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Introduction

Summary

CD43 is one of the most abundant co-stimulatory molecules on a T-cell
surface; it transduces activation signals through its cytoplasmic domain,
contributing to modulation of the outcome of T-cell responses. The aim
of this study was to uncover new signalling pathways regulated by this
sialomucin. Analysis of changes in protein abundance allowed us to iden-
tify pyruvate kinase isozyme M2 (PKM2), an enzyme of the glycolytic
pathway, as an element potentially participating in the signalling cascade
resulting from the engagement of CD43 and the T-cell receptor (TCR).
We found that the glycolytic activity of this enzyme was not significantly
increased in response to TCR+CD43 co-stimulation, but that PKM2 was
tyrosine phosphorylated, suggesting that it was performing moonlight
functions. We report that phosphorylation of both Y'*> of PKM2 and of
Y’% of signal transducer and activator of transcription 3 was induced in
response to TCR+CD43 co-stimulation, resulting in activation of the
mitogen-activated protein kinase kinase 5/extracellular signal-regulated
kinase 5 (MEK5/ERK5) pathway. ERK5 and the cAMP response element
binding protein (CREB) were activated, and c-Myc and nuclear factor-xB
(p65) nuclear localization, as well as Bad phosphorylation, were aug-
mented. Consistent with this, expression of human CD43 in a murine
T-cell hybridoma favoured cell survival. Altogether, our data highlight
novel signalling pathways for the CD43 molecule in T lymphocytes, and
underscore a role for CD43 in promoting cell survival through non-glyco-
lytic functions of metabolic enzymes.

Keywords: CD43; cAMP response element binding protein signalling;
extracellular signal-regulated kinase 5; pyruvate kinase isoform M2;
T-cell survival.

through the T-cell receptor (TCR) defines the specificity
to a particular antigen; however, this alone does not fully

The outcome of T-cell responses is determined by the
sum of positive and negative signalling events. Lympho-
cyte activation is considered to follow a two-signal model
where both the antigen and co-stimulatory signals are
required to induce full T-cell activation. Stimulation

initiate cell activation responses such as proliferation and
cytokine release. Instead, stimulation through the TCR
without additional signals provided by co-stimulatory
molecules leads to an unresponsive state, where negative
feedback signalling loops are induced. When they

Abbreviations: CREB, cAMP response element binding protein; ERK, extracellular signal-regulated kinase; MEK5, mitogen-acti-
vated protein kinase kinase 5; NF-xB, nuclear factor-«B; PEP, phosphoenolpyruvate; PK, pyruvate kinase; PKA, protein kinase A;
PKGC, protein kinase C; PKM2, pyruvate kinase isoform M2; STAT3, signal transducer and activator of transcription 3;

TCR, T-cell receptor
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encounter their cognate ligands on antigen-presenting
cells, co-stimulatory molecules initiate diverse signalling
pathways that, once integrated, modulate TCR signalling,
shaping the activation status of a cell.”* Along with this
complex decision-making process, activated T cells have
unique metabolic demands differentially regulated by sig-
nals generated through cytokine, antigen and co-stimula-
tory 1recept0rs.3 As activation induces cell growth,
proliferation and differentiation, the metabolic require-
ments of T cells augment considerably. To fulfil these
requirements, signals provided by co-stimulatory recep-
tors such as CD28 have been shown to lead to higher glu-
cose uptake and glycolytic activity, as well as to the up-
regulation of molecules involved in nutrient uptake,™’
underscoring an important role for co-stimulatory mole-
cules in coordinating T-cell activation and cell metabo-
lism.*

CD43 is one of the most abundant molecules on the
T-cell surface.®'® The expression of wild-type human
CD43, but not that of a mutant form that lacks the intra-
cellular domain, has been shown to enhance the antigen-
specific response of a murine T-cell hybridoma specific
for HLA-DR antigens.” The phosphorylation of $’° of the
cytoplasmic domain of CD43 is necessary for T-cell traf-
ficking,"" further demonstrating that CD43 requires its
highly conserved cytoplasmic tail to perform its co-recep-
tor molecule functions. Moreover, data from CD43
knockout mice suggest that it participates in naive T-cell
migration to inflammatory sites.'>"?

A role for this molecule in the regulation of cell number
and homeostasis has also been suggested.'*'® CD43 has
been reported to control cell cycle entry and cell migra-
tion in lymphoid cells as well as in lymphoid and non-
lymphoid tumours."”*° In T lymphocytes, CD43 ligation
results in the association of Src family kinases to the pro-
line-rich region of its cytoplasmic domain,”" leading to
CD3 {-chain phosphorylation** and to the formation of
macromolecular complexes that comprise Shc, Grb2, SLP-
76 and Vav.”> CD43 signals also promote extracellular sig-
nal-regulated kinase 1/2 (ERK 1/2) activation, leading to
actin cytoskeleton reorganization®® and to the activation
of a positive feedback loop on Lck signalling® triggered
by the inhibition of SHP-1 recruitment.”® Cross-linking
CD43 also induces diacylglycerol and inositol phosphate
generation, along with calcium mobilization and protein
kinase C (PKC) activation.!'?”2® Collectively, CDA43-
mediated signals result in activation of activator protein-1
(AP-1), nuclear factor-kB (NF-xB) and nuclear factor of
activated T cells (NFAT),”* *° coordinating the expression
of multiple cytokine genes.”>*°

Searching for new signalling pathways and novel func-
tions regulated by CD43, we performed a quantitative
proteomic analysis to detect changes in protein abun-
dance patterns upon co-stimulation of normal human
CD4" T lymphocytes through the TCR+CD43.
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Interestingly, differences in the expression profile of pyru-
vate kinase (PK) were detected; yet, PK glycolytic activity
was not significantly augmented in response to
TCR+CD43 co-stimulatory signals. In contrast, we found
that CD43 signals favoured the protein kinase function of
pyruvate kinase isoform M2 (PKM2). Two isoforms of
PKM2 have been described: a tetramer that is an active
glycolytic enzyme, catalysing the conversion of phospho-
enolpyruvate (PEP) to pyruvate by transferring a phos-
phate from PEP to ADP, and a dimer that functions both
as protein kinase and as a transcriptional co-activator
upon post-translational modification.”® Particularly, phos-
phorylation of Y'* of the PKM2 isoform triggers its abil-
ity to phosphorylate signal transducer and activator of
transcription 3 (STAT3). In agreement with this, phos-
phorylation of PKM2 Y'* and that of STAT3 Y’* were
augmented in response to TCR+CD43 co-stimulation.
Moreover, CD43 signals contributed to the activation of
the ERK5 pathway, a STAT3-regulated pathway,’>*’ as
shown by increased phosphorylation of the ERK5 down-
stream targets cAMP response element binding protein
(CREB) and Bad, the up-regulation of c-Myc and cyclin
D1 expression, and the activation of the NF-xB pathway.
In addition to the ERK5 pathway, activation of the pro-
tein kinase A (PKA) /adenylate cyclase (AC) pathway led
to CREB activation following TCR+CD43 engagement.
Overall, our results identified a new signalling pathway
for CD43 through the regulation of alternative functions
of PKM2, favouring cell survival following activation.

Materials and methods

Antibodies and reagents

Ficoll (Lymphoprep) for blood mononuclear cell isolation
was obtained from Axis-Shield PoC AS (Alere Technolo-
gies AS, Oslo, Norway). The Human Pan T Cell Isolation
Kit was from Miltenyi Biotech (Bergisch Gladbach, Ger-
many). The goat anti-mouse IgG magnetic particles used
for T-cell purification were from Polysciences, Inc.
(Warminster, PA). RPMI (HyClone GE Healthcare Life
Sciences, Logan, UT) or Advanced RPMI (A-RPMI)
(Gibco/Life Technologies, Carlsbad, CA, USA) medium
were supplemented with the indicated amount of fetal
bovine serum (Gibco/Life Technologies), 50 U/ml peni-
cillin (Sigma, St Louis, MO, USA), 50 pg/ml strepto-
mycin  (Sigma), 2 mMm  glutamine  (Gibco/Life
Technologies) and 50 pum f-mercaptoethanol (Sigma) (A-
RPMI). Anti-human CD3 (OKT3), anti-mouse CD3
(F23.1), anti-human CD8 (OKTS8) and anti-c-Myc (9-
E10) antibodies were home purified. Anti-CD43 (L10)
was home purified or from Caltag (Burlingam, CA, MK)
and anti-CD28 (CD28-2) was from Biolegend (San Diego,
CA, USA). Anti-pERK1/2, anti-pERK5 (T*'%/Y**°), anti-p-
Aktl, anti-Spl, anti-cyclin D1, anti-p65, anti-NF-xB, and
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anti-ERK2 primary antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA); anti-pSTAT3
(Y’®), anti-pCREB (8'%), anti-pPKM2 (Y'??), anti-
PKM2, anti-pBad ($'?), and anti-phospho  (Ser/Thr)
PKA substrates antibodies were from Cell Signaling Tech-
nology (Danvers, MA, USA), anti-tubulin antibody was
from GeneTex, and anti-histone 3 antibody was from
Upstate Biotechnology (Lake Placid, NY, USA). The anti-
rabbit biotinylated antibody was purchased from South-
ernBiotech (Birmingham, AL, USA) and the phycoery-
thrin-labelled streptavidin was from Molecular Probes
(Eugene, OR, USA). The horseradish peroxidase-coupled
secondary antibodies were from Santa Cruz Biotechnol-
ogy. The Cell Proliferation Dye eFluor 670 was from
eBioscience (San Diego, CA, USA). The kinase inhibitor
XMD8-92 was from Santa Cruz Biotechnology, and the
inhibitors PD98059, H89, G66976 and LY294004 were
obtained from Calbiochem (Spring Valley, CA, USA).
The Src family kinases inhibitor PP2 was from Cayman
Laboratories (Ann Arbor, MI, USA).

Cells

Human T cells were isolated from the peripheral blood of
healthy donors. Leucocyte concentrates were provided by
the ‘Banco de Sangre del Hospital Regional del IMSS’ and
the ‘Centro Regional para la Transfusién Sanguinea’ in
Cuernavaca, Morelos, Mexico. Institutional committees
approved the acquisition and isolation of human periph-
eral blood leucocytes. Peripheral blood mononuclear cells
were first isolated by Ficoll gradient centrifugation. T cells
were then purified with a Human Pan T-Cell Isolation
Kit, as instructed by the manufacturer. Finally, CD4" T
cells were enriched by negative selection by incubating
the cells with anti-CD8 antibody (OKTS), followed by
incubation with goat anti-mouse IgG-bound magnetic
particles. The purity of CD4" T cells was > 90%, as deter-
mined by FACS staining. Before stimulation, cells were
arrested overnight in RPMI-1640 medium supplemented
with 2% fetal bovine serum. Jurkat and the Lck-deficient
Jurkat cells (JCAM-1),* (see Supplementary material,
Fig. S1) were cultured in A-RPMI medium supplemented
with 5% fetal bovine serum (5K), and arrested in serum-
free RPMI-1640 for 36 hr before stimulation. Stable
transfectants of the murine T-cell hybridoma BY155.16
expressing wild-type human CD43 (CD43 WT), a mutant
lacking the intracellular domain of CD43 (CD43 AIC),’
or human CD4,*® and control cells (pFneo)9 were cul-
tured in A-RPMI 5K.

Cell activation

CD4" T lymphocytes (15 x 10°), Jurkat, or JCAM-1 cells
(5 x 10°) were stimulated in 1 ml of serum-free RPMI-
1640 with 2 pg/ml each, of anti-CD3 (OKT3), and/or
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anti-CD43 (L10), or 1 pg/ml of anti-CD28 (CD28.2)
antibodies for 3 min at room temperature, following
which primary antibodies were cross-linked with isotype-
specific secondary antibodies (anti-IgGl for L10 and
CD28, and anti-IgG2a for OKT3), and incubated at 37°,
5% CO, for the indicated times. At the end of stimula-
tion, cells were spun down at 400 g to remove excess
antibodies and pellets were stored at —70° for further
analysis. When indicated, before stimulation, cells were
pre-incubated for 30 min with the following inhibitors:
MEK inhibitor PD98059 (8:3 um), ERKS5 inhibitor
XMD8-92 (5 um); PKA inhibitor H89 (9 um), PKC inhi-
bitor G66976 (4 nm), p38 inhibitor SB203580 (0-83 M),
phosphoinositide 3-kinase (PI-3K) inhibitor LY294004
(10 or 40 pm), or Src inhibitor PP2 (10 pm).

Pyruvate kinase glycolytic activity

T lymphocytes stimulated for 48 hr as described under
‘Cell activation’, were lysed in 25 mm HEPES pH 75,
0-5% Triton X-100, 1-5mm MgCl,, 150 mm NaCl,
0-2 mm EDTA, with 1 mm PMSF, 10 mm B-glyceropho-
sphate, 10 mm NaF, 200 pm NaVO,, 1 pg/ml leupeptin,
50 pg/ml antipain, 10 pg/ml aprotinin, 0-5 mm DTT.
Lysates were spun down at 18 000 g for 15 min at 4° and
supernatants were stored at —70°. Pyruvate kinase activity
was measured on total lysates according to the coupled
method.”® Briefly, 50 ug of cell lysate protein was incu-
bated in a total volume of 1 ml with reaction buffer
[50 mm Tris—HCl pH 7-4, 225 mm KCl, 12 mm MgCl,,
0-6 mm ADP, 4.3 mMm PEP, 0-6 mm NADH, and 4 IU L-
Lactate dehydrogenase]. The initial rate of NADH utiliza-
tion was monitored at 340 nm using a Hewlett Packard
8452A Diode-array spectrophotometer (Hewlett Packard,
Palo Alto, CA).

Immunoblot

Pyruvate kinase protein abundance was validated on cells
stimulated and lysed as described under ‘Pyruvate kinase
glycolytic activity’. One hundred microgrammes of pro-
tein were desalted/cleaned with the ReadyPrep 2D
Cleanup kit (BioRad, Hercules, CA, USA). The protein
pellet was resuspended in rehydration buffer [7 M urea,
2 M thiourea, 5% 3-[(3-cholamidopropyl)dimethylammo-
nio]-1-propanesulphonate hydrate (CHAPS), 2% Bio-Lyte
ampholytes 3/10]. Ready Strip IPG strips (7 cm, linear
pH 3-10, BioRad) were layered gel side down onto sam-
ples, covered with 1 ml of mineral oil, and active rehy-
dration was performed for 16 hr in a protean IEF Cell
(BioRad). Isoelectric focusing was performed with a
three-step ramping protocol for a total of 30 000 V-hr at
20° and a maximum current setting of 50 mA per strip.
Strips were then equilibrated for 15 min in DTT equili-
bration buffer (6 m urea, 0-375 M Tris—HCI, pH 8-8, 2%
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SDS, 20% glycerol and 2% DTT), followed by a 15 min
incubation in iodoacetamide equilibration buffer (6 m
urea, 0-375 Tris—HCI, pH 88, 2% SDS, 20% glycerol and
2-5% iodoacetamide). Finally, IEF gel strips were loaded
onto 10% acrylamide gels for SDS-PAGE, at 50 V for
4 hr at 4°. SDS-PAGE-separated proteins were transferred
onto nitrocellulose membranes as previously described.’”
Following transfer, membranes were blocked with TBS
(100 mM Tris—HCI, 150 mm NaCl pH 7-5) containing
0-02% (w/v) NaNj; and 5% (w/v) fat-free milk powder
for 2 hr at room temperature. Blocked membranes were
incubated overnight at 4° with the appropriate primary
antibodies, followed by the addition of a 1 : 5000 dilution
of secondary antibodies (goat anti-rabbit) conjugated to
horseradish peroxidase. Immunodetection was carried out
using the chemiluminescent ECL Western blotting analy-
sis system (GE Healthcare, Pittsburgh, PA, USA). Mean
intensity of the immunodetected protein bands was calcu-
lated as a relative calibrated measurement of the total
band size and intensity using ECL molecular weight
markers as loading control standards (Fermentas/Thermo-
Fisher Scientific, Waltham, MA, USA).

Cytosolic and nuclear extracts were prepared as
described previously.’® Lysates were resolved by SDS-—
PAGE and proteins were transferred onto 0-22-pum nitro-
cellulose membranes (Whatman/GE Healthcare). Mem-
branes were blocked with 3% BSA in TBS-T buffer
(20 mum Tris-HCI, 0-15 m NaCl, pH 7-5, pH 7-5, 0-05%
Tween-20). Primary antibodies were diluted in 3% BSA
and horseradish peroxidase-coupled secondary antibodies
were diluted in 5% low-fat milk in TBS-T buffer. Proteins
were visualized with Western Lighting Plus-ECL substrate
(Perkin Elmer, Waltham, MA, USA) according to the
manufacturer’s instructions.

Densitometric analysis was performed with the help of
a Molecular Imager Gel Doc™XR+ Imaging System (Bio-
Rad) and the MAGE 1AB software (BioRad, Version 5-2-1).

Phosphoflow

CD4" T lymphocytes (3 x 10°) were stimulated as
described under ‘Cell activation’ for 3 hr. Paraformalde-
hyde was immediately added directly to the cells to a final
concentration of 1-5%; cells were then vortexed, incu-
bated for 10 min at room temperature, and pelleted by
centrifugation at 400 g for 5 min at 4°. The supernatant
was decanted and cells, resuspended in the residual vol-
ume, were permeabilized by adding 500 pl of cold 100%
methanol and stored overnight at —70°. Cells were then
labelled (barcoded, so that the identity of each sample is
recognized on the flow cytometer on the basis of fluores-
cence) with serial dilutions of the cell proliferation dye
eFluor 670 (eBioscience) and pooled together before anti-
body staining.’® Briefly, cells in methanol were labelled
with 20 pl of serial dilutions of the dye eFluor 670 (1,
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0-5, 0-25, 0-125, 0-0625, or 0-03125 um), vortexed and
further diluted with 500 pl of ice-cold PBS. Following a
10 min incubation at 37° in the dark, excess dye was
washed out by adding 3 ml of staining medium twice
(PBS, 0-01% NaNj3, 2% fetal bovine serum) and cen-
trifuging for 5 min at 400 g at 4° each time. Barcoded
samples were resuspended in 250 pl of staining media
and pooled by transferring 200 pl from each tube into an
empty FACS tube, and washed once more with staining
media before the addition of anti-pCREB and secondary
biotinylated anti-rabbit antibodies. Pooled cells were
incubated with primary and secondary antibodies for
1 hr; excess antibody was removed and phycoerythrin-
labelled streptatividin was added and incubated for
30 min. Finally, cells were washed and resuspended in
300 pl of staining media for analysis on a FACSCanto II
flow cytometer (Becton Dickinson, Franklin Lakes, NJ,
USA) with the racspiva software (Becton Dickinson).
Data were analysed using FLowjo software.*’

Cell viability assays

T-cell BY155.16 hybridoma cells (10°) expressing CD43
WT, CD43 AIC or CD4, and control cells (pFneo) were
stimulated with PMA (50 ng/ml)/ ionomycin (1 pg/ml)
for 48 hr at 37°, 5% CO,, in 48-well plates in a final vol-
ume of 1 ml; alternatively, cells were stimulated with
4 ng/ml of plate-bound anti-TCR (F23.1). At the end of
the incubation period, propidium iodide (400 ng/ml) was
added to the cells for 10 min at room temperature, in the
dark, before analysis on a FACSCanto II flow cytometer,
looking for changes in forward scatter (FSC) and side
scatter (SSC) as hallmarks of cell death. Propidium-
iodide-negative cells were quantified as live cells. Data
were analysed using FLowjo software.*

Statistical analysis

Data shown in the graphs represent the mean £ SD. Data
were analysed by a paired t-test and Tukey’s method with
prisM software (GraphPad Software, Inc., La Jolla, CA,
USA), considered significant at P < 0-05.

Results

CD43 co-stimulation does not enhance pyruvate
kinase glycolytic activity

Cellular signalling efficacy ultimately depends on the inte-
gration of internal metabolic cues. Particularly, T-cell
activation calls for higher levels of biosynthetic precursors
and energy for effector functions. Pyruvate kinase cataly-
ses the conversion of PEP to pyruvate by transferring a
phosphate group from PEP to ADP, releasing one ATP
molecule. As a quantitative proteomic analysis revealed
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Table 1. Pyruvate kinase activity

Average SD P value
Unstimulated 1 0
TCR+CD43 1-701 0-423 0-125
TCR+CD28 1-877 0-183 0-125

CD4" T lymphocytes (1-5 x 10”) were stimulated for 48 hr through
the T-cell receptor (TCR)+CD43, or TCR+CD28, to evaluate pyru-
vate kinase glycolytic activity in cell lysates. Enzyme activity was
measured using the coupled method, as described in ‘Materials and
methods’. The data shown represent four independent experiments.
Numbers represent fold change in absorbance values.

that co-stimulation through TCR+CD43 resulted in regu-
lation of pyruvate kinase protein levels (unpublished
results), we first assessed whether the classical function of
PK was activated in response to CD43. Under our experi-
mental conditions, TCR+CD43 as well as TCR+CD28
stimulated CD4" T lymphocytes exhibited a trend to up-
regulate PK activity (Table 1), suggesting that TCR+CD43
co-stimulation does not drive the cells into a glycolytic
pathway, but rather that PK performed alternative
signalling functions.

CD43 co-stimulatory signals favour PKM2 tyrosine
phosphorylation and activate moonlight functions of
PK

Since the glycolytic activity of PK was not significantly
augmented in response to TCR+CD43 co-stimulation,
and given that our quantitative proteomic analysis
revealed that co-stimulation through the TCR+CD43
resulted in regulation of PK protein abundance in two
different protein spots as determined by differential in gel
electrophoresis (unpublished results), we evaluated the
possibility that potential post-translational modifications
of this enzyme were at the source of these differences.
Notably, PKM2 Y'* phosphorylation impairs the forma-
tion of the tetramer necessary for the glycolytic function
of PKM2 and favours that of a dimer with alternative,
non-glycolytic, functions.*' Furthermore, PKM2 is pre-
dominant in activated T cells.** Human T lymphocytes
were left unstimulated or activated with the anti-CD43
L10 and the anti-CD3 OKT3 monoclonal antibodies.
After a 6-hr stimulation period, PKM2 tyrosine phospho-
rylation was evaluated. We found that TCR+CD43 co-sti-
significantly ~ increased PKM2 Y5
phosphorylation compared with control cells (Fig. 1a).

mulation

Phosphorylated PKM2 has a protein kinase activity,
potentially leading to phosphorylation of the transcription
factor STAT3 and up-regulation of the MEK5/ERK5 path-
way.”> TCR+CD43 co-stimulation significantly increased
phosphorylation of STAT3 on Y’* (Fig. 1b), as well as that
of ERK5 (Fig. 1c). Engaging the TCR+CD28 resulted in

© 2016 John Wiley & Sons Ltd, Immunology, 150, 87-99
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PKM2 Y'* phosphorylation, and in STAT3 phosphoryla-
tion (Fig. 1b), as previously reported.*’ Engagement of
CD43 or of the TCR alone did not lead to significant
PKM2, STAT3 or ERK5 phosphorylation (Fig. 1b,c), sug-
gesting that signals from both receptors cooperate to
induce the alternative functions of PKM2. Altogether, these
data support that co-stimulating the cells through the
TCR+CD43 induces PKM2 tyrosine phosphorylation,
favouring the activity of PKM2 protein kinase, as well as
STAT3 phosphorylation and activation of the MEK5/ERK5
mitogen-activated protein kinases, two pathways associated

. . . e 4445
with quiescence, cell survival and proliferation.

The moonlighting function of PKM2 induced by
TCR+CD43 co-stimulatory signals activates
downstream targets of ERK5

To further assess the role of the PKM2/STAT3 pathway
in up-regulating MEK5/ERKS signalling, we evaluated the
activation status of downstream targets of ERK5: CREB,
Bad, cyclin D1, ¢-Myc and NE-xB.** TCR+CD43 co-
stimulation of CD4" T lymphocytes, as well as TCR or
CD43 independent stimulation, resulted in a modest but
consistent phosphorylation of the transcription factor
CREB (Fig. 1d). In contrast, the abundance of cyclin D1
and c-Myc significantly increased in cells stimulated with
TCR+CD43 or with TCR only, but not in cells with only
CD43 stimulation, suggesting that TCR signalling is
accountable for c-Myc and cyclin D1 accumulation in the
nucleus (Fig. le). Although engagement of CD43 alone
induced a modest phosphorylation of the pro-apoptotic
protein Bad compared with that resulting from TCR liga-
tion, co-stimulating the cells through the TCR+CD43 had
a synergistic effect (Fig. le), suggesting the activation of
anti-apoptotic pathways. As expected,”*®*” TCR+CD28
stimulation induced the phosphorylation of CREB and
Bad, as well as increasing abundance of c-Myc and cyclin
D1 (Fig. 1d,e).

To determine if the CREB, c-Myc, STAT3, Bad and
NE-«B activation we detected following TCR+CD43 co-
stimulation was dependent on ERKS5 enzymatic activity,
we stimulated CD4" T lymphocytes in the presence of
XMDS8-92, a specific ERK5 inhibitor.*® As CD43-
mediated signals induced Bad and CREB phosphoryla-
tion (Fig. 1d,e), but STAT3 phosphorylation, ¢-Myc and
NF-xB activation required signalling through TCR+CD43
(Fig. 1d, e, and see Supplementary material, Fig. Sla),
we evaluated the importance of the ERKS5 pathway in
the activation of the latter proteins in TCR+CD43 co-sti-
mulated cells. As a consequence of ERK5 inhibition, Bad
phosphorylation, but not that of CREB, was reduced,
and the up-regulation of c-Myc protein levels was par-
tially abolished in TCR+CD43 co-stimulated cells
(Fig. 2a), suggesting the participation of additional path-
NF-xB STAT3

ways.  Likewise, activation  and
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Figure 1. CD43 co-stimulatory signals induce pyruvate kinase isoform M2 (PKM2) moonlight functions. (a) Quantitative proteomic analysis
results were validated in cell lysates from CD4" T cells activated for 6 hr as described in the Experimental Procedures. PKM2 and PKM2 Y'%°
phosphorylation was assessed by immunoblot of two-dimensional gels with samples from three different donors. (b) CD4" T cells (1-5 x 107)
were left unstimulated or stimulated through the T-cell receptor (TCR), CD43, TCR+CD43, or TCR+CD28 for 3 hr and nuclear and cytosolic
extracts were prepared. Phosphorylation of PKM2 on Y'* (pPKM2) and that of signal transducer and activator of transcription (STAT) on Y’*
was assessed by immunoblot in cytosolic and nuclear extracts. Total extracellular signal-regulated kinase 2 (ERK2) and histone 3 levels in the
cytoplasm and nuclei, respectively, are shown as loading controls. The data shown are representative of three independent experiments. Numbers
represent fold increase values. (c) The levels of pERKS5 were evaluated in total cell extracts from unstimulated or TCR, CD43 or TCR+CD43 co-
stimulated CD4" T cells for 3 hr. Total tubulin levels are shown as loading control. The data shown are representative of three independent
experiments. Numbers represent fold increase values. (d) cAMP response element binding protein (CREB) phosphorylation was assessed by phos-
phoflow analysis of T cells co-stimulated for 3 hr with TCR+CD43, TCR+CD28, TCR, or CD43 alone and compared with unstimulated cells.
The data shown are representative of three independent experiments. Fold change analysis was based on MFL (e) The activation of downstream
targets of the PKM2/STAT3/ERKS5 pathway was assessed after 3 hr stimulation in cytoplasmic or nuclear extracts from unstimulated, TCR,
CD43, TCR+CD28, or TCR+CD43 co-stimulated CD4" T cells, using specific antibodies for phosphorylated Bad (pBad), cyclin D1 and c-Myc;
ERK 2 and histone 3 protein levels are shown as loading control for cytoplasmic and nuclear fractions, respectively. The data shown are represen-
tative of three independent experiments. Numbers represent fold increase values. Graphs show fold change in protein phosphorylation or abun-
dance in three donors. P values were considered significant if P < 0-05 (*P <0.05, **P <0.01, and ***P <0.001).

phosphorylation were found to be dependent on the (PP2). We found that the phosphorylation of ERK5 and

ERK5 pathway in response to TCR+CD43 co-stimulation
(Fig. 2a). Inhibition of the ERK5 pathway in cells stimu-
lated with TCR only or CD43 only had no impact on
Bad or CREB phosphorylation (see Supplementary mate-
rial, Fig. Slb), further suggesting that co-stimulation
through both receptors is necessary for the activation of
the ERKS pathway.

CD43-dependent signals activate Src kinases, particularly
Fyn and Lck.”™* Interestingly, PKM2°° % and the MEK5/
ERK5 pathway’>>* have been described as being targets of
Src family kinases. To evaluate the role of Src kinases in the
activation of the PKM2/ERK5 pathway, CD4" T lympho-
cytes were stimulated in the presence of an Src inhibitor
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Bad as a result of TCR+CD43 or TCR+CD28 stimulation
was dependent on Src family kinases as both events were
abolished in PP2-treated cells (Fig. 2b). Src inhibition in
cells stimulated with TCR only or CD43 only did not sig-
nificantly reduce ERK5 or Bad phosphorylation (see Sup-
plementary material, Fig. S1b). These data suggest that the
phosphorylation of ERK5 and Bad resulting from
TCR+CD43 co-stimulation is Src-dependent.

Additionally, wild-type and Lck-deficient Jurkat cells
(JCAM-1) (see Supplementary material, Fig. S2) were
stimulated following the same protocol as T lymphocytes.
In wild-type Jurkat cells, enhanced phosphorylation of
PKM2, Bad and ERK5 was observed following

© 2016 John Wiley & Sons Ltd, Immunology, 150, 87-99



(@)

CYTOPLASM NUCLEUS
o o 0 (b)
& &S
S & o o S S S
3 3¢ » » N N » »
R & & R s §
ENNE RS & & o7 o
& O F & & ©
&  pBad —— p65
1.0 07 38 17
10 10 88 16
= = cMyc
Tubulin
- et 10 10 63 34
— pStat3
10 * * 1.0 1.0 85 24
< 4y ——————ar—
o 5 “u as ap® PCREB
()]
g » 10 1.0 13 12
=
s 1 amg™™ capew Histone 3 ©
LE o <]
o < —
810, —— g 8] —*
o 8 26
(=2} ©
g © 54
5 4 o 2
g2 2o
i 0 1) *
= | —
@5 * %15 o «
o aQ
Q 1.0 %10
S S5
%05 5
S o 2o
3 - 4+ - + XMD Y% - + - + XMD
w
' >
& ) & D
.&\\\'_rp\ (Job‘ ,@‘}(b\ XQQ
& & & &
S <O & B

CDA43 signalling promotes T-cell survival

@ Vel 2
Qg0 ae & &
9] R £ o
a N <O <O
52
g Jp—
34 Srcinh - + - + - +
3 B M W= pERKS
[<]
€0 —_— 1.0 01 25 03 2.0 1-2
— 7 - -
38 F L e =®T & psad
a6
8, 1.0 19 71 1.0 68 1.2
5 == ] ERK 2
£, X TR T3
kel
2o
- + - + — + Srcinh © —_——
D 2 2 X 3
&(z}g XQQ XQQ(L %245 ——r
0&,’\\ & & g 20
€15
510
Unstimulated TCR+CD43  CD43 TCR 205
w
N N A X Nl 0
& > Y R\
S F FFEEe ¢ % 4
- - B N PERKS &
10 1.0 17 08 18 08 09 1.0 & 5
e ey e @ = Actn g )
°
— - W . == . pPKM2 5 o
10 1.0 17 1.0 30 14 25 141 5 4
- “ pBad g,
10 1.0 28 10 15 14 05 1.0 9
- W Actin 5 2
S 1
kel
50
mJurkat
¢
JCAM-1 &
0(\

Figure 2. The T-cell receptor (TCR)+CD43-induced pyruvate kinase isoform M2 (PKM2)/ signal transducer and activator of transcription
(STAT3)/extracellular signal-regulated kinase 5 (ERK5) pathway targets Bad, nuclear factor-«B (NF-xB) and c-Myc. (a) Cells were pre-incubated
with the ERK5 inhibitor XMD8-92 (5 umM) 30 min before stimulation for 3 hr with TCR+CD43. Phosphorylation levels of pSTAT3, cAMP
response element binding protein (pCREB) and pBad, as well as nuclear c-Myc and p65 levels, were evaluated by immunoblot; total tubulin and

histone 3 levels are shown as loading controls for cytoplasmic and nuclear fractions, respectively. The data shown are representative of three inde-
pendent experiments. Numbers represent fold increase values. (b) CD4" T lymphocytes were pre-incubated with the Src inhibitor PP2 (10 um)
30 min before stimulation with TCR+CD43 or TCR+CD28. ERK5 and Bad phosphorylation was evaluated by immunoblot; ERK2 levels are
shown as loading control. Numbers represent fold increase values. (c) Jurkat and JCAM-1 cells were stimulated with TCR, CD43, or TCR+CD43,
for 3 hr and pPKM2, pBad, and pERKS5 phosphorylation levels were evaluated by immunoblot; total actin levels are shown as loading controls.

The data shown are representative of three independent experiments. Numbers represent fold increase values. Graphs show fold change in protein
phosphorylation or abundance in three donors. P values were considered significant if P < 0-05 (*P <0.05, **P <0.01, and ***P <0.001).

TCR+CD43 co-stimulation. CD43-dependent signals also
induced ERK5, PKM2 and Bad phosphorylation in Jurkat
cells, whereas, in contrast to CD4" T lymphocytes, TCR
signalling resulted only in a modest increase in PKM?2
phosphorylation, but not in that of ERK5 or Bad. Nota-
bly, phosphorylation of ERK5 was comparable in Jurkat
cells stimulated with CD43 only or TCR+CD43, and
PKM2 and Bad phosphorylation was further increased
following TCR+CD43 engagement compared with cells
stimulated with TCR only or CD43 only, supporting a
co-stimulatory role for CD43 in the activation of the
PKM2/ERK5 pathway. In JCAM-1 cells, TCR ligation did
not induce ERK5, PKM2 or Bad phosphorylation,
whereas CD43-mediated signals resulted in modest
PKM2 and Bad phosphorylation, and in TCR+CD43-
stimulated cells, levels of pPKM2 or pBad were compara-
ble to those of cells activated by CD43 only or TCR only,

© 2016 John Wiley & Sons Ltd, Immunology, 150, 87-99

but no ERK5 phosphorylation was detected in either
(Fig. 2c). These data suggest that in Jurkat cells, the sig-
nalling pathway leading to PKM2, ERK5 and Bad phos-
phorylation induced in response to TCR+CD43
engagement is dependent on Lck.

Altogether, these results suggest that CD43 co-stimula-
tory signals support the activation of the MEK/ERKS5 path-
way, that up-regulation of c-Myc and NF-xB (p65), and
phosphorylation of STAT3 and Bad are dependent on
ERKS activation, and that Src family kinases, namely Lck,
participate in PKM2 Y'%® phosphorylation in Jurkat cells.

CD43 co-stimulatory signals activate PKA to
synergize with the PKM2/STAT3/ERK5 pathway

CREB is a transcription factor that regulates diverse cellu-

lar responses, including proliferation, survival and
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differentiation.”® Since ERK5 inhibition had no effect on
TCR+CD43-induced CREB phosphorylation (Fig. 2a), we
searched for other signalling pathways responsible for the
regulation of this transcription factor. In Jurkat cells,
stimulation through the TCR alone or co-stimulation
through TCR+CD43 led to CREB phosphorylation
(Fig. 3a). Since CD43 signalling alone did not induce
CREB phosphorylation in Jurkat cells, and TCR+CD43-
induced CREB phosphorylation was significantly higher
than that observed for TCR-stimulated Jurkat cells, we
evaluated that signalling pathways that could be responsi-
ble for CREB phosphorylation in TCR+CD43 co-stimu-
lated cells. We found that in Jurkat cells, CREB
phosphorylation is PKA-dependent while MEK 1/2, p38
or PKC inhibition had no effect on the phosphorylation
of this transcription factor (Fig. 3b). PKA activation fol-
lowing TCR+CD43 signalling was confirmed by immuno-
blot using an antibody that recognizes PKA-
phosphorylated substrates (see Supplementary material,
Fig. $3). As CREB is also a target for Akt,>® a kinase that
delivers anti-apoptotic signals through the PI-3K-depen-
dent pathway,5 7 and since the PKA inhibitor (H89) also
prevents the activation of Akt,” we evaluated whether the
PI-3K/Akt pathway was involved in TCR+CD43-mediated
CREB activation. TCR+CD43 co-stimulation induced Akt
phosphorylation in Jurkat cells, and treatment with the
PKA inhibitor H89 prevented the activation of this kinase
(see Supplementary material, Fig. S4, left panel). Accord-
ingly, inhibition of PI-3K with LY904002 led to decreased
Akt phosphorylation in TCR+CD43 co-stimulated Jurkat
cells, but CREB phosphorylation was not affected (see
Supplementary material, Fig. S4, right panel). These data
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suggest that the phosphorylation of CREB resulting from
TCR+CD43 co-stimulation depends on the activation of
the PKA pathway, and that this is independent of the
PI-3K/Akt pathway.

Expression of wild-type CD43 favours cell survival
following cell activation

The expression of CD43 has been shown to convey a sur-
vival advantage for CD4" and CD8" splenocytes during
apoptosis induction via growth factor withdrawal,”® inde-
pendent of antibody-mediated ligation. Based on our
results supporting a role for CD43-mediated signals in acti-
vating anti-apoptotic and pro-survival molecules, and in
view of the fact that T-cell hybridomas can undergo apop-
totic cell death when activated through the T-cell receptor
complex,” clones of the Byl55.16 T-cell hybridoma
expressing comparable amounts of the TCR and of human
CD43 WT, CD43 AIC or CD4 (Fig. 4a) were evaluated for
survival in response to PMA/Ionomycin or F23.1 stimula-
tion. Expressing CD43 WT protected the cells from PMA/
Ionomycin-induced cell death, resulting in significantly
more live cells (79%), compared with pFneo cells (65%) or
BY CD4 cells (61%). On the contrary, expressing a CD43
mutant lacking the intracellular domain (CD43 AIC) ren-
dered the cells even more sensitive to PMA/Ionomycin-
induced cell death with a survival toll of 46% (Fig 4b).
CD43 WT transfected BY155.16 cells significantly survived
more with plate-bound anti-TCR monoclonal antibody
(F23.1) (96%) compared with BY pFneo (80%) or BY CD4
cells (72%), and expressing CD43 AIC also resulted in a
higher susceptibility to TCR-induced cell death (Fig. 4c).

©
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and pCREB and total CREB levels were measured
in whole cell lysates by immunoblot. The data
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shown are representative of three independent
experiments. (b) Jurkat cells were left untreated
or pre-incubated with enzyme inhibitors for MEK
1/2 (PD98059, 83 pm), p38 (SB203580,
0-83 um), protein kinase A (PKA; H89, 8-3 um),
and protein kinase C (PKC; G66976, 3-3 nm)
before TCR+CDA43 co-stimulation. pCREB levels
were evaluated by immunoblot in whole cell
lysates after 10 min of stimulation; CREB and
Sp1 levels are shown as loading controls. Num-
bers represent fold change values. The data shown
are representative of two independent experi-
ments. (*P <0.05, **P <0.01, and ***P <0.001).
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Figure 4. CD43 expression promotes cell survival of activated cells. (a) The murine T-cell hybridoma BY155.16 was transfected with empty vec-
tor (pFneo), full-length human CD43 (CD43 WT), a mutant lacking the intracellular domain (CD43 AIC), or human CD4. The surface expres-
sion of each co-stimulatory molecule was evaluated by FACS analysis (left panel). The molecular weight of the full-length CD43 (CD43 WT) and
truncated CD43 (CD43 AIC) was determined by immunoblot (right panel) using the L10 anti-CD43 monoclonal antibody. Actin levels are shown
as loading control. (b) Cells were left unstimulated (=) or stimulated with PMA (50 ng/ml)/ionomycin (1 pg/ml) (P/I) for 48 hr, and cell viabil-
ity was measured by quantification of propidium-iodide-negative cells. The data shown are representative of four independent experiments. (c)
Alternatively, cells were left unstimulated (s.) or stimulated with 4 pg/ml plate-bound anti-TCR monoclonal antibody (F23.1) for 48 hr, and cell
viability was measured by quantification of propidium iodide-negative cells. The data shown are representative of three independent experiments.
P values were considered significant if P < 0.05, * indicates P values from 0.01 to 0.05.

All unstimulated cells had a viability of > 92% when evalu- regulating cell fate.®’ To further characterize the partici-
ated after a 48-hr incubation. Consistent with previous pation of CD43 in T-cell activation, we carried out a pro-
data showing that the intracellular domain of CD43 is teomic analysis of normal human peripheral blood CD4"
required for the regulation of cell viability,”® these results T lymphocytes co-stimulated with TCR+CD43. The bio-
indicate that CD43 expression protects the cells from apop- logical processes regulated by the proteins found to be
totic signals, but also that lacking the CD43 intracellular modulated in response to TCR+CD43-mediated signals,
domain represents a disadvantage for cell survival, Alto- pointed at the ‘generation of precursor metabolites and
gether, these results suggest that CD43 participates in cell energy’ and ‘regulation of apoptosis’ as the most enriched
survival in response to TCR- or PMA-dependent signals, biological processes (23% and 13%, respectively, unpub-
potentially contributing to the regulation of T-cell home- lished results), prompting us to explore the participation
ostasis following activation. of CD43 in the regulation of glucose metabolism. Particu-

larly, the proteomic data indicated that TCR+CD43 sig-
nalling modulated the abundance of PK, which we were

Discussion . . .

able to validate by immunoblot. Out of the four isoforms
Similar to CD28 signalling cascades,” CD43 engagement of PK, PKM2 is expressed in most cells,’* including acti-
activates multiple  signalling pathways, ultimately vated T cells.”” Spl, HIF-1 and c-Myc activate PKM2
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transcription; in addition, c-Myc also activates the tran-
scription of hnRNPAI and hnRNPA2 (heterogeneous
nuclear ribonucleoprotein), two splicing factors that pro-
mote the alternative splicing that generates PKM?2
mRNA.** % Interestingly, according to our proteomic
analysis, the expression level of these factors was also
modulated in response to TCR+CD43 signals (unpub-
lished data).

Pyruvate kinase is a rate-limiting enzyme that catalyses
the last step of glycolysis, converting PEP to pyruvate by
transferring a phosphate group from PEP to ADP, releas-
ing one ATP molecule. Contrary to our expectations,
under our experimental conditions, TCR+CD43 co-sti-
mulation did not significantly augment PK glycolytic
activity, suggesting rather that CD43 co-stimulatory sig-
nals favoured the alternative functions of PK. Accord-
ingly, we found that co-stimulating CD4" human T
lymphocytes through TCR+CD43 led to phosphorylation
of PKM2 on Y'®, a protein modification that impairs
the tetramer formation necessary for PKM2 to promote
oxidative metabolism for energy production,*’ and
favours the formation of a dimer that leads to the ana-
bolic metabolism of glucose, supporting the biosynthesis
of macromolecules necessary for cell proliferation.”
Although the accumulation of metabolic intermediates
upstream of the glycolytic pathway under our experimen-
tal conditions remains to be tested, these data correlate
with the fact that CD43 engagement did not lead to
increased glycolysis.

In addition, we found that STAT3 Y’°® was phosphory-
lated in response to TCR+CD43 co-stimulation, suggest-
ing that the TCR+CD43-mediated activation of PKM2 is
responsible for the activation of this transcription factor.
This is in line with previous reports showing that phos-
phorylation allows PKM2 to function as a co-activator
for transcription factors such as HIF-1a, HIF-20, [-cate-
nin, STAT3 and Oct-4, which in turn favour the tran-
scription of target genes such as: SLC2A1 (Glut-1),
LDHA, PKDI1, HKI, VEGFA, CCNDI, MYC and
MEK5.7>%7"% Whether the phosphorylation of STAT3 is
directly mediated by PKM2 still remains to be determined
in our system.

The MEKS/ERK5 signalling pathway is strongly
involved in cell survival and proliferation.*> ERK5 phos-
phorylation and higher abundance of several ERK5 tar-
gets demonstrated the role of CD43 co-stimulatory
signals in activating the MEK/ERKS5 pathway. In agree-
ment with this, inhibition of ERK5 led to diminished c-
Myc, p65 and pSTAT3 abundance, suggesting that in
TCR+CD43 co-stimulated cells, the abundance of these
molecules was partially dependent on ERKS5, but that
other signalling pathways participate for their accumula-
tion in the nucleus. Likewise, CREB and Bad, two pro-
teins involved in apoptosis regulation and potential
ERK5 targets’® were phosphorylated in response to
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TCR+CD43 co-stimulatory signals. Bad and STAT3
phosphorylation were diminished in TCR+CD43 co-sti-
mulated cells in the presence of the ERK5 inhibitor and
consistent with data showing that CD43 signalling leads
to Lck and Fyn activation,”™*® we observed that in
TCR+CD43 co-stimulated T cells, ERK5 and Bad phos-
phorylation is dependent on Src family kinases.
Although CREB can be activated as a result of the
MEKS5/ERK5 pathway, under our experimental condi-
tions, we found that the PKA pathway is the major
mechanism responsible for CREB phosphorylation in
response to the TCR+CD43 co-stimulatory signals. PKA
activation leads also to Bad phosphorylation,”’ whether
this happens in response to TCR+CD43 stimulation
remains to be investigated. Under our experimental con-
ditions, TCR+CD43 co-stimulatory signals parallelled the
TCR+CD28 co-stimulatory ones, although to a lesser
extent, in terms of abundance of c¢-Myc and cyclin D1
and Bad phosphorylation. Altogether this data further
suggest that CD43 co-stimulatory signals promote the
non-glycolytic functions of PKM2, and that the MEK5/
ERKS5 and the PKA signalling pathways may be simulta-
neously activated by CD43, potentially regulating resis-
tance to cell death.

In neutrophils, mast cells, T cells and granulocytes,
CD43 is cleaved by y-secretase following PMA treatment.
As a consequence, the extracellular domain of CDA43 is
shed from the cell surface, and the intracellular domain,
which contains two nuclear localization signals, is translo-
cated into the nucleus®® where it may interact with
B-catenin to promote cell proliferation,”” and with
promyelocytic nuclear bodies, to regulate growth factor
withdrawal-induced apoptosis.”®”> Inhibition of }-secre-
tase impairs nuclear translocation of the cytoplasmic
domain of CD43 and prevention of apoptosis.”® Consis-
tent with a role for CD43 in cell death protection, target-
ing CD43 with small interfering RNA increases the
susceptibility of breast and lung cancer cells to apoptosis
and vulnerability to lysis by natural killer cells.”*”> Like-
wise, in the BY155.16 murine T-cell hybridoma, the
expression of wild-type human CD43 protected the cells
against apoptosis following TCR engagement or PMA/
ionomycin stimulation; on the contrary, the absence of
the intracellular domain rather enhanced cell death toll,
suggesting that the CD43 mutant lacking the intracellular
domain functioned in a dominant negative fashion. Con-
sidering that the BY155.16 hybridoma cells express mur-
ine CDA43, these data also suggest that murine CD43
could be responsible for the remaining live cells in PMA/
ionomycin or TCR-stimulated cells (40% or 80%, respec-
tively), counterbalancing the dominant negative function
of CD43 AIC. Furthermore, in addition, to the conserved
§”? and S”® shown to participate in regulation of cell
movement and proliferation and trafficking, respec-
tively,”® the intracellular region of human CD43 has other
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PKC phosphorylation pattern sites that are not present in
murine CD43 (residues 5961 and 91-93 of CD43 cyto-
plasmic domain).®" Whether these sites confer additional
capacities to human CD43 over murine CD43 in terms of
cell death resistance, and whether murine CD43 can
potentially overcome the dominant negative effect of the
human CD43 AIC favouring the activation on anti-apop-
totic pathways, need to be addressed.

Collectively, our results provide evidence that by reg-
ulating the non-glycolytic functions of PKM2, CD43
co-stimulatory signals promote the activation of the
MEK/ERKS and the PKA pathways, two pathways asso-
ciated with cell growth and proliferation.”>**”” More-
over, our data indicate that TCR+CD43 co-stimulation
leads to the activation of multiple signalling pathways
that share common key targets, such as CREB and
Bad, highlighting the importance of regulating these
proteins during cell activation to promote cell survival
Cell survival and proliferation are essential for the
effector phase of the immune response and the fine-
tuning of these processes is critical for the appropriate
contraction and memory establishment. Hence, through
the activation of pro-survival signalling pathways, CD43
may contribute to the regulation of homeostasis of the
immune response.
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Figure SI.

Extracellular signal-regulated kinase 5

(ERKS5), Bad and cAMP response element binding protein
(CREB) phosphorylation, as well as p65 nuclear localiza-
tion require T-cell receptor (TCR)+CD43 co-stimulatory
signals.
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Figure S2. Abundance of Lck, pyruvate kinase isoform Figure S4. T-cell receptor (TCR)+CD43-induced cAMP
M2 (PKM2) and extracellular signal-regulated kinase 5 response element binding protein (CREB) phosphoryla-
(ERKS5) in Jurkat and JCAM-1 cells. tion in Jurkat cells is protein kinase A (PKA) dependent.

Figure S3. T-cell receptor (TCR)+CD43 crosslinking
induces protein kinase A (PKA) activation.
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