERK5, which was
consistent with previous reports [14, 16] and confirmed that
ERK5 was not needed for T cell development and peripheral
T cell maintenance.

Our results suggest a role for ERK5 in the regulation of CD3(
stability and TCR/CD3 traffic; however, steady-state, splenic T cells
from ERK5~/~ and ERK5"* mice had similar amounts of CD3e at
the cell surface (Fig. 5A). Moreover, stimulation of splenocytes
with anti-CD3g at different time points revealed that TCR/CD3
down-regulation was not diminished in the ERK5~/~ mice
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Figure 4. Inhibition of ERK5 in anti-CD3e-stimulated primary human T
cells impairs CD3{ ubiquitination and degradation. (A) CD3{ degrada-
tion after anti-CD3¢ treatment. Activated T CD4" cells were treated as in
Fig. 3F for 6 h. The cell lysates were immunoblotted with anti-CD3(.
Representative Western blot (upper) and the CD3{:B-actin ratio (lower)
are presented; n = 7. (B) Intracellular location of CD3{ (left) and CD3¢
(right). Activated human T CD4" cells were treated as in A, permeabi-
lized, and stained with antibodies against CD3( (green) or CD3¢ (green)
and LAMP-1 (red). The samples were visualized by confocal microscopy,
and representative images are presented. Original scale bars, 10 pm; n =
2. (C) CD3¢ ubiquitination (Ub). PBMCs were treated as in A, and CD3{
was immunoprecipitated (IP) from PBMCs. Representative immunoblots
[left; Western blot (WB)] and ubiquitination:CD3( ratio (right) are
presented; n = 3. BIX, BIX02188. *P < 0.05; ***P < 0.001.

compared with ERK5** mice (Fig. 5B), suggesting that ERK5 does
not control TCR/CD3 down-regulation in murine splenocytes.

ERK5™/~ mice showed reduced degradation of CD3{ in
DP thymocytes

Immature CD4°CD8" DP thymocytes in the thymus express
10-fold less TCR/CDS3 at the cell surface than mature CD4" or CD8"*
SP thymocytes because of a constitutive ubiquitination of CD3{

anti-mouse antibody and analyzed by flow cytometry. Representative histogram of cell-surface staining is shown. (D and E) Dose-response and (F and G)
kinetics of CD3e down-regulation. Resting (D and F) and activated (E and G) primary human T CD4" cells treated with DMSO, BIX02188 (10 uM), or
XMD8-92 (10 uM) for 1 h at 37°C. Then, cells were treated with different anti-CD3¢ concentrations or incubation times and stained as in Fig. 2D. The
MFI is represented as a percentage of the value obtained at time 0; n = 4. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 5. ERK5~/~ mice show reduced degradation of CD3{ in DP thymocytes. (A) Cell-surface expression of CD3¢ on mice splenocytes. Cells were
incubated with anti-CD3e (clone 145-2C11), followed by staining with Alexa 488-conjugated F(ab’)s anti-hamster antibody and analyzed by flow
cytometry. A representative histogram (left) and the MFI (right; as the percentage of the value obtained in ERK5** mice) are presented. The average =
sp of ERK5"* and ERK5™/~ mice (n = 6) is presented. (B) Kinetics of CD3e down-regulation. Splenocytes were stimulated with anti-CD3¢g (clone 145-
2C11; 1 pg/ml) at 37°C for the times indicated. The cells were then incubated with saturating amounts of the same anti-CD3e and stained with Alexa
488-conjugated F(ab’), anti-hamster antibody before analysis by flow cytometry. The average *+ sp of ERK5"* (n = 3) and ERK5 ™/~ (n = 4) mice is
presented. (C) CD3{ protein levels in DP thymocytes, which were sorted as described in Materials and Methods. The cell lysates were immunoblotted
with anti-CD3{. Representative Western blot (left) and the CD3{:B-actin ratio (right) are presented. Average * sb of 3 pairs of ERK5"* and ERK5 ™/~
mice is shown. (D) CD3{ mRNA levels in DP thymocytes. CD3{:18S was normalized to ERK5"* mice and given an arbitrary value of 1.0. Average % sp of
5 pairs of ERK5"* and ERK5 ™/~ mice is shown. (E) Cell-surface expression of CD3g on mice thymocytes. Cells were incubated and stained as in A.
Representative histograms showing 2 different cell populations based on CD3¢ expression (left). The MFI is represented as a percentage of the value
obtained in the DP or SP population in ERK5™* mice (right). Average * sp of 8 pairs of ERK5"* and ERK5 /™ mice is shown. (F) Kinetics of CD3e
down-regulation. Thymocytes were stimulated with anti-CD3g (clone 145-2C11; 1 wg/ml) at 37°C for the times indicated. The cells were then incubated
with saturating amounts of the same anti-CD3g and stained with Alexa 488-conjugated F(ab’), anti-hamster antibody before analysis by flow cytometry by
gating in the CD3"8" thymocytes. The average = sp of ERK5™* (n=3) and ERK5 /™ (n=4) mice is presented. (G) Cell-surface expression of CD4 and
CD8 on mice thymocytes, which were stained with anti-CD4-APC and anti-CD8-FITC and analyzed by flow cytometry. The MFI is represented for each
marker as a percentage of the value obtained in the DP or SP population in ERK5"* mice. Average * sp of 9 pairs of ERK5"* and ERK5 ™/~ mice is
shown. WT, Wild-type. *P < 0.05; **P < 0.01; ***P < 0.001.

[22]. Given that ERK5 promotes CD3{ ubiquitination on

peripheral T CD4" cells after anti-CD3e stimulation (Fig. 4C), we
surmised that ERK5 could play a role in controlling CD3({ steady
state in DP thymocytes. Therefore, we analyzed the total amount
of CD3{ on the immature DP thymocytes of ERK5 ™/~ mice and
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detected a 2.5-fold increase compared with ERK5"* mice (Fig.
5C). Interestingly, CD3{ mRNA levels were similar in the DP
thymocytes of ERK5 7~ and ERK5"* mice (Fig. 5D), suggesting
that ERK5 promoted CD3{ degradation. In addition, as CD3{
degradation regulates TCR/CD3 expression on DP thymocytes
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[22], we analyzed CD3e expression at the cell surface by flow
cytometry. As DP thymocytes express 10-fold less TCR/CD3 at the
cell surface than SP cells [5], we separated DP and SP thymocytes
by CD3e¢ staining intensity (Fig. 5E, histogram). As expected from
the analysis of TCR/CD3 expression in splenic T cells (Fig. bA
and B), SP thymocytes from ERK5 /~ and ERK5"* mice showed
the same levels of cellsurface CD3¢ (Fig. 5E) and the same TCR/
CD3 down-regulation profile after anti-CD3e treatment (Fig. 5F).
However, in DP thymocytes of ERK5 ™/~ mice, CD3¢ expression
on the cell membrane was slightly increased (Fig. 5E), consistent
with the increased CD3{ levels in these cells. Thus, ERK5
controlled TCR/CD?3 levels at the cell surface of immature DP
thymocytes by promoting CD3{ degradation.

Interestingly, cellsurface CD4 and CD8 levels of DP thymo-
cytes and CD4 levels of CD4" SP thymocytes were slightly down-
regulated in ERK5 /™ mice (Fig. 5G). We do not know at this
point whether the decrease of CD4 and CD8 in DP thymocytes
was an indirect consequence of higher TCR expression or
a direct effect of the absence of ERK5. However, changes in the
relative abundance of TCR/CD3 receptors or CD4 and CD8
coreceptors could affect the selection process through minimum
and maximum signaling thresholds that determine the fate of DP
thymocytes, which in turn, could lead to death by neglect and
negative selection with weak and strong signals, respectively [5].
ERK5 deficiency in Jurkat T cells promotes AICD after anti-CD3e
stimulation (Supplemental Fig. 1D), and it has been proposed
that the MEK5/ERKb pathway plays a role in negative selection
[12]. However, TUNEL staining to determine if ERK5 influences
thymocyte apoptosis showed a similar number of TUNEL"
apoptotic thymocytes in ERK5 ™/~ and ERK5"* mice (Fig. 6A
and Supplemental Fig. 4A). Moreover, FACS quantification by
Annexin V and propidium iodide staining showed the same
amount of apoptotic thymocytes in ERK5~/~ compared with
ERK5"* mice (Fig. 6B). These results indicate that the higher
amount of TCR/CD3 at the cell surface of DP thymocytes from
ERK5 /™ mice does not promote apoptosis. However, the
existence of a potential compensatory phenomenon cannot be
excluded at this point.

ERK5 "/~ mice showed an increased percentage of
CD4"CD8™ CD25" thymocytes and reduced percentage
of T, in the spleen

Up-regulated TCR/CD3 on the cell surface is known to influence
the strength of the TCR/CD3 signal by altering TCR avidity for
peptide and MHC [1]. During development, CD4"CD8™ CD25Foxp3*
T cgs experience stronger TCR/CD3 signals than conventional
T cells, and a population enriched in tT,., progenitors
(CD4"CD8” CD25'Foxp3 ™) receives even stronger TCR/
CD3 signals [23]; therefore, we hypothesized that up-regulation
of TCR/CD3 at the cell surface of DP thymocytes could increase
the presence of CD4'CD8” CD25" thymocytes in ERK5™/~ mice.
To examine the effect of ERK5 deficiency in the development of
this thymocyte subpopulation, we analyzed the percentage of
CD4'CD8 CD25" cells in the thymus by flow cytometry.
Compared with ERK5"* mice, the absence of ERK5 increased
the CD4"'CD8~ CD25" population in the thymus (Fig. 6C),
suggesting that ERK5 limited the generation of CD4'CD8~ CD25"
thymocytes by down-regulating TCR/CD3 at the cell surface of
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DP thymocytes via degradation of CD3{. To examine further the
effect of ERK5 on T, development, we bred Vav-Cre/ ERK5!OXF/loxP
mice to Foxp3™“™ reporter mice to generate ERK5 /™ mice with
fluorescently labeled Tcg. ERK5™/~ mice present a similar
percentage of CD4"CD8™ CD25'Foxp3” (T, compared with
ERK5"* mice (Fig. 6D), suggesting a proper tT,., development,
despite the enrichment in the population of tT,., progenitors.
Remarkably, ERK5 deletion results in a reduced percentage of
Tregs in the spleen (Fig. 6E). In summary, ERK5™/ "~ mice show an
augmented presence of tT,., progenitors and a reduced
percentage of T,.g in the spleen, with both phenomena
apparently unrelated, considering the normal development of
the tT,c, population.

DISCUSSION

In the present study, we used different models to demonstrate
that ERK5 has a dual role with antagonistic effects in the
modulation of TCR/CD3 complex levels at the cell surface. On
1 hand, ERK5 knockdown or inhibition of ERK5 autophosphor-
ylation leads to reduced amounts of the TCR/CD3 complex at
the cell surface after anti-CD3¢ stimulation. On the other hand,
we show several evidences suggesting that ERK5 promotes CD3(
degradation during anti-CD3e stimulation, leading to diminished
TCR/CD3 levels at the cell surface. First, knockdown of ERK5 in
Jurkat cells resulted in increased amounts of CD3{ without
affecting CD3g, which led to higher cellsurface levels of TCR/
CD3 (Figs. 1 and 2). Second, inhibition of MEK5-dependent
phosphorylation of ERK5 in Jurkat and human T CD4" cells
impaired TCR/CD3 down-regulation after anti-CD3e stimulation
(Fig. 3). Although ERKS5 inhibitors are a proposed therapeutic
approach for different cancers [24, 25], our results suggest that
such treatment could produce undesired effects on T cell

development. Third, DP thymocytes from ERK5~/~ mice showed
increased CD3{ (Fig. 5C), probably as a consequence of altered
tonic CD3{ ubiquitination, which is used by DP thymocytes to
regulate the levels of TCR/CD3 on the cell surface [22]. Despite
the small up-regulation of TCR/CD3, it could account for

a shifted signaling threshold and altered selection process.
Intriguingly, neither resting nor anti-CD3e-stimulated, splenic

T cells from the ERK5 ™/~ mice showed altered levels of TCR/
CD3 (Fig. 5B). However, we cannot discount the existence of

a compensatory phenomenon or the possibility that different
TCR/CD3 ligands or longer incubation times could lead to
effects similar to those observed in the LAPTM5 /™ mice, which
shows impaired TCR down-regulation in splenic T cells by
promoting lysosomal degradation of CD3( after anti-CD3e
stimulation [26]. This point merits further study.

It was recently proposed that 2 different pathways were able to
degrade CD3( [27]. These included a LAPTM5-dependent
pathway, which promotes degradation of intracellular CD3{
before assembly in the Golgi apparatus with the TCR-
afCD3veCD3de complex [21], and a SLAP/c-Cbl pathway [28],
which promotes degradation of recently internalized CD3{ from
the cell surface [4, 29]. We show that ERK5-deficient DP
thymocytes display a similar phenotype to LAPTM5-deficient DP
thymocytes [26] but that this is less intense than in the SLAP- or
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Figure 6. ERK5 ™/~ mice show increased percentage of CD4"CD8~ CD25" thymocytes and reduced percentage of T,g in the spleen. (A) In situ TUNEL
staining on thymus sections. Representative images of 1 of the 3 pairs of ERK5"* and ERK5 ™/~ mice analyzed. Original scale bar, 100 wm. Contrast and
brightness have been adjusted to the entire figure to facilitate its visualization. (B) Apoptosis on thymocytes, which were stained in binding buffer with
Annexin V-FITC (1:40 dilution) and propidium iodide (PI; 0.4 wg/ml) and analyzed by flow cytometry. Representative flow cytometric profiles (left).
The percentages of Annexin V-positive or propidium iodide-positive cells in ERK5"/* (n=2) and ERK5 ™/~ (n = 2) mice are shown (right). (C)
Percentages of CD4'CD8™ CD25" thymocytes, which were stained with anti-CD4-APC, anti-CD8-FITC, and anti-CD25-PE and analyzed by flow cytometry.
Representative flow cytometric profiles of cell-surface staining/gating in CD4'CD8” population (left). The percentages of 7 pairs of ERK5"* and
ERK5 /™ mice are shown (right). Differences were compared by use of paired Student’s ¢ test. (D and E) Flow cytometry analysis of tTieg (D) and spleen
(E) from ERK5~/ ~-Foxp3"“F and ERK5"*Foxp3"“F mice. Cells were stained with anti-CD4-APC and anti-CD25-PE and analyzed by flow cytometry.
Representative flow cytometric profiles of cell-surface staining/gating in CD4" populations (left). The percentages of ERK5™* (n = 4) and ERK5 /"~

(n = 4) mice are shown (right). Differences were compared by use of paired Student’s ¢ test. *P < 0.05; **P < 0.01.

c-Cbl-deficient DP thymocytes. Conversely, ERK5 inhibition in T
CD4" cells showed that ERK5 was involved in the ubiquitination
and degradation of recently internalized CD3{ (Fig. 4), suggest-
ing that ERK5 could be involved in the regulation of both
pathways. Additional studies will be needed to elucidate the
relationship among ERK5, SLAP/c-Cbl, and LAPTMb5 signaling
pathways in the control of CD3{ traffic and degradation.

The development of tT,.g comprises 2 stages [30, 31]: in the
Ist stage, SP CD4"CD25'Foxp3~ thymocytes have up-regulated
cellsurface CD25, a subunit of the high-affinity IL-2R; in the 2nd
stage (CD4"CD25'Foxp3"), Foxp3 is induced. The former is
TCR/CD3 dependent, and the latter is TCR/CD3 independent
and IL-2 dependent [30, 31]. We propose that the up-regulation

www jleukbio.org

of TCR/CD3 on DP thymocytes in ERK5 ™/~ mice could account
for the shift toward a CD4"CD25"Foxp3 ™~ phenotype. In addition,
SLAP deficiency in mice increases the number of tT,.g [32],
suggesting a role for the pathways that controls CD3(
degradation.

In conclusion, our study identifies ERK5 as a novel kinase that
modulates TCR/CD3 expression in mouse and human T cells
through the control of CD3{ degradation and TCR/CD3
recovery after anti-CD3¢ treatment. Further studies will be
necessary to elucidate the downstream pathways activated by
ERKb5 that mediate CD3{-chain degradation, as well as the
implications of this phenomenon in T cell activation and T,
development and function.
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