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Association of CD147 and Calcium Exporter PMCA4
Uncouples IL-2 Expression from Early TCR Signaling

Verena Supper,* Herbert B. Schiller,*' Wolfgang Paster,* Florian Forster,*
Cyril Boul‘egue,T Goran Mitulovic,* Vladimir Leksa,*’§ Anna Ohradanova-Repic,*
Christian Machacek,* Philipp Schatzlmaier,* Gerhard J. Zlabinger," and

Hannes Stockinger*

The Ig superfamily member CD147 is upregulated following T cell activation and was shown to serve as a negative regulator of T cell
proliferation. Thus, Abs targeting CD147 are being tested as new treatment strategies for cancer and autoimmune diseases. How
CD147 mediates immunosuppression and whether association with other coreceptor complexes is needed have remained unknown.
In the current study, we show that silencing of CD147 in human T cells increases IL-2 production without affecting the TCR prox-
imal signaling components. We mapped the immunosuppressive moieties of CD147 to its transmembrane domain and Ig-like do-
main II. Using affinity purification combined with mass spectrometry, we determined the domain specificity of CD147 interaction
partners and identified the calcium exporter plasma membrane calcium ATPase isoform 4 (PMCA4) as the interaction partner of
the immunosuppressive moieties of CD147. CD147 does not control the proper membrane localization of PMCA4, but PMCA4 is
essential for the CD147-dependent inhibition of IL-2 expression via a calcium-independent mechanism. In summary, our data
show that CD147 interacts via its immunomodulatory domains with PMCA4 to bypass TCR proximal signaling and inhibit IL-2

expression. The Journal of Immunology, 2016, 196: 1387-1399.

n the course of an adaptive immune response, a delicate

combination of signaling components, signaling kinetics, and

strength determines T cell activation, proliferation, differ-
entiation, or inactivation. A crucial hallmark of T cell activation is
the induction of phospholipase Cy (PLCvy) (1). PLCy generates the
second messengers diacylglycerol and inositol-1,4,5-triphosphate
(IP3), which branches proximal signaling into three major down-
stream signaling routes, leading to production of the T cell growth
factor IL-2. Diacylglycerol binding to protein kinase C (PKC)
stimulates the ERK MAPK pathway and the NF-kB pathway,
resulting in activation of the transcription factors Fos and NF-«B,
respectively. At the same time, IP3 binding to IP3-mediated cal-
cium channels at the endoplasmic reticulum (ER) leads to release
of calcium from the ER and opening of store-operated calcium
channels at the plasma membrane (2). A rise in cytosolic calcium
levels enables complex formation of calcium-binding protein
calmodulin with serine-threonine phosphatase calcineurin that
dephosphorylates NFAT (reviewed in Ref. 3). At the same time,

calmodulin stimulates calmodulin-dependent kinases to activate
the NF-«kB pathway through phosphorylation of NF-kB (4-6). The
change in phosphorylation status of NFAT and NF-kB causes their
nuclear translocation and, hence, their activity as transcription
factor for their target genes, which include the T cell growth factor
IL-2.

Several positive and negative regulatory mechanisms fine-tune
TCR signaling. These involve the ligation of immunomodulatory
coreceptors, such as CD28 and CTLA4 (reviewed in Ref. 7). CD28
stimulation, for example, enforces TCR signaling cascades by
inducing the kinases PKC and PI3K or the G proteins via RasGRP.
In contrast, the inhibitory receptor CTLA4 competes with CD28
for its ligand B7 and also activates the phosphatases PP2A and
SHP2. These phosphatases dephosphorylate TCR proximal sig-
naling components and, thereby, blunt TCR signaling at an early
stage.

Similar to the inhibitory coreceptor CTLA4 (8), the Ig-like
glycoprotein CD147 (also known as basigin, M6, EMMPRIN,
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TCSF, OK, or 5F7) is upregulated on activated T blasts (9—-11).
Furthermore, CD147 was shown to influence T cell proliferation
(10-12), thymocyte maturation (13), NFAT transcriptional activ-
ity, and IL-2 production (14, 15). Recently, CD147 levels were
described as a surrogate marker of activated regulatory T cells
(16, 17), and Abs specific to the extracellular domain of CD147
showed potent immunomodulatory capacities (11, 18).

Although interaction partners of CD147 and associated mech-
anisms have been partially described, how CD147 is involved
particularly in TCR signaling is not understood. Therefore, this
study was designed to determine the immunomodulatory role and
partners of CD147 in T cells that mediate CD147-dependent im-
mune suppression. We now report that CD147 regulates T cell
activation by forming a complex with the plasma membrane cal-
cium ATPase isoform 4 (PMCA4) that decouples early TCR sig-
naling from IL-2 expression.

Materials and Methods
Abs

The following mAbs were kindly provided by Vaclav Horejsi (Institute of
Molecular Genetics, Academy of Sciences of the Czech Republic, Prague,
Czech Republic): AFP-01 to a-fetoprotein, MEM-87 to CD8, MEM-18 to
CD14, MEM-154 to CD16, WIN-19 to CD19, MEM-97 to CD20, MEM-
101A to CD29, MEM-28 to CD45, MEM-188 to CD56, and MEM-M6/1
and MEM-M6/6 to CD147. The mAb to PMCA4 (Ja-9) was from Abcam
(Cambridge, MA); the mAb to the hemagglutinin (HA) tag (05-904) was
ordered from Millipore (Billerica, MA); the CD16 mAb VIFcRIII was
purchased from Holzel Diagnostika (K6ln, Germany); and the CD3 mAb
OKT?3 was from Ortho Pharmaceuticals (Raritan, NJ). Clone Leu-28 to
CD28 and the allophycocyanin-conjugated rat mAb against IL-2 (MQI-
17H12) were purchased from BD Biosciences (Franklin Lakes, NJ). The
polyclonal Abs specific for PLCy-1 and phospho—Y783-PLCv-1 and the
mAbs specific for phospho—Y416-Src (D49G4) and GAPDH (14C10) were
purchased from Cell Signaling (Danvers, MA). The mAb to Lck (3AS5) was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The polyclonal
AD to actin was purchased from Sigma-Aldrich (St. Louis, MO), and Beri-
globin P was from Aventis Behring (King of Prussia, PA). Allophycocyanin-
conjugated AffiniPure F(ab'), fragment goat anti-mouse IgG + IgM (H+L)
was purchased from Jackson ImmunoResearch (West Grove, PA), goat anti-
rabbit-HRP was from Bio-Rad (Hercules, CA), and goat anti-mouse—-HRP
was from Sigma-Aldrich. Biotin conjugation of Abs was achieved with EZ-
Link Sulfo-NHS-SS-Biotin (Thermo Scientific, Rockford, IL), in accordance
with the manufacturer’s protocol.

Reagents

PMA, ionomycin calcium salt (ionomycin) from Streptomyces conglobatus,
and thapsigargin were purchased from Sigma-Aldrich. Staphylococcal
enterotoxin E (SEE) was purchased from Toxin Technology (Sarasota, FL),
and the protease inhibitor mixture was from Roche (Basel, Switzerland).

Cell culture

The human leukemic T cell line Jurkat E6.1, the human leukemic B cell
line Raji, and the human embryonic kidney cell line HEK 293T were
obtained from the American Type Culture Collection (Manassas, VA).
The Jurkat T cell clone IL-2-Luc stably transfected with an IL-2 pro-
moter luciferase reporter construct was the kind gift of Thomas Baum-
ruker (Novartis Institutes for BioMedical Research, Vienna, Austria).
The Jurkat T cell clone NFAT-Luc stably transfected with an IL-2
minimal promoter luciferase reporter construct with three tandem cop-
ies of the NFAT1-binding site was the kind gift of Michel J. Tremblay
(Centre Hospitalier de 1’Université Laval Research Center, Laval Uni-
versity, Quebec, Canada). The Jurkat T cell clones NFAT-EGFP and NF-
kB-Luc were generated in our laboratory by transfection of pNFAT-
EGFP (a kind gift from Johannes Schmid, Center for Physiology and
Pharmacology, Medical University of Vienna, Austria) or the pNF«kB-
Luc pathfinder construct from Stratagene (Agilent Technologies, Santa
Clara, CA). Cell lines were cultured as previously described (19).
Human PBMCs were isolated from the blood of healthy donors by
standard density-gradient centrifugation using Lymphoprep (Nycomed,
Oslo, Norway). To stimulate growth of human peripheral blood T cells, the
freshly isolated mononuclear cells were stimulated with plate-bound CD3
mAb OKT3 (1 pg/ml) and soluble CD28 mAb Leu-28 (0.5 pg/ml) for 5 d.

CD147/PMCA4 COMPLEX CONTROLS IL-2 EXPRESSION

For coimmunoprecipitation experiments, CD4* T cells were isolated using
the magnetic cell sorting system Vario MACS (Miltenyi Biotec, Bergisch
Gladbach, Germany) by negative depletion for cytotoxic T cells, phago-
cytic cells, B cells, and NK cells, as described earlier (20). Primary cells
were maintained in RPMI 1640 medium supplemented with 5% heat-
inactivated FCS (Invitrogen), 100 U/ml penicillin, 100 pg/ml streptomycin,
and 2 mM L-glutamine.

Plasmids

The lentiviral short hairpin RNA (shRNA) expression vector pLKO.1 puro
was kindly provided by Sheila Stewart (Washington University School of
Medicine, St. Louis, MO). To generate pLKO-puro-shCD147 containing an
shRNA construct specific for human CD147, shCD147sense (5'-CCGGTG-
TCGTCAGAACACATCAACTTCAAGAGAGTTGATGTGTTCTGACGA-
CTTTTTG-3") and shCD147 antisense (5'-CAAAAAGTCGTCAGAACA-
CATCAACTCTCTTGAAGTTGATGTGTTCTGACGACACCGG-3') were
annealed and cloned via EcoRI/Agel into pLKO.1 puro. The nontarget
shRNA construct pLKO-puro_ntCtr (shRNA control [shControl]) was
from the German Science Center for Genome Research. The plasma
membrane calcium exporters and cofilin were silenced using retroviral
pSM2 vectors from the human shRNA library 1.3-1.15 (21) (Open Bio-
systems, Huntsville, AL) containing the following shRNA sequence:
PMCA4_Pl1 5'-TGCTGTTGACAGTGAGCGCCCGGACTATCTGCAT-
AGCTTATAGTGAAGCCACAGATGTATAAGCTATGCAGATAGTCCG-
GATGCCTACTGCCTCGGA-3' ,PMCA4_P2 5'-TGCTGTTGACAGTGA-
GCGCGGTGATATTGCCCAAGTCAAATAGTGAAGCCACAGATGTA-
TTTGACTTGGGCAATATCACCATGCCTACTGCCTCGGA-3', PMCA1_P1
5"-TGCTGTTGACAGTGAGCGCCCTCGTCACGTTGGTAATAAATAG-
TGAAGCCACAGATGTATTTATTACCAACGTGACGAGGTTGCCTAC-
TGCCTCGGA-3', and Cofilin 5'-TGCTGTTGACAGTGAGCGACCTG-
AGTGAGGACAAGAAGAATAGTGAAGCCACAGATGTATTCTTCTT-
GTCCTCACTCAGGCTGCCTACTGCCTCGGA-3'.

The lentiviral and retroviral helper plasmids are detailed in (19). All
deletion and swap mutants of CD147 were prepared in the retroviral ex-
pression vector pPBMN-IRES-GFP (kindly provided by Gary Nolan, Stanford
University School of Medicine, Stanford, CA). Full-length CD147 was
mutated using the QuikChange Site-Directed Mutagenesis Kit (Agilent
Technologies) and the forward primer (5'-GGCCGTGAAGTCGTCTGA-
GCATATCAACGAGGGGGAG-3") and reverse primer (5'-CTCCCCCT-
CGTTGATATGCTCAGACGACTTCACGGCC-3') bearing the silent point
mutations. From this construct we generated the mutants illustrated in
Fig. 3A. HA-tagged CD147 mutants were generated by insertion of the
TAP tag from the pfMSCV Strep3xHA plasmid at the 3" end of the signal
sequence of CD147 by gene synthesis. All primers and sequences are available
upon request.

Gene transfer to Jurkat and primary T cells

Gene delivery was achieved using viral transduction, as previously de-
scribed by Muhammad et al. (22).

Quantitative PCR

For quantitative real-time PCR (qPCR) analysis, RNA was isolated using
TRIzol reagent (Invitrogen) and transcribed with the SuperScript III Re-
verse Transcriptase System (Invitrogen, Life Technologies), and gPCR was
performed using GoTaq qPCR Master Mix (Promega, Fitchburg, WI) on a
CFX96 Real-Time PCR System (Bio-Rad). The following primer sets were
used for qPCR reactions: CD147 (forward: 5'-GACGACCAGTGGGGA-
GAGTA-3', reverse: 5'-CGTTGATGTGTTCTGACGACTTC-3"), PMCA4
(forward: 5'-CAGTAGACTGAAAACCTCCCCT-3', reverse: 5'-GATGA-
TAAGCGTGACATCTTGA-3'), PMCA1 (forward: 5'-AGATGGAGCTA-
TTGAGAATCGCA-3’, reverse: 5'-GCCAGTTTTGTAAGTTTCCCTTG-
3"), and GAPDH (forward: 5'-AAGGTGAAGGTCGGAGTCAAC-3’, re-
verse: 5'-GGGGTCATTGATGGCAACAATA-3").

Flow cytometry

Immunofluorescence analysis of cells was done according to the protocol
described by Muhammad et al. (22). The cells were analyzed on an LSR II
flow cytometer (BD Biosciences, Franklin Lakes, NJ), and the data were
processed using FlowJo software (TreeStar, Ashland, OR).

Intracellular IL-2 measurement

Jurkat T cells were stimulated for 6 h, and secretion of IL-2 was blocked for
the last 4 h with 0.3 wM monensin (Sigma-Aldrich). Cells were fixed with
4% paraformaldehyde and stained on ice with 5 wg/ml anti-IL-2 mAb in
PBS, 5% FCS, and 0.1% saponin. Intracellular IL-2 staining was analyzed
using flow cytometry, as described above.
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Calcium flux measurement

Jurkat T cells were stained with 1 wM calcium-sensitive and cell permeable
Indo-1, AM (Molecular Probes/Life Technologies). The cells were ana-
lyzed as previously described (23) on an LSR II flow cytometer (BD
Biosciences). In brief, the calcium-sensitive dye Indo-1 was excited with
a UV laser, Ca%*-free Indo-1 signals were detected with a 530/30 filter,
and Ca**-bound Indo-1 emission was detected with a 405/20 filter. The
emission values were used to calculate the ratio 405/530. Five minutes
before the measurement, cells were warmed to 37°C in a water bath, and
calcium fluxes were assessed at 37°C in a tube jacket (100—1000 cells/time
point). In total, several tens of thousands of cells (depending on the ex-
periment and measurement length) were measured for one graph. The
baseline was measured for 15-30 s before the reagents were added. Data
were processed using FlowJo software (TreeStar). For some experiments,
Jurkat T cells were labeled first with 20 nM CFSE; after washing, CFSE ™
and CFSE-labeled cells were pooled before they were stained with 1 uM
cell permeable Indo-1, AM.

Quantification of nuclear NFAT levels

Jurkat T cells expressing an NFAT-EGFP fusion protein were stimulated
with PMA (16.2 nM) and ionomycin (1 wM), and the nuclei were isolated
as described previously (24, 25). Isolated nuclei were fixed in 4% para-
formaldehyde and stained with DAPI, and EGFP fluorescence intensity of
DAPI* events was assessed using flow cytometry.

Luciferase reporter gene assay

The Luciferase Reporter Gene Assay, High Sensitivity for determination of
firefly luciferase activity was purchased from Roche. Reporter cells were
stimulated for 7 h, and luciferase activity was measured using a Mithras
LB940 multimode plate reader (Berthold, Bad Wildbad, Germany).

Cytokine measurement

Cell culture supernatants were analyzed using Luminex xMAP suspension
array technology (Austin, TX). Standard curves were generated using
rIL-2 (R&D Systems, Minneapolis, MN).

Pull-down experiments and mass spectrometry

Cells were lysed in lysis buffer (150 mM NaCl, 1 uM PMSF, 1 mM sodium
orthovanadate, 50 mM NaF, 0.5% lauryl-maltoside, 1 X protease inhibitor
mixture, 50 mM HEPES [pH 7.5]). For pull-down of HA-tagged CD147
constructs, the lysate was incubated with agarose coated with anti-HA
mADb (Sigma-Aldrich); for the endogenous CD147 pull-down, we used
CNBr-activated Sepharose 4B beads (GE Healthcare, Little Chalfont, U.K.)
coupled to CD147 mAb MEM-M6/4 or to isotype-control mAb AFP-01.

Mass spectrometry

For affinity purification—mass spectrometry (AP-MS) of Jurkat T cells,
proteins were eluted from the beads using urea buffer (6 M urea, 2 M
thiourea, 10 mM HEPES [pH 8]), digested with trypsin (Promega) and
Lys-C (WAKO, Osaka, Japan), and analyzed using electrospray ionization—
liquid chromatography—tandem MS, as described earlier (26). Data were
analyzed using MaxQuant 1.3.6.1 software (27), the Andromeda search
engine (28), and the Perseus data analysis tool (http://www.perseus-framework.
org/).

The AP-MS samples of primary T cells were analyzed using a slightly
different methodological approach. Proteins were precipitated using a
methanol-chloroform procedure (29) and were digested tryptically, as pre-
viously described (30). Peptides were separated and analyzed in an LTQ
Velos ion trap mass spectrometer (Thermo Fisher, Bremen, Germany).
Peptides were separated using an UltiMate Plus Nano HPLC separation
system consisting of a Famos autosampler, Switchos column switching
unit, UltiMate nano pump, and a UV detector (LC Packings, Amsterdam,
The Netherlands). An Acclaim CI18 trap column (300 wm inner diameter
X 5 mm) was used at ambient temperature, and the Acclaim C18 nano
separation column (75 pwm inner diameter X 250 mm) was mounted in the
column oven and operated at 45°C. Samples were loaded onto the trap
column using 0.1% trifluoroacetic acid at 30 pl/min, and nano separation
was performed in gradient mode at 300 nl/min from 0.1 formic acid (FA)
in 5% aqueous acetonitrile (AcN); 0.08% FA in 15% methanol, 15% AcN,
70% water; and 0.08% FA in 60% AcN, 30% methanol, and 10% 2.,2,2-
trifluoroethanol. A User-defined Injection Program was used for sample
injection and additional injector and trap column wash. Samples were
analyzed in an LTQ Velos ion trap mass spectrometer (Thermo Fisher,
Bremen, Germany) with the Top 20 method. Singly charged ions were
excluded from fragmentation, and detected ions were excluded for further
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fragmentation for 3 min after initial tandem MS fragmentation. Data were
analyzed using Mascot 2.4.1 software (Matrix Science, London, U.K.),
searching in the most recent version of the Swiss-Prot database with a
mass tolerance of 0.4 Da for mass spectrometry (MS) and tandem MS.
Identifications with two peptides/protein and a Mascot score > 40 were
accepted.

Data were analyzed using Mascot 2.4.1 software (Matrix Science), the
SwissProt database, Scaffold 3.6.2 software (http://www.proteomesoftware.
com), and Perseus.

The MS proteomics data were submitted to the ProteomeXchange
Consortium (31) via the PRIDE partner repository with the dataset iden-
tifier PXD003029 and 10.6019/PXD003029 (http://www.ebi.ac.uk/pride/
archive/).

Surface biotinylation and surface protein pull-down

Cells were surface biotinylated with 0.5 mg/ml EZ-Link Sulfo-NHS-SS-
Biotin (Thermo Scientific, Rockford, IL) in PBS, according to the manu-
facturer’s protocol, and lysed in lysis buffer (150 mM NaCl, 1% Brij-58
[Thermo Scientific], 1X protease inhibitor mixture, 50 mM HEPES [pH
7.5]), and the lysate was incubated for 2 h with high-performance strep-
tavidin Sepharose (GE Healthcare). The supernatant (pull-down superna-
tant) was harvested, and the biotinylated surface molecule pull-down (pull-
down) was eluted using Laemmli buffer.

Density gradient centrifugation

Cells were either left unstimulated or stimulated for 5 min with 2 pg/ml
OKTS3 plus 1 pwg/ml Leu-28. The cells were lysed in 200 wl 1% Brij-58,
150 mM NaCl, 1X protease inhibitor mixture, 20 mM Tris-HCI (pH 7.5).
The lysate was mixed 1:1 with 80% sucrose, 150 mM NaCl, 20 mM Tris-
HCI1 (pH 7.5) and transferred to an 11 X 34-mm ultracentrifuge tube
(Beckman Coulter, Brea, CA). A gradient was built by adding 1200 wl
30% sucrose and 400 wl 5% sucrose in 150 mM NaCl, 20 mM Tris-HCI
(pH 7.5). The gradient was centrifuged at 137,000 X g for 16 hat4°Cina
Sorvall RC-M150GX Micro-Ultracentrifuge (Thermo Scientific, Waltham,
MA). Subsequently, 10 200-pl fractions were taken from the top to the
bottom.

Immunoblotting
Western blot analysis was performed as documented earlier (32).
Statistics

For statistical analysis we used the unpaired Student ¢ test with the Welch
correction. All experiments were done at least in triplicate and, unless stated
otherwise, are representative of at least three independent experiments.

The significance of the MS results was analyzed using the Perseus soft-
ware package 1.5.2.6 (http://www.perseus-framework.org/), with significance
analysis of microarrays accounting for the permutation-based false discovery
rate (FDR) and the size of the effect (parameters: FDR = 0.05, SO = 2).
Thereby the g-value from permutation-based FDR calculations (33) and the
test statistic (34) were calculated for each protein (Supplemental Tables I, II).
A threshold for significant interaction partners was set to an FDR = 0.05. In
addition, the p value calculated using a two-tailed unpaired Student ¢ test
with equal variances and the difference of logarithmized mean expression
values is given for each protein. A volcano plot depicts the p value (y-axis)
and the difference (x-axis); the threshold for the significant area in the plot is
shown as a parabola.

Results
Silencing of CD147 in T cells increases IL-2 production
without affecting early TCR signaling

To study the immunomodulatory role of CD147 in T cells, we
silenced CD147 in Jurkat and primary human T cells by lentiviral
shRNA-mediated gene knockdown. The silencing efficiency was
assessed using qPCR, cell surface immunofluorescence staining,
and flow cytometry analysis. Upon silencing of CD147, mRNA
levels were reduced by 70% (Fig. 1A) and 85% (Fig. 1D) in
primary T cells and Jurkat T cells, respectively, which resulted in
the reduction of CD147 surface expression by ~30% in primary
T cells (Fig. 1B) and 80% in Jurkat T cells (Fig. 1E) compared
with cells transduced with a nontargeting shControl.

Silencing of CD147 in primary T cells enhanced IL-2 production
upon stimulation with CD3 and CD28 mAbs up to seven times
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FIGURE 1. CDI147 silencing enhances IL-2 production in primary and Jurkat T cells. The silencing efficiency of CD147 in primary T cells (A) and Jurkat
E6.1 T cells (D) expressing an shRNA construct for silencing CD147 (shCD147) or a nontarget shControl was tested by qPCR. Silenced and shControl primary
T cells (B) and Jurkat T cells (E) were surface labeled using CD147 mAb MEM-M6/1 or isotype-control mAb AFP-01 and analyzed using flow cytometry. Mean
fluorescence intensity (MFI) is given for CD147 staining. (C) CD147-silenced primary T cells were stimulated with different concentrations of plate-bound CD3
mAb OKT3 plus soluble CD28 mAb Leu-28. After 24 h, supernatants were harvested, and IL-2 concentration was determined by Luminex assay. (F) IL-2
concentration in the supernatants of Jurkat T cells stimulated for 18 h with OKT-3 (2 p.g/ml) plus Leu-28 (1 pg/ml). One representative experiment from two (A,
C, and D), three (B and F), or five (E) experiments is shown, and the mean and SE were calculated from triplicates. *p < 0.05, Welch ¢ test. n.s., not significant.

compared to the shControl levels (Fig. 1C); production nearly
doubled in Jurkat T cells (Fig. 1F). The enhanced IL-2 production
following silencing of CD147 was due to increased activity of the
IL-2 promoter, irrespective of the stimulus used (SEE-pulsed Raji
B cells [Fig. 2A] or CD3 mAb OKT3 plus CD28 mAb Leu-28
[Fig. 2B]). Notably, we also observed enhanced IL-2 promoter
activity and protein production in CD147-silenced cells when we
bypassed early TCR signaling with the PKC activator PMA and
the calcium ionophore ionomycin (Fig. 2C, 2D). These data in-
dicate that the immunomodulatory function of CD147 acts down-
stream of calcium mobilization. To test this hypothesis, we analyzed
the impact on activating phosphorylation sites of early TCR sig-
naling components (i.e., lymphocyte protein tyrosine kinase Lck
[Y394] and PLC+y [Y783]) and found that they were not augmented
by CD147 silencing (Fig. 2E, Supplemental Fig. 1A). Nevertheless,
the downstream targets of PKC and PLCY, the transcription factors
NF-kB (Fig. 2F) and NFAT (Fig. 2G), displayed considerably
more transcriptional activity in CD147-silenced cells. In addition,
using an NFAT-EGFP—transgenic cell line and analyzing isolated
nuclei by flow cytometry (for the scheme and experimental proof
of concept see Supplemental Fig. 1B), we found that nuclei dis-
played 1.5-fold more NFAT-EGFP in CD147-silenced cells com-
pared with shControl nuclei (Fig. 2H).

The cytoplasmic domain of CDI147 is dispensable for its
immunomodulatory role

To define signaling pathways that link CD147 with IL-2 promoter
activity, we aimed to identify the immunomodulatory portion of

CD147. We generated an RNA interference (RNAi)-resistant
CD147 construct and used it as a basis for stepwise truncations
and chimeric swap mutants (for detailed illustration and mutant
names see Fig. 3A). An IRES-GFP-containing retroviral expres-
sion vector allowed assessment of transduction efficiency.

To exchange endogenous CD147 with our CD147 constructs,
we coexpressed the RNAi-resistant mutants in combination with
CD147 shRNA in Jurkat T cells. Cell surface staining with the
CD147 mAbs MEM-M6/1 or MEM-M6/6 targeting the Igl or IglI
domains of CD147, respectively, together with flow cytometry
analysis (Fig. 3B), showed that we could rescue surface expression
levels of CD147 with the full-length CD147 construct in CD147-
silenced cells. Of note, all constructs showed different surface
expression levels. The constructs containing the CD7 transmem-
brane domain (CD147e, CD147c) showed up to 10-fold higher
expression on the cell surface than did constructs containing the
CD147 transmembrane domain (CD147etc, CD147et, CD1471-
gllt, CD147Iglt, CD147tc). A lack of the cytoplasmic domain of
CD147 (CD147et, CD147Igllt) slightly reduced surface expres-
sion levels compared with the full-length construct. However, the
construct CD147Iglt, lacking the cytoplasmic domain and the IgII
domain, was basically not expressed on the cell surface, indicating
that the main determinants for surface expression are located in
the Igll domain of CD147. Notably, the CD147Igllt and CD147tc
transfectants, both devoid of the Igl domain, showed decreased
surface staining with mAb MEM-M6/1. Because the MEM-M6/1
epitope is located in the Igl domain, the MEM-M6/1 signal in
these transfectants can originate only from the residual endogenous
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37°C with mAb OKT3 (2 pg/ml) plus Leu-28 (1 pg/ml)

or with PMA (16.2 nM) plus ionomycin (1 wM). Cells 8000
were lysed, and the lysates were analyzed with the
indicated Abs by Western blotting. (F) NF-«kB tran-
scriptional activity was tested with an NF-kB reporter
gene technique using the Jurkat T cell clone NF-kB—
Luc. CD147-silenced and shControl NF-kB—Luc Jurkat
T cells were stimulated for 8 h with OKT3 (1 pg/ml)
plus Leu-28 (0.5 pg/ml) or PMA (16.2 nM) plus ion-
omycin (1 pM); relative light units (RLU) were 0
assessed. (G) NFAT transcriptional activity was ana-
lyzed with the reporter gene technique using the Jurkat
T cell clone NFAT-Luc. CD147-silenced or shControl
Jurkat NFAT-Luc T cells were stimulated for 6 h with
PMA plus ionomycin, and RLU were determined. One
representative experiment from two (A and F), three (B
and E), or five (C, D, and G) experiments is shown, and
the mean * SE was calculated from triplicates. (H) Flow
cytometry was used to monitor NFAT nuclear transloca-
tion in isolated nuclei. shCD147 and shControl Jurkat
T cells expressing NFAT-GFP were stimulated for the
indicated time periods with PMA plus ionomycin; GFP
content of the isolated DAPI* nuclei was analyzed
using flow cytometry. Mean fluorescence intensity
(MFI) and SE of independent experiments (n = 3) are
given. *p < 0.05, Welch ¢ test. n.s., not significant. {_\fb"
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CD147. In contrast, the transfectant CD147c, which differs from
CD147tc only in exchange of the CD147 transmembrane domain,
did not reduce surface levels of endogenous CD147. The single-cell
analysis revealed that the downregulation of endogenous CD147
correlated negatively with the expression of CD147Igllt or CD147tc
(Fig. 3B). Thus, the amount of CD147 on the cell surface is obvi-
ously controlled by molecular interactions at its transmembrane
domain.

To test the effect of these constructs on PMA plus ionomycin—
stimulated IL-2 production, we gated GFP"€" cells and used in-
tracellular immunofluorescence staining and flow cytometry to
measure the percentage of IL-2—producing cells. As shown in
Fig. 3C, the full-length RNAi-resistant construct CD147etc res-
cued the phenotype, reducing the numbers of IL-2" cells in
CD147-silenced cells to shControl levels. A significant rescue of
phenotype was also found with the constructs containing the
CD147 Igll domain together with the CD147 transmembrane
domain (CD147et and CD147Igllt), whereas all other constructs
failed. Thus, the transmembrane domain in conjunction with the
Igll domain of CD147, or at least their interface, is important for
the immunomodulatory function of CD147.
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Identification of CD147 domain-specific interaction partners
by MS

Having mapped the immunomodulatory portion of CD147, we
aimed to identify the domain-specific functional interaction
partners of CD147. We tagged full-length CD147, the minimal
functional construct CD147Igllt, and the nonfunctional constructs
CD147e and CD147Iglt with an HA tag downstream of the signal
sequence. This tag did not affect the immunomodulatory capacity
of CD147 (Supplemental Fig. 2A). Consistent with the nontagged
constructs, the surface expression varied among the HA-tagged
constructs. The CD147Iglt construct was not detected in HA
surface staining (Supplemental Fig. 2B); however, immunoblot-
ting with the conformation-specific CD147 mAb MEM-M6/1 and
the HA mAb recognized an unglycosylated variant of this con-
struct (Supplemental Fig. 2C). This indicated intracellular ex-
pression of the CD147Iglt construct.

HA pull-down experiments and subsequent MS analysis of ly-
sates from Jurkat T cells expressing the above-described constructs
allowed identification of domain-specific interaction partners of
CD147. We performed label-free quantification of protein intensities
from AP-MS experiments and determined significant interaction
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FIGURE 3. Defining the immunomodulatory portion of CD147. (A) Schematic illustration of the RNAi-resistant mutants. The cytoplasmic, trans-
membrane, whole extracellular, and extracellular Ig-like domains II and I are indicated by c, t, e, Igll, and Igl, respectively. CD147 domains are shown in
black, the CD7 transmembrane domain (CD7t) is shown in white with a black outline, and the CD16 Ig-like domains II and I (CD16IglII, CD16Ig]) are in
gray. The asterisk in CD147etc, CD147et, CD147Igllt, and CD147e indicates the RNAi-resistant site. The short name used in all subsequent figures is
shown to the right of the illustration. The last column describes in detail the RNAi-resistant constructs. (B) Surface expression levels of the RNAi-resistant
mutants. CD147-silenced (red) and shControl (blue) Jurkat T cells were transduced with the CD147 RNAi-resistant mutants cloned in an IRES-GFP vector
or the vector control, respectively. Cells were surface labeled with mAbs recognizing the CD147 Igl domain (MEM-M6/1), CD147 Igll domain (MEM-M6/6),
or CD16 Igl domain (VIFcRIII) and analyzed using flow cytometry. The dot plot overlay of shCD147 and shControl cells correlates cell surface staining by
the mAbs (x-axis) with IRES-mediated GFP expression (y-axis). (C) Intracellular IL-2 levels of cells expressing the RNAi-resistant mutants. After 6 h of
stimulation with PMA (16.2 nM) plus ionomycin (1 wM), cells were stained intracellularly for IL-2 and analyzed using flow cytometry. GFP"" cells were
gated, and the percentages of IL-2" cells were measured. Data were normalized to the values of shControl/empty vector control cells. (B and C) One
representative experiment from three independent experiments is shown, and the mean and SE were calculated from triplicates. *p < 0.05, shControl/empty
vector control versus other cells, Welch ¢ test. n.s., not significant.

partners using a permutation-based FDR calculation on the 7 test
results (g-values) (Perseus software package 1.5.2.6, http://www.
perseus-framework.org/). Interaction partners were identified based
on the reproducibility of their enrichment with the bait (p value;
y-axis in the volcano plot) and their fold enrichment compared
with the control pull-down (difference; x-axis in the volcano plot).
The result of pairwise statistics from all identified proteins and
experimental approaches is provided (Supplemental Tables I, II).

We identified proteins significantly enriched in the specific full-
length CD147 pull-downs by comparing the values with the nega-
tive control (i.e., cells expressing no HA tag). The significantly
enriched proteins are those with g-values = 0.05 (shown in Fig. 4
on the right side of the parabola in the volcano plot and listed in the
table). Among them are the already-described interaction partners
of CD147: monocarboxylate transporter 1 (SLC16A1) (35-37),
amino acid transporter CD98 H chain (CD98, SLC3A2) (35, 38),
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Na(+)/K(+) ATPase «-1 subunit (35), and MHC class I A (HLA-A)
(35). Of note, we also identified previously unknown interactions
of CD147 with plasma membrane calcium ATPase isoform 4
(PMCA4, ATP2B4) and moesin (denoted by bold type in Fig. 4A).

To restrict the identified interaction partners of CD147 to those
interacting with the immunomodulatory portion, we used com-
parative MS analysis of the full-length HA-construct CD147etc
with the minimal functional (CD147Igllt) and nonfunctional
(CD147e, CD147Iglt) HA-tagged mutants. Using pairwise com-
parisons, we confirmed that the interaction of MCT1 with CD147
depended on the cytoplasmic tail of CD147 (36, 37), because it was
enriched with full-length CD147 but not with the constructs
lacking the intracellular domain (difference > 4 when comparing
HACD147etc with the other constructs, Fig. SA—C, Supplemental
Fig. 2D, Supplemental Table I). In contrast, the plasma membrane
calcium exporter PMCA4 and amino acid transporter H chain
CD98 showed a very large difference when comparing the non-
functional constructs HACD147e and HACD147Iglt with the full-
length construct HACD147etc (difference[PMCA4] = 4.1 and 4.7;
difference[CD98] = 3.1 and 4.1) but not when comparing the
minimal functional construct HACD147Igllt with HACD147etc
(difference[PMCA4] = 0.6; difference[CD98] = 1.3) (shown in the
left shift in Fig. SA compared with Fig. 5B and 5C, Supplemental
Fig. 2D, Supplemental Table I). This indicated that the associa-
tions with PMCA4 and CD98 were independent of the cytoplas-
mic domain but required the Igll and transmembrane domains. To
validate the association of PMCA4 with the minimal functional
construct HACD147Igllt in Jurkat T cells, we analyzed the re-
spective CD147 pull-downs for the presence of PMCA4 by im-
munoblotting (Fig. 5D).

We confirmed the interaction of endogenous CD147 with MCT1
and PMCA4 in primary human T cells using AP-MS analysis
and found monocarboxylate transporter 4, keratin (K2C6B),
hexokinase-1, and ubiquitin 60S ribosomal protein L40 as addi-
tional interaction partners in these cells (Fig. SE). In addition, we
tested the interaction of PMCA4 with endogenous CD147 in

CD147 interaction partners in Jurkat T cells

Significance [-log(p-value)]
2

1393

primary T cells by analyzing the CD147 pull-down by immuno-
blotting (Fig. 5F).

Cell surface expression of PMCA4 is independent of CD147,
whereas calcium-mobilization dynamics are affected by CD147

Previous studies showed that CD147 shuttles the transporter mol-
ecules MCT1, MCT4 (37), and CD98 (35) to the plasma membrane
and stabilizes their surface expression, which is necessary for their
proper function. We tested the impact of CD147 on the surface
expression level of PMCAA4 using surface biotinylation of shCD147
and shControl Jurkat T cells, purification of biotinylated surface
molecules with streptavidin-coated beads, and analysis by Western
blotting (Supplemental Fig. 3A). As shown in Fig. 6A and 6B,
CD147 silencing did not affect plasma membrane—expressed
PMCAA4 (SA pull-down). In addition to its shuttling function to the
plasma membrane, we showed previously that CD147 influenced
the lipid raft localization of CD48 and CD59 (14). However,
density gradient centrifugation with CD147-silenced cells, stim-
ulated or not with OKT3 plus Leu-28, showed that silencing of
CD147 did not change the distribution of PMCA4 from the non-
raft to the lipid raft compartment (Fig. 6C, Supplemental Fig. 3B).

PMCAA4 serves as a plasma membrane calcium exporter, which
contributes to re-establishment of homeostatic intracellular cal-
cium levels after calcium mobilization (reviewed in Ref. 39). To
determine whether CD147 and PMCA4 are involved in calcium
homeostasis during T cell stimulation, we compared the calcium
dynamics of CD147- and PMCA4-silenced cells. We silenced
PMCA4 in Jurkat T cells with two shRNAs (shPMCA4_P1 and
shPMCA4_P2) and used the nonfunctional construct shPMCA1_P1
targeting the plasma membrane calcium ATPase isoform 1 as a
negative control (Supplemental Fig. 3C). Silencing of PMCA4
reduced mRNA levels by 70% (Supplemental Fig. 3D) and protein
levels by 30-40% (Fig. 6D) compared with cells transduced with a
nontargeting shRNA control. Next, we used flow cytometry to an-
alyze the changes in cytosolic calcium levels following CD3 plus
CD28 stimulation (Fig. 6E, upper panels) or PMA plus ionomycin

p-value |g-value |difference |test

[-log10] [In] statistic
CD147 5.19 0.00 572 2.24
MCT1 7.39 0.00 5.21 2.30
PMCA4 3.47 0.00 3.84 1.45
CD98 3.50 0.00 3.31 1.30
HLA-A 215 0.05 2.78 1.00
MSN 4.26 0.02 2.66 1.13
ATP1A1 2.80 0.05 2.58 1.01
HLA-A 4.31 0.04 2.28 0.99

T T T T T

2 1 0 1 2 3 4
Difference [In(HACD147etc)-In(negative control)]

FIGURE 4. CD147 interaction partners in Jurkat T cells. HA pull-down experiments, followed by liquid chromatography—tandem MS analysis, were
performed with cells expressing HA-tagged CD147 and wild-type Jurkat T cells, which served as a negative control. Proteins coprecipitated with HA-
tagged CD147 in five independent experiments were analyzed for significant enrichment compared with the negative control using significance analysis of
microarrays in the Perseus software package (parameters: FDR = 0.05, SO = 2). Significant hits are shown in the volcano plot on the right side of the
parabola. Significance based on the Student ¢ test is given as the logarithm to the base 10 of the p value (y-axis). The x-axis shows enrichment of interaction
partners in the HACD147etc pull-down compared with the negative control, depicted as the natural logarithm from normalized intensity values. The highly
significant interaction partners, determined using Perseus, are labeled. The newly identified interaction partners are in bold type.
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FIGURE 5. PMCA4 interacts with the immunomodulatory portion of CD147 in Jurkat T cells and in primary T cells. Jurkat T cells expressing the
indicated constructs were used in comparative HA pull-down experiments, followed by MS analysis. Three independent experiments (A and B) or two
independent experiments (C) were used to test the significance of construct-specific interactions with the Perseus program and are shown in a volcano plot,
as in Fig. 4. For convenience, only the highly significant interaction partners defined in Fig. 4 are labeled. Interaction partners of full-length CD147
(HACD147etc) were compared with the minimal functional mutant (HACD147Igllt) or the nonfunctional mutants (A), HACD147e (B), or HACD147Iglt
(C). The newly identified interaction partners are in bold type. The complete statistical analysis from pairwise comparisons of all identified proteins is
shown in Supplemental Table 1. (D) Western blot analysis of pull-down of HA-tagged CD147 mutants expressed in Jurkat T cells with indicated mAbs. One
representative Western blot from two independent ones is shown. Input shows lysate cleared from insoluble particles by centrifugation, before pull-down
was performed; HA pull-down shows specifically enriched molecules. (E) AP-MS of endogenous CD147 from lysates of primary T cells. The volcano plot
shows the pull-down of endogenous CD147 with mAb MEM-M6/4 compared with that of the isotype control (mAb AFP-01) from four independent
experiments. Highly significant interaction partners from Fig. 4, and hits in between, are labeled. The complete statistical analysis is shown in Supplemental
Table II. (F) Western blot analysis of endogenous CD147 pull-down from lysates of primary T cells with indicated mAbs. One representative Western blot
from two independent ones is shown.
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FIGURE 6. Plasma membrane localization of PMCA4 and calcium-mobilization kinetics in PMCA4- and CD147-silenced cells. (A) Surface bio-
tinylation and pull-down of biotinylated plasma membrane—associated molecules by streptavidin Sepharose using CD147-silenced and shControl Jurkat
T cells. Isolated fractions: the input, streptavidin pull-down supernatant (SA-PD SN), and streptavidin pull-down (SA-PD) were analyzed using Western
blotting for the presence of indicated proteins. One representative blot from four independent experiments is shown. (B) Statistical evaluation of the relative
intensity of PMCA4 signals from the streptavidin pull-down fraction of four independent experiments. Welch ¢ test. (C) Membrane fractionation of CD147-
silenced and shControl Jurkat T cells by sucrose density gradient centrifugation. Cells were left unstimulated or were stimulated with 2 pwg/ml OKT3 plus
1 pg/ml Leu-28 for 5 min at 37°C and 5% CO, before they were lysed and subjected to membrane fractionation by ultracentrifugation. Densitometric
analysis of immunoblots from three independent density gradient centrifugation experiments is shown. The mean and SE are shown for the respective
fraction; statistical analysis (Welch ¢ test) found no significant differences between shControl and CD147-silenced cells. (D) Jurkat T cells were silenced for
PMCA4 with two shRNA constructs (P1, P2). The constructs stPMCA1_P1 and shControl were used as negative controls. Silencing efficiency of PMCA4
was estimated at the protein level using Western blotting with the indicated mAbs. One representative blot from three independent experiments is shown.
(E) Flow cytometry analysis of calcium-mobilization dynamics following treatment of PMCA4- or CD147-silenced and shControl Jurkat T cells with
T cell-stimulating agents. The traces show mean Indo-1 ratio (405/530) from 100-1000 cells/time point and SE from one (Figure legend continues)
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FIGURE 7. PMCAA4 is essential for the immunomodulatory function of CD147. (A) PMCA4-silenced Jurkat T cells expressing a luciferase gene under
the control of the IL-2 promoter were treated for 12 h with PMA plus ionomycin. IL-2 promoter activity, given as relative light units (RLU), was de-
termined. One representative experiment from five independent experiments is shown. (B) PMCA4-silenced cells were stimulated for 12 h with PMA plus
ionomycin, and the supernatant concentration of IL-2 was measured by Luminex assay. One representative experiment from three independent experiments
is shown. (C) PMCA4- or cofilin-silenced Jurkat IL-2-Luc reporter cells overexpressing HACD147etc or containing an empty vector control were
stimulated with PMA plus ionomycin for 7 h, and IL-2 promoter activity was assessed. One representative experiment from two independent experiments is
shown. The mean and SE were calculated from triplicates, and significant differences between silenced cells and shControl cells (A and B) and between
HACD147etc and the empty vector control (C) were determined. *p < 0.05, Welch ¢ test. n.s., not significant.

treatment (Fig. 6E, lower panels). To control for artifacts resulting cells showed a distinctive opposite trend (Fig. 6F, left panels).
from differential handling of the silenced and shControl cells, one Therefore, we conclude that CD147 does not inhibit, but rather
of the cell types was color coded and then the cells were pooled enhances, intracellular calcium levels following treatment
into a single tube for loading with the calcium-sensitive dye Indo-1 with T cell-stimulating agents and that the inhibition of NFAT
and subsequent stimulation and measurement. Silencing of PMCA4 and NF-kB by CD147 is mediated independently of calcium
(PMCA4_P1, PMCA4_P2) led to increased accumulation of in- mobilization.

tracellular calcium upon activation compared with shControl cells,

and it was independent of the mode of stimulation. Strikingly, The presence of PMCA4 is essential for immunomodulation by

CD147 knockdown resulted in the opposite phenotype (i.e., a CDI47

slight reduction in intracellular calcium levels). Nevertheless, Silencing of CD147 did not change the surface expression of
statistical evaluation of the area under the curve showed that even PMCAA4 or target PMCAA4 to lipid raft compartments; however, it
the slight reduction following PMA plus ionomycin stimulation decreased calcium levels, suggesting, paradoxically (in respect to

was statistically significant (Supplemental Fig. 3E). Previous the enhanced IL-2 production following silencing of CD147), a
studies showed that CD147 positively influences the release of blocking effect on the calcium export of PMCA4. Thus, we next
calcium from internal stores (40), which prompted us to test this tested whether PMCA4 might be involved in the immuno-
scenario with the CD147- and PMCA4-silenced cells. We began modulatory function of CD147. Silencing of PMCA4 (Fig. 6D,
the intracellular calcium measurements in calcium-free buffer Supplemental Fig. 3D), consistent with the enhanced calcium
conditions and inhibited the sarcoplasmic/ER calcium ATPase levels (Fig. 6E), augmented IL-2 promoter activity (Fig. 7A) and,

with thapsigargin, resulting in calcium release from the ER. No- consequently, increased IL-2 production (Fig. 7B). To determine
tably, PMCA4_P1- and CD147-silenced cells showed opposite whether PMCA4 is involved in CD147-dependent inhibition of
calcium-release dynamics from the ER; greater intracellular cal- the IL-2 promoter, we overexpressed the full-length HA-tagged
cium was detected in PMCA4_P1-silenced cells, whereas CD147- CD147 construct in control and PMCA4-silenced cells. Consistent
silenced cells had lower levels (Fig. 6F, right panels). Further, in with our previous data, CD147 overexpression reduced IL-2
PMCAA4-silenced cells, the addition of extracellular calcium resulted promoter activity in the control cells, but CD147 lost its immu-
in increased intracellular calcium levels and delayed export fol- nomodulatory function in the PMCA4-silenced cells (Fig. 7C). To
lowing extracellular calcium chelation with EDTA; CD147-silenced summarize, interaction of transmembrane and the Igll domain of

representative experiment of two to five independent experiments. Cells were stimulated with OKT3 plus Leu-28 (upper panels) or were treated with PMA
plus ionomycin (lower panels). Calcium traces of CD147-silenced cells (coded by surface labeling with CD147 mAb MEM-M6/4-AF647) and shControl
cells were measured in one tube (left panels). Calcium traces of CFSE color-coded shControl cells and noncoded PMCA4-silenced cells were measured in
one tube (middle and right panels). (F) Flow cytometry analysis of calcium-mobilization dynamics from the ER (thapsigargin) or import and export
dynamics across the plasma membrane (CaCl,, EDTA) of cells from (E). Cells were kept in calcium-free buffer and treated with thapsigargin, CaCl,, and
EDTA at the indicated time points. One representative experiment of three independent experiments is shown. PMCA4-silenced cells, shPMCA1 cells, and
shControl cells (upper panels). Cells were measured in separate tubes. CD147-silenced cells and shControl cells (lower panels). Total measurement (left
panels). Details of the first 5 min of the panels on the left (right panels). n.s., not significant.
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CD147 with PMCAA4 affects the IL-2 transcription factors NFAT
and NF-«kB by a calcium-independent mechanism (Fig. 8).

Discussion

Hyperactivation of the immune system lies at the center of many
autoimmune and allergic diseases, and it is prevented by upreg-
ulation of immunosuppressive proteins following lymphocyte ac-
tivation. Several negative regulatory mechanisms that keep the
T cell response in homeostatic balance are ascribed to inhibitory
coreceptors, such as CTLA-4, PD-1, TIM-3, B7-H1, and B7-1
(reviewed in Ref. 7).

In this study we demonstrate, in partial agreement with a pre-
vious study (15), that CD147 is an inhibitory receptor that dampens
IL-2 production at the level of NFAT- and NF-kB-regulated tran-
scription. We extend these recent findings by showing that the

A Model of CD147 action in T cell signaling
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inhibitory signal of CD147 on IL-2 expression is bypassing early
TCR signaling components. A recent publication also supports the
finding that silencing of CD147 does not enhance the activating
phosphorylation of early signaling components (41). Furthermore,
we show that, although CD147 enhances cytoplasmic calcium
after treatment with T cell-stimulating agents or with thapsigargin
plus high extracellular calcium, CD147 negatively regulates IL-2
expression by interaction with PMCAA4.

PMCA4 (ATP2B4, MXRAL1, EC3.6.1.8) is associated with the
immunomodulatory portion of CD147, which consists of the mem-
brane proximal Igll domain and the transmembrane domain of
CD147. Plasma membrane calcium exporters and sodium/calcium
exchangers are major regulators of calcium homeostasis in human
cells (42). Jurkat T cells predominantly express PMCA4 (43) but
lack sodium calcium exporters (44). Consequently, we found that

CD147-high T cells (e.g. activated T cells)
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FIGURE 8. Model of the CD147/PMCA4 immunomodulatory complex and proposed hypotheses for its function. (A) Model of CD147 action in T cell
signaling. In CD147"°% cells, PMCA4 is more active, whereas the transcriptional activity of NFAT and NF-kB and subsequent IL-2 production are en-
hanced. In CD147"" cells, the interaction of PMCA4 with the immunomodulatory portion of CD147 affects PMCA4 calcium-exporting function but
decouples the increased intracellular calcium level from activating NFAT and NF-kB. Red arrows and lines indicate enforced signal transduction. The
attached P at the NF-kB or NFAT illustrates the different phosphorylation states in the cytosol and nucleus. (B) Hypotheses for the function of PMCA4 in
immunomodulation of CD147. PMCA4 might work as an adaptor to attract and pass on calmodulin or calcineurin to other proteins in the proximity of
CD147 (left panel). Alternatively, association of the CD147/PMCA4 complex with calmodulin or calcineurin might inhibit the NFAT-activating function of
the calmodulin/calcineurin complex via a conformation change (right panel).
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silencing of PMCAA4 in Jurkat T cells affected calcium clearance,
which was in agreement with previous observations (45). Al-
though it was shown that CD147 acts as a transporter and stabi-
lizer of cell surface expression of several molecules, including
monocarboxylate and amino acid transporters (35, 37), silencing
of CD147 did not reduce the level of surface-associated PMCA4.
This, together with the finding that CD147 slows down the es-
tablishment of calcium homeostasis through the plasma mem-
brane, indicates that CD147 might directly affect the calcium-
exporting function of PMCA4 via an allosteric effect. However,
the CD147-dependent inhibition of IL-2 promoter activity cannot
be deduced from its potential inhibitory effect on the calcium-
exporting function of PMCA4. PMCA4 was shown to interact
with calmodulin (46) and calcineurin, and both regulate the acti-
vation of NFAT (reviewed in Ref. 3). In addition, calmodulin is
involved in the activation of NF-kB (4-6). On the basis of these
findings, and because we found that calmodulin is slightly enriched
in the CD147 pull-down (Supplemental Table I) and that knock-
down of PMCA4 blocks the inhibitory effect of CD147 on IL-2
promoter activity, we speculate that CD147 uses PMCA4 as an
adaptor molecule acting on calmodulin. Thus, we hypothesize that
CD147 either couples calmodulin and/or calcineurin via PMCA4
to other signaling events or it changes the conformation of PMCA4
and its affinity to calmodulin and/or calcineurin, thereby removing
them from the transcription factor—activating calmodulin/calcineurin
pool (Fig. 8B). Indeed, inhibition of the NFAT pathway by PMCAA4,
but not PMCALI, was recently ascribed to the association of calci-
neurin with PMCA4 (47). In this way, CD147 might affect the NFAT
and NF-kB pathways in a calcium-independent fashion.

By this mechanism, low expression of CD147 in resting T cells
could keep calcium homeostatically low, through reduced inhibi-
tion of PMCA4, while simultaneously providing basal expression
of IL-2 for survival. Following activation of naive CD147"°%
T cells, IL-2 production and T cell proliferation are promoted
until the stimulation-dependent upregulation of the late activation
marker CD147 (9) dampens IL-2 expression (Fig. 8A). One can
further speculate that CD147 upregulated at a later stage (when
T cells perform cytoskeletal rearrangements to enter tissue, to
attack or act on other cells) decouples intracellular calcium sig-
naling from gene expression (e.g., to allow calcium usage for
migration, synaptic integrity, and transmission processes, which
are functions of CD147 that were described in various cell types)
(15, 18, 48-50).
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