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NK cell recognition of tumor cells is mediated by a delicate balance of signals received by MHC class I-binding inhibitory NK
cell receptors and activating NK cell receptors, which mainly bind to virus-, stress- or tumor-induced ligands. In addition,
adhesion molecules such as the intercellular adhesion molecule-1 (ICAM-1) and its receptors, the lymphocyte function-
associated antigen-1 (LFA-1) and Mac-1, are crucial for immune synapse formation and NK cell-mediated killing. In this study,
we show that expression of the adhesion molecule ICAM-1 was rapidly induced by E6 and -E7 oncoproteins of HPV16, -18,

-5 and -8, but not of HPV38 and -6 in primary human keratinocytes after retroviral transduction. ICAM-1 was upregulated in
E6E7-expressing keratinocytes both at mRNA and protein levels. The observed ICAM-1 upregulation in HPV16-E6E7-expressing
keratinocytes was partially dependent on activation of the NF-xB pathway. Importantly, the upregulated ICAM-1 expression in
HPV16-E6E7-expressing keratinocytes led to enhanced conjugate formation with NK cells. We previously showed that HPV16-
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positive cervical carcinomas frequently express low levels of inhibitory NK cell ligands and high levels of activating NK cell
ligands. Moreover, levels of the adhesion molecule ICAM-1 are enhanced by HPV16-E6/E7. Therefore, strategies that aim at
harnessing NK cells might be beneficial for the treatment of cervical carcinoma.

Human papillomaviruses (HPV) are a family of small dou-
ble-stranded DNA viruses including more than 100 different
members that cause diseases in humans ranging from benign
warts to malignant cancers. The two main HPV genera are
the Alpha and Beta papillomaviruses." Alpha papillomavi-
ruses include the so-called “high-risk” mucosal HPV types,
e.g, HPV16 and HPV18 that are the causal agents of the
development of malignant cancer of the cervix.” Beta papillo-
maviruses, including HPV5, HPV8 and HPV38, are typically
associated with unapparent cutaneous infections in humans.
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Nevertheless, in particular, in immunocompromised individu-
als, these viruses are associated with nonmelanoma skin
cancer (NMSC).? The two early viral proteins E6 and E7 of
“high-risk” Alpha papillomaviruses, such as HPV16, are well-
characterized oncogenes leading to a severe deregulation of
the cell cycle by degradation of p53* or inhibition of pRb,>®
respectively. Little is known about the signaling pathways
affected by E6 and E7 from Beta papillomaviruses.
Activation of NK cells is mediated by a delicate balance of
signals received by inhibitory and activating receptors.”
Inhibitory receptors mostly recognize self-MHC class I mole-
cules and activating receptors interact with virus-, stress- or
transformation-induced ligands.* Thus, low MHC class I
expression combined with high levels of activating NK cell re-
ceptor ligands make cells susceptible to NK cell-mediated kill-
ing. In addition to the “right” combination of activating and
inhibitory NK cell receptor ligands on target cells, adhesion
molecules on targets and NK cells are crucial for immune syn-
apse formation and NK cell-mediated killing."® Firm NK cell/
target cell adhesion is mainly mediated by the two integrins,
LFA-1 and Mac-1, on NK cells and ICAM-1 on target cells.""
The adhesion molecule ICAM-1 mediates not only cell-cell
but also cell-matrix interactions.'> ICAM-1 is expressed on he-
matopoietic and nonhematopoietic cells'* and is rapidly upreg-
ulated in response to inflammatory stimuli, including virus
infections or pro-inflammatory cytokines.'? Depending on the
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stimulus, ICAM-1 expression is regulated by several signal
transduction pathways, including protein kinase C (PKC),
mitogen-activated protein (MAP) kinases, Janus kinases
(JAKs), signal transducers and activators of transcription
(STAT) or NF-kB signaling pathway.'*

In HPV-associated diseases, high ICAM-1 expression was
observed in situ by immunohistochemistry.'>'® Furthermore,
increased expression of ICAM-1 in high-grade cervical intrae-
pithelial neoplasia (CIN)* and cervical carcinoma (CxCa)
specimen'® was reported. Studies using immortalized or
transformed in vitro-cultured HPV16-positive cell lines con-
firmed these results. ICAM-1 was reported to be upregulated
in HPV16-immortalized human oral keratinocytes compared
to normal human oral keratinocytes.'” In contrast, Coleman
et al. described ICAM-1 expression only in fully transformed
tumorigenic cells such as in the HPV16" CxCa cell lines
SiHa and CaSki, but not in HPV16-immortalized nontumori-
genic human keratinocytes.'> In these studies, the mecha-
nisms of ICAM-1 upregulation were not addressed.

Here, we describe for the first time that E6 and E7 of
HPV16 rapidly induced ICAM-1 surface expression in their
natural host cells, primary human keratinocytes. This ICAM-
1 upregulation was partially mediated by the NF-xB pathway.
Furthermore, our results reveal that significantly more conju-
gates were formed between NK cells and HPVI16-E6E7-
expressing cells as compared to control cells. Thus, expres-
sion of HPV16-E6/E7 in primary human keratinocytes might
alert the immune system by upregulation of ICAM-1 that
facilitates immune cell adhesion.

Material and Methods

Cell culture

Phoenix ampho cells were cultured in DMEM containing 4.5
g/ml glucose and 2 mM [-glutamine (Sigma-Aldrich, Munich,
Germany) supplemented with 10% FBS (PAA, Pasching, Aus-
tria). Primary human epidermal keratinocytes from adult or
neonatal foreskin were obtained from Invitrogen and cultured
in EpiLife® medium supplemented with 1% human keratino-
cyte growth supplement, HKGS, containing 0.2 % bovine pitui-
tary extract, 5 pg/ml bovine insulin, 0.18 pg/ml hydrocorti-
sone, 5 pg/ml bovine transferrin and 0.2 ng/ml human
epidermal growth factor (Invitrogen, Karlsruhe, Germany).
The cervical cancer-derived cell line, CaSki, was maintained in
DMEM containing 1 g/ml glucose and 2 mM L-glutamine sup-
plemented with 10% FBS. The human NK cell line, NKL,'® was
cultured in RPMI containing 1 g/ml glucose and 2 mM r-gluta-
mine supplemented with 10% FBS and 100 U/ml human IL-2
(Chiron Corporation, Emeryville, CA). All cells were cultured
in the presence of 100 U/ml penicillin G and 100 pg/ml strep-
tomycin (Gibco/BRL, Karlsruhe, Germany).

Retroviral transduction

The plasmids pLXSN, pLXSN-16E6, pLXSN-16E7, pLXSN-
16E6E7, pLXSN-38E6E7, pLXSN-5E6E7, pLXSN-8E6E7,
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pLXSN-18E6E7, pLXSN-6E6E7 and pBabepuro-16E7 were
kindly provided by M. Tommasino (IARC, Lyon, France)
and the plasmids pBabe-puro and pBabe-puro-AN-I-kBa by
B. Sylla (IARC, Lyon, France). The pBabe-puro-AN-I-kBo
was generated by inserting the coding sequence of I-xBa
lacking the first 32 amino acids into the pBabe-puro retrovi-
ral vector. An IRES-EGFP sequence was cloned 3’ of the
multiple cloning site in pLXSN, pLXSN-16E6, pLXSN-16E7
and pLXSN-16E6E7 plasmids as a marker genes. Retroviral
supernatants generated by transfection of the pLXSN and
pBabe-puro constructs into Phoenix ampho cells were used
to transduce primary human epidermal keratinocytes as pre-
viously described.'® Forty-eight hours after transduction, ker-
atinoctyes were analyzed by flow cytometry for expression of
the gene of interest gating on EGFP-positive cells and/or
selection with 100 pg/ml G418 (Gibco/BRL, Karlsruhe, Ger-
many) or 0.2 pg/ml puromycin (Sigma-Aldrich, Munich,
Germany) was started.

RNA extraction, reverse transcription and PCR

Total RNA was extracted with the RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instruc-
tions. Residual contaminating DNA was removed with the
TURBO DNA-freeTM Kit (Ambion, Huntingdon, UK). One
microgram RNA was reversely transcribed using the Super-
Script™ First-Strand Synthesis system for RT-PCR (Invitro-
gen, Karlsruhe, Germany) and Oligo (dT);, ;5 primer. To
exclude false positive results due to contaminating genomic
DNA, samples without reverse transcriptase were included.

Nonquantitative PCR experiments for HPV-E6/E7 tran-
scripts were performed on a Mastercycler (Eppendorf, Ham-
burg, Germany) with the following program: 95°C for 4 min;
30 cycles at 95°C for 1 min/55°C for 1 min/72°C for 1 min;
72°C for 10 min. Tag DNA polymerase (Invitrogen, Karls-
ruhe, Germany) with its respective buffer, 100 ng forward
and reverse primers (Table 1) and a cDNA equivalent to
10 ng RNA was used.

All real-time PCR experiments were carried out on an
ABI 7300 SDS system (Applied Biosystems, Darmstadt, Ger-
many). Reactions were performed in duplicates using the RT?
Real-Time™ SYBR Green/ROX PCR Master Mix (Biomol,
Hamburg, Germany) containing 300 nm forward and reverse
primer (Table 2) and a cDNA equivalent to 10 ng RNA. The
PCR program was the following: 50°C for 2 min; 95°C for 10
min; 40 cycles at 95°C for 15 sec/60°C for 60 sec. Threshold
cycle (Ct) values were determined using Sequence Detection
Software version 1.2 (Applied Biosystems, Darmstadt, Ger-
many). Transcripts were considered present at a Ct < 35.
Relative ICAM-1 mRNA expression was calculated as: 2~
where ACt = Cticam1 — Ctgappn-

Western blotting

Whole cell lysates were prepared using 1x Cell Lysis Buffer
from Cell Signaling Technology (Danvers, MA) according to
the manufacturer’s instructions. For the separation of nuclear
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Table 1. Oligonucleotide primers for RT-PCR

Upregulation of ICAM-1 by HPV16-E6/E7

Table 2. Oligonucleotide primers for quantitative real-time PCR

Gene Sequence 5 — 3’ Gene Sequence 5 — 3’
HPV16-E6 F AAAAAGAATTCATGTTTCAGGACCCACAG CD54 F GCTGACGTGTGCAGTAATACTGG
R AAAAAGTCGACTTACAGCTGGGTTTCTCTA R TTCTGAGACCTCTGGCTTCGT
HPV16-E7 F ACATTGCATGAATATATGTTAGATTTGCAA GAPDH F CCCATGTTCGTCATGGGTGT
R TCTGAGAACAGATGGGGCATC R TGGTCATGAGTCCTTCCACGATA
HPV18-E7 F GACCTTCTATGTCACGAGCAATTA Abbreviations: F, forward: R, reverse.
R TGCACACCACGGACACACAAAG
HPV5-E7 F CGTTAACATGATTGGTAAAGAGGTCACC PathScan® Phospho-NF-kB p65 (Ser536) Sandwich ELISA
R CCTCGAGCTACCTTTAGAATTAGGATC Kit or with the PathScan® Total NF-kB p65 Sandwich ELISA
HPVS-E7 F CGAATTCATGATTGGTAAAGAGGTCAC Kit, respectively (both Cell Signaling Technology, Danvers,
R CGEATCCCCCTTCTTTAGATGTACTAC MA) following the manufacturer’s instructions.
HPV38-E7 F AGAGGAGGAGCCAGCATA
R TGCGAATGTCTTCTCGACA Flow cytometry . .
Transduced keratinocytes and CaSki cells of less than 70%
HPV6-E7 F ATGCATGGCAGGCACGTGACCCTGAAG confluence were harvested by trypsinization and washed
R TTGGGGGCGCAGATGGGGCACACGATGTTC  twice with FACS-buffer consisting of PBS containing 0.02%
GAPDH F AAAAAGGTGGTGAAGCAGGCGT NaN; (Applichem, Darmstadt, Germany) and 3% FBS
R AAAGAGGAGTGGGTGTCGCTGTT (PAA) 1 X 105 cells were resuspended in 50 Hl FACS bulffer

Abbreviations: F, forward; R, reverse.

and cytosolic proteins, the NucBuster'™ Protein Extraction
Kit from Novagen (Madison, WI) was used. Equal amounts
of protein lysates (50 pg per lane) were separated by 12%
SDS-polyacrylamide gel electrophoresis and transferred to
Immobilon-P® PVDF membranes (Millipore, Bedford, MA).
Subsequently, membranes were blocked in PBS/0.05% Tween
20/5% milk for 1 hr at RT. Rabbit Abs specific for phospho-
I-kBo (Ser32), I-xBa, phospho-p65 (Ser536), p65 and p105/
p50 (Cell Signaling Technology, Danvers, MA) were added at
an 1:1,000 dilution in PBS/0.05% Tween 20/5% BSA for an
overnight incubation at 4°C. Equal loading was controlled by
reprobing the membranes with a rabbit Ab for the nuclear
Poly (ADP-ribose) polymerase (PARP) (Cell Signaling Tech-
nology, Danvers, MA) at a final dilution of 1:1,000 and/or a
mAb specific for actin (clone C4, MP Biomedicals, Solon,
OH) at a final dilution of 1:10,000. Horseradish-peroxidase
(HRP)-coupled anti-rabbit antibody at a final dilution of
1:2,000 (Cell Signaling Technology) or HRP-conjugated anti-
mouse Ab at a final dilution of 1:5,000 (Dianova, Hamburg,
Germany) were applied for 1 hr at RT. Signals were visual-
ized by enhanced chemiluminescence (ECL Plus Western
Blotting Detection Reagents, GE Healthcare, Chalfont St.
Giles, UK). Western Blot signals were quantified using
Image] (rsbweb.nih.gov/ij/).

p65/p-p65-specific ELISA

Nuclear and cytosolic extracts were prepared using the Nuc-
Buster™ Protein Extraction Kit from Novagen (Madison,
WI). Equal amounts of protein (30 pg per well) in nuclear
and cytosolic extracts were loaded on a 96-well plate. Phos-
pho-p65 or p65-specific signals were quantified with the

containing PE-labeled anti-CD54 mAb (clone HAS58; BD
Pharmingen, San Jose, CA) at a 1:50 dilution in 96-well
plates. After washing, 7-AAD (Sigma-Aldrich, Munich,
Germany; 2 pg/ml) was added and incubated for 20 min on
ice. Flow cytometric analysis was performed using a FACS
Calibur® and CellQuest Pro® software (BD Biosiences, San
Jose, CA).

Cytotoxicity assay

A 5 hr standard °'Cr release cytotoxicity assay was carried
out as previously described.'® Blockage of LFA-1 was accom-
plished by adding anti-LFA-1 (clone L130; BD Pharmingen,
San Jose, CA) or isotype control mIgG; (clone 11711; R&D
Systems, Wiesbaden, Germany) mAbs at 20 pg/ml final con-
centration to the effector cells 10 min before coculture with
target cells.

Flow cytometry-based conjugation assay

The flow cytometry-based conjugation assay was performed
as previously described.”® Briefly, effector cells (NKL) and
target cells were harvested and washed once with HBSS con-
taining CaCl, and MgCl, (Gibco/BRL, Karlsruhe, Germany)
2 x 10° target cells/ml were resuspended in 40 nM Calcein
AM (Molecular Probes/Invitrogen, Karlsruhe, Germany) in
HBSS and 1 x 10° effector cells/ml were resuspended in 0.2
um-filtered 253 pM DHE (Molecular Probes/Invitrogen,
Karlsruhe, Germany) in HBSS. Cells were incubated with the
dyes for 30 min at 37°C with slow agitation every 10 min.
Staining was stopped by washing twice with HBSS. Conjugate
formation was achieved by mixing 2 x 10°> Calcein AM-la-
beled target cells with 1 x 10° DHE-labeled effector cells.
The cell mixture was slowly vortexed and spun down for 3
min at 300 rpm at 4°C followed by incubation for the indi-
cated time periods at 37°C and 5% CO,. Conjugate
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formation was stopped by addition of ice-cold 1% parafor-
maldehyde. Conjugate formation was analyzed using a FACS-
Calibur™ and CellQuest™ software (BD Biosciences, San
Jose, CA). Blockage of LFA-1 was performed as described for
the cytotoxicity assay.

Statistical analysis

For the calculation of statistical significances of differences
between experimental groups two-tailed Student’s ¢ tests for
unpaired data were used. p values of less than 0.05 were con-
sidered as significant.

Results

HPV16-E6E7 expression induces rapid upregulation of the
adhesion molecule ICAM-1 in primary human keratinocytes
To investigate the impact of the two viral oncoproteins E6
and E7 on the expression of ICAM-1, we transduced primary
human keratinocytes, the natural host cells of HPV, with a
retroviral vector system containing E6/E7 of HPV type 16
and IRES-EGFP as a marker gene. Transduction efficiencies
were > 80%. After transduction, E6 and E7 expression were
confirmed by RT-PCR (Fig. 1a). Full-length E7 and E6 tran-
scripts were detectable as well as the two splice variants of
E6, E6*I and E6*II (Fig. 1a). Importantly, HPV16-E6E7-
expressing EGFP-positive keratinocytes expressed higher lev-
els of surface ICAM-1 as compared to vector control (VC)-
transduced keratinocytes 48 h after transduction (Fig. 1B, left
and middle panel). ICAM-1 expression was significantly up-
regulated on protein level as determined by flow cytometry
(Fig. 1b, middle panel) and at mRNA level as detected by
Real-time quantitative PCR (Fig. 1b, right panel). Expression
of other molecules, including the NKG2D ligand ULBP1, was
unchanged (data not shown) indicating selective upregulation
of ICAM-1 by HPVI16-E6E7. Neither HPV16-E6 nor
HPV16-E7 by itself was able to significantly upregulate
ICAM-1 mRNA or protein in primary human keratinocytes
(Fig. 1c). Taken together, our data indicate that E6 and E7 of
HPV16 are potent inducers of ICAM-1 expression in primary
human keratinocytes and that the two oncoproteins act
synergistically.

ICAM-1 expression on target cells enhances adhesion and
killing susceptibility to the NK cell line NKL

In a next step, we analyzed the influence of the enhanced
ICAM-1 expression in transduced keratinocytes on the ability
to form conjugates with the NK cell line, NKL that expresses
high levels of LFA-1.*' Figure 2a shows that significantly
more conjugates were formed between NKL cells and
HPV16-E6E7-expressing keratinocytes as compared to VC-
expressing keratinocytes. This enhanced conjugate formation
between NKL cells and HPV16-E6E7-expressing keratinocytes
was significantly reduced by addition of a blocking mAb
directed against LFA-1 (Fig. 2b). In addition, conjugate for-
mation of NKL cells with the HPV16-positive cervical carci-
noma cell line, CaSki, which endogenously expresses high
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levels of ICAM-1 (Fig. 2¢), was significantly reduced by LFA-
1 blockage (Fig. 2d). Furthermore, killing of CaSki cells by
NKL cells was markedly reduced upon addition of a blocking
anti-LFA-1 mAb (Fig. 2e). Thus, enhanced ICAM-1 expres-
sion by HPV16-E6E7 leads to a better recognition of
HPV16-E6E7-expressing cells by LFA-1-expressing NK cells.

The upregulation of ICAM-1 in HPV16-E6E7-expressing
keratinocytes correlates with activated components of the
NF-kB pathway

A variety of transcription factors, including NF-kB, AP-1,
GAS and C/EBP, are implicated in the transcriptional regula-
tion of ICAM-1."* It was reported that induction of multiple
NF-kB- and AP-1-responsive genes in HPV16-E6E7 express-
ing keratinocytes correlated with enhanced expression of
components of the NF-kB signaling pathway.”> Thus, we
investigated the involvement of NF-kB signaling in the
induction of ICAM-1 expression by HPV16-E6E7. NF-«xB
activation is typically mediated through phosphorylation of
its inhibitor Ix-B by the Ik-B kinase complex IKKo/IKKf/
IKKY followed by the ubiquitination of I-kB and its degrada-
tion.”> During this process, NF-kB dimers, in most cells com-
posed of p65 and/or p50, are also phosphorylated by the IKK
complex and released from I-«B binding due to I-kB degra-
dation. Phosphorylated NF-xB dimers shuttle into the
nucleus and exert their function through binding to NF-«xB
binding sites upstream of NF-kB-responsive genes. As
depicted in Figure 3a, we detected decreased levels of I-kBo
and increased phosphorylation of p65 at Ser536 in keratino-
cytes expressing HPV16-E6E7 as compared to VC-expressing
keratinocytes. Phosphorylation of additional phosphorylation
sites at Ser276 and Ser468 of p65 was not observed (data not
shown). Overall levels of p65 and p50 remained unchanged
in whole cell lysates. After separation of the nuclear from the
cytosolic cell fraction, more phosphorylated p65 and more
total p65 and p50 were detected in nuclei of HPV16-E6E7-
expressing keratinocytes than in nuclei of VC-expressing ke-
ratinocytes as assessed by Western blotting (Fig. 3b) and spe-
cific ELISAs (Fig. 3c). In the cytosolic cell fraction levels of
phosphorylated and total p65 and p50 were similar in VC-
and HPV16-E6E7-expressing cells (Figs. 3d and 3e). Hence,
low levels of Ik-Ba, phosphorylation of p65 at Ser536 and
enhanced levels of p65/p50 in the cell nuclei indicate a con-
stitutively activated NF-xB pathway in HPV16-E6E7-express-
ing cells.

NF-kB signaling is required for the upregulation of ICAM-1
surface expression in HPV16-E6E7-expressing

keratinocytes

Next, we investigated whether NF-«B signaling is involved in
the increased ICAM-1 expression in HPV16-E6E7-expressing
cells. For this purpose, we employed a NF-kB superrepressor
(AN-I-kBa), a deletion mutant of I-kBa lacking the phos-
phorylation sites Ser32 and Ser36. Hence, VC- or HPV16-
E6E7-expressing keratinocytes were transduced with a
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Figure 1. ICAM-1 is upregulated in HPV16-E6E7 expressing cells. Primary human epidermal keratinocytes were transduced with an IRES-
EGFP-containing retroviral vector carrying HPV16-E6E7 (16-E6E7), HPV16-E6 (16-E6), HPV16-E7 (16-E7) or with the respective empty vector
control (VC). (a) E6, E6*I, E6*II (upper panel), E7 (middle panel) and GAPDH (lower panel) transcripts in transduced keratinocytes were
determined by RT-PCR. (b, ¢) ICAM-1 surface or relative ICAM-1 mRNA expression was monitored on transduced keratinocytes by flow
cytometric analysis or Real-time quantitative PCR analysis, respectively, 48 hr after transduction. For the flow cytometric analysis, ICAM-1
expression was monitored on 7-AAD~ EGFP™ cells. Left panel: One representative histogram overlay showing ICAM-1 surface expression in
transduced keratinocytes. Middle panel: ICAM-1 surface expression: The mean of three independently performed experiments with three
different keratinocytes donors = SD is shown. Right panel: Relative ICAM-1 mRNA expression: ICAM-1 mRNA expression levels are depicted
relative to GAPDH mRNA expression levels (set as 100). The mean of two independently performed experiments with two representative
keratinocyte donors = SD is shown. *p < 0.05 determined by Student’s t test. RT, reverse transcriptase.

retroviral vector (pBabe) carrying AN-I-xBa (Fig. 4a). In
HPV16-E6E7-expressing keratinocytes transduced with the
superrepressor degradation of I-kBo was greatly impaired
(data not shown). Three days after start of antibiotic selec-

tion, ICAM-1 expression was significantly reduced in

HPV16-E6E7-expressing cells that were transduced with the
NF-kB superrepressor. The expression of other cell surface
molecules, like ULBP1, was unchanged (Fig. 4b). Moreover,
the viability of target cells was not influenced by the NF-«xB
superrepressor at this time point (data not shown). In

Int. J. Cancer: 128, 1104-1113 (2011) © 2010 UICC
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Figure 2. ICAM-1 expression in HPV16-E6E7" cells mediates NK cell-dependent adhesion and killing. (a) Flow cytometry-based conjugate
formation assay using NKL cells as effector cells and vector control (VC) or HPV16-E6E7 (16-E6E7)-expressing keratinocytes as target cells
at the indicated time points. (b) Blockage of LFA-1 in a flow cytometry-based conjugate formation assay using NKL cells as effector cells
and HPV16-E6E7-expressing keratinocytes as target cells. (a, b) The mean of four independently performed experiments with two different
keratinocyte donors = SD is depicted. (c) One representative histogram overlay depicting ICAM-1 surface expression on the HPV16™ CxCa
cell line, CaSki. (d) Blockage of LFA-1 in a flow cytometry-based conjugate formation assay using NKL cells as effector cells and CaSki cells
as target cells. The mean of two independently performed experiments = SD is depicted. (¢) Blockage of LFA-1 in a standard >'Cr-release
cytotoxicity assay using NKL cells as effector cells and CaSki cells as target cells (E:T ratio 50:1). One representative experiment out of two
independently performed experiments is shown. The mean of triplicates = SD is indicated. *p < 0.05 determined by Student’s t test.

summary, these data indicate that the NF-xB pathway in
HPV16-E6E7-expressing keratinocytes is, at least, partially re-
sponsible for the observed upregulation of ICAM-1 by
HPV16-E6E7.

Mucosal and cutaneous HPV types differentially regulate
ICAM-1 expression

As ICAM-1 expression was upregulated in HPV16-E6E7-
expressing cells, the influence of additional related HPV types
on ICAM-1 expression was investigated. Primary human ke-
ratinocytes from two different donors were transduced with
retroviral vectors expressing HPV18-E6E7 (another mucosal
high-risk Alpha PV type), HPV5-E6E7, HPV8-E6E7 and
HPV38-E6E7 (cutaneous Beta PV types) and HPV6-E6E7 (a

Int. J. Cancer: 128, 1104-1113 (2011) © 2010 UICC

mucosal low-risk Alpha PV type). Expression of the respec-
tive HPV-E7 mRNA was confirmed by RT-PCR (Fig. 5a).
Figure 5b shows that 5 days after transduction HPV16-E6E7
induced the strongest upregulation of ICAM-1 compared to
E6 and E7 of other HPV types. E6 and E7 from HPVI1S8
induced an intermediate upregulation of ICAM-1. In contrast
to HPV38-E6E7, which did not upregulate ICAM-1 expres-
sion, E6 and E7 from the two other cutaneous Beta PV types,
HPV5 and 8, significantly enhanced ICAM-1 expression. E6
and E7 of the low-risk mucosal Alpha PV type, HPV6, did
not significantly change levels of ICAM-1. Analysis of com-
ponents of the NF-«xB pathway in whole cell lysates of these
HPV types revealed that only in HPV16-E6E7 expressing

cells I-xBo expression was diminished and p65
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p50, p65, phospho-p65 (Ser536), I-kBo and actin expression in transduced keratinocytes 7 days after transduction. (b, ¢) Nuclear extracts:
(b) Western Blot analysis of p50, p65, phospho-p65 (Ser536) and Poly (ADP-ribose) polymerase (PARP) expression in transduced
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transduced keratinocytes 7d after transduction. (d, e) Cytosolic extracts: (d) Western Blot analysis of p50, p65, phospho-p65 (Ser536) and

actin expression in transduced keratinocytes 7 days after transduction. (e) Sandwich ELISA showing levels of phospho-p65 (Ser536) and
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(a, d) or the nuclear protein PARP (b) and fold induction by HPV16-E6E7 compared to VC (set as 1) was calculated (b, d). (g, b, d) The
mean of three independently performed experiments with three different keratinocyte donors = SD is indicated. (c, €) One representative

experiment is shown. Standard deviations of duplicates are indicated.*p < 0.05 determined by Student’s ¢ test. **p < 0.01 determined by

Student’s t test. VC, vector control

phosphorylated at Ser536 at this time point post-transduction
(Fig. 5¢). In HPV18-E6E7-expressing cells higher levels of
phosphorylated p65 were detectable, whereas I-kBol expres-
sion was not altered. In HPV5- and HPV8-E6E7-expressing
cells, the upregulated ICAM-1 expression did not correlate
with activated components of the NF-kB pathway suggesting
that in these HPV types additional signaling pathways are
involved.

Discussion

It is well established that ICAM-1 expression in cells is often
induced during viral infections by viral proteins, pro-inflam-
matory cytokines and interferons.'>** Thereby, ICAM-1 pro-

motes interactions between infected cells and immune cells
by allowing immune synapse formation.”®> Here, we show
that in primary human keratinocytes expression of HPV16-
E6 and -E7 leads to a pronounced and rapid induction of
ICAM-1 at mRNA- and protein levels already 48 hr after
transduction (Fig. 1b). A previous study by Huang et al
described induction of ICAM-1 expression in HPV16-E6E7-
immortalized human oral epithelial cells compared to normal
oral epithelial cells without elucidating the mechanisms
underlying the observed ICAM-1 upregulation in HPV16-
E6E7-expressing cells.'” In addition, a study by Coleman
et al. reported a significant induction of ICAM-1 in high-
grade cervical intraepithelial neoplasia (CIN), in which the

Int. J. Cancer: 128, 1104-1113 (2011) © 2010 UICC
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Figure 4. Upregulation of ICAM-1 in HPV16-E6E7 expressing cells is
partially NF-xB-dependent. (a, b) Keratinocytes expressing either
HPV16-E6E7 (16-E6E7) or the respective vector control (VC) were
transduced on day 3 after transduction with an empty retroviral
vector (pBabe) or with a retroviral vector carrying a NF-xB
superrepressor (pBabe-AN-I-kB). Seven days after transduction
ICAM-1 (a) and ULBP1 (b) surface expression was monitored by
flow cytometry on 7-AAD~ EGFP* cells. The mean of two
independently performed experiments with two different
keratinocyte donors = SD is shown. *p < 0.05 determined by
Student’s t test.

two HPV oncoproteins E6 and E7 are highly expressed."” In
this study, ICAM-1 expression was only detected in fully
transformed tumorigenic cells, such as in HPV16" CxCa cell
lines, but not in HPV16-immortalized non-tumorigenic
human keratinocytes. These data led to the assumption that
the observed upregulation is not directly linked to E6 and E7
expression, but rather represents a late effect of transforma-
tion."” However, our results demonstrate that ICAM-1 upreg-
ulation was already detectable 48 hr after transduction with
HPV16-E6E7-expressing vectors suggesting that E6 and E7
expression in primary human keratinocytes directly led to
increased ICAM-1 expression. Moreover, transfer of cell cul-
ture supernatant from HPV16-E6E7-expressing primary
human keratinocytes to VC-expressing primary keratinocytes
did not induce ICAM-1 expression (data not shown) indicat-
ing that ICAM-1 induction in HPV16-E6E7-expressing cells
was not mediated indirectly by soluble factors.

Our data suggest a critical involvement of the NF-kB
signaling pathway in the regulation of ICAM-1 in HPV16-
E6E7-expressing cells. ICAM-1 upregulation in HPV16-
E6E7-expressing cells correlated with decreased I-xBa expres-
sion, increased p65 phosphorylation at Ser536 and enhanced
levels of p50 and p65 in cell nuclei (Figs. 3b and 3c). Most
importantly, inhibition of the NF-kB pathway with a NF-«xB
superrepressor significantly reduced surface ICAM-1 expres-
sion (Fig. 4). Recently, Nees et al. also described activation of
components of the NF-kB pathway in HPV16-E6E7-express-
ing keratinocytes compared to vector control-expressing

Int. J. Cancer: 128, 1104-1113 (2011) © 2010 UICC
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independently performed experiments with two different
keratinocyte donors = SD is shown. (c) Western Blot analysis of
p50, p65, phospho-p65 (Ser536), I-kBa and actin expression in
transduced keratinocytes 7 days after transduction. *p < 0.01
determined by Student’s t test comparing 16-E6E7 and 18-E6E7
with VC; **p < 0.05 determined by Student’s t test comparing 5-
E6E7 and 8-E6E7 with VC.

cells.”? Furthermore, constitutive NF-kB activation in high-
grade squamous intraepithelial lesions (SIL) and CxCa was
detected in situ.’® In agreement with our study, these reports
demonstrated that mainly p65/p50 NF-xB heterodimers
translocated to cell nuclei. Of note, other studies reported an
inhibition of NF-kB activity in HPV16-E6 or -E7-expressing
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cells.”””** Harvard et al. described reduced activity of NF-kB
associated with modulation of expression and subcellular local-
ization of the NF-kB1/2 precursors pl00 and pl05 in long-
term cultured HPV16-E6 or -E7 expressing keratinocytes com-
pared to normal keratinocytes of different origin.”** Further-
more, an inhibition of IKKo activity and TNF-o induced trans-
location of p65 by HPV16-E7 was reported.” It is likely that
the conflicting results regarding the modulation of NF-kB ac-
tivity by HPV16-E6/E7 are due to different cell types and cell
culture conditions used in these studies.

Not only HPV16-E6E7, but also E6 and E7 proteins from
other HPV types led to an upregulation of ICAM-1 in primary
human keratinocytes (Fig. 5). E6/E7 from another high-risk
mucosal HPV type, HPV18, and E6/E7 from the two cutaneous
HPV types, HPV5 and HPVS, led to a significant increase in
ICAM-1 expression (Fig. 5b). Noteworthy, E6/E7 from a low-
risk mucosal HPV type, HPV6, and E6/E7 from another cuta-
neous HPV type, HPV38, did not significantly increase ICAM-
1 expression (Fig. 5b). Although HPV38 belongs to the group
of Beta papillomaviruses, like HPV5 and HPVS, it is located
distantly from these types in the phylogenetic tree' and, in con-
trast to HPV5 and -8, it is not regarded as a “high-risk” cuta-
neous HPV type.® Thus, ICAM-1 upregulation in E6/E7-
expressing cells appears to be associated with the oncogenicity
of the respective HPV type. In this context, we observed that
ICAM-1 expression in HPVEGE7-expressing keratinocytes
increases with the number of cell doublings. Analysis at later
time points after transduction (> 9 days) revealed that ICAM-
1 upregulation in HPV5- and HPV8-E6E7 expressing cells
even exceeded ICAM-1 expression in HPV16-E6E7-expressing
cells (data not shown). Furthermore, it was reported that senes-
cent cells upregulate ICAM-1 (*' and our unpublished observa-
tion). Keratinocytes transduced with the cutaneous HPV-E6E7-
expressing vectors were not or less efficiently immortalized
than HPV16-E6E7-expressing keratinocytes and usually became
senescent soon after transduction. A recent study detected a
most pronounced upregulation of ICAM-1 by HPV5-E6E7-
expressing cells and to a lower extent by HPV38-E6E7- and
HPV16-E6E7-expressing cells.”” In this study, the number of
cell doublings or time after transduction of keratinocytes was
not specified. Thus, it is possible that the experimental condi-
tions and time of analysis after transduction were responsible
for the different observations. Our results indicate that ICAM-1
upregulation in HPV5- and HPV8-E6E7-expressing cells did
not correlate with decreased I-kBa expression and enhanced
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phosphorylation of p65 at Ser536 (Fig. 5¢). These data suggest
that additional mechanisms of ICAM-1 upregulation in cells
expressing HPV-E6/E7 proteins exist.

The increased ICAM-1 expression in HPV16-E6E7-
expressing cells led to enhanced conjugate formation with
the NK cell line, NKL (Figs. 24, and 2b). In addition, NKL
cell-mediated killing of the HPV16" CxCa cell line CaSki
was significantly reduced by addition of a blocking LFA-1
mAb (Fig. 2e). In the study of Huang et al, increased
ICAM-1 expression in HPVI16-E6E7-immortalized human
oral epithelial cells also correlated with enhanced adhesion
to PBMCs and enhanced lymphokine-activated-killer cell cy-
totoxicity.'” Thus, ICAM-1 expression on tumor cells might
contribute to lymphocyte retention and activation in cervical
carcinoma. In this context, it was shown that ICAM-1
expression in breast cancer correlated with a better prognosis
and survival rates of patients.’® In contrast, ICAM-1 expres-
sion in certain other cancer entities was associated with can-
cer progression. In melanoma and liver cancer patients, high
ICAM-1 expression on tumor cells corresponded with an
increased risk for metastasis.**>® So far, there are no reports
describing the impact of ICAM-1 expression on prognosis of
cervical cancer or its precursors. Thus, it is unclear whether
induction of ICAM-1 expression by high-risk HPV types is
beneficial for tumor immunosurveillance or supports tumor
progression.

Our previous study revealed that activating NK cell recep-
tor ligands, such as CD155 and MICA, are often up-regulated
and inhibitory NK cell receptor ligands, like MHC class I, are
frequently down-modulated in CxCa in situ.'” In addition,
here we demonstrate that ICAM-1 that is critical for conju-
gate formation of effector to target cells is induced by
HPV16-E6E7 and high ICAM-1 expression was reported on
CxCa in situ.'® These data suggest that CxCa should be well
recognized by NK cells. However, in cancer patients NK cells
are frequently inactive due to multiple suppressive forces
exerted by other immune cells or the tumor microenviron-
ment. Strategies that lead to the efficient activation of NK
cells might be promising for successful treatment of CxCa.
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PRR7 Is a Transmembrane Adaptor Protein Expressed in
Activated T Cells Involved in Regulation of T Cell Receptor
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Transmembrane adaptor proteins (TRAPs) are important
organizers and regulators of immunoreceptor-mediated signal-
ing. A bioinformatic search revealed several potential novel
TRAPs, including a highly conserved protein, proline rich 7
(PRR7), previously described as a component of the PSD-95/N-
methyl-p-aspartate receptor protein complex in postsynaptic
densities (PSD) of rat neurons. Our data demonstrate that PRR7
is weakly expressed in other tissues but is readily up-regulated in
activated human peripheral blood lymphocytes. Transient over-
expression of PRR7 in Jurkat T cell line led to gradual apoptotic
death dependent on the WW domain binding motif surround-
ing Tyr-166 in the intracellular part of PRR7. To circumvent the
pro-apoptotic effect of PRR7, we generated Jurkat clones with
inducible expression of PRR7 (J-iPRR7). In these cells acute
induction of PRR7 expression had a dual effect. It resulted in
up-regulation of the transcription factor c-Jun and the activa-
tion marker CD69 as well as enhanced production of IL-2 after
phorbol 12-myristate 13-acetate (PMA) and ionomycin treat-
ment. On the other hand, expression of PRR7 inhibited general
tyrosine phosphorylation and calcium influx after T cell recep-
tor cross-linking by antibodies. Moreover, we found PRR7 con-
stitutively tyrosine-phosphorylated and associated with Src.
Collectively, these data indicate that PRR7 is a potential regula-
tor of signaling and apoptosis in activated T cells.

Activation of leukocytes through multichain immunorecep-
tors (TCR,® BCR, FcRs) involves a complex array of membrane-
linked and cytoplasmic proteins, including transmembrane and
cytoplasmic adaptor proteins (1). Several of the transmem-
brane adaptors (TRAPs) are associated with lipid rafts, namely
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eral blood lymphocytes; PSD, postsynaptic density; RSL1, RheoSwitch
Ligand 1, diacylhydrazine [(N-(2-ethyl-3-methoxybenzoyl)-N’-(3,5-dimeth-
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membrane adaptor protein; PMA, phorbol 12-myristate 13-acetate; PHA,
phytohemagglutinin; qPCR, quantitative PCR; Z-VAD-FMK, carbobenzoxy-
valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone; PLC, phospholipase C.
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LAT (2, 3), PAG (4, 5), NTAL (6, 7), and LIME (8, 9), whereas
others (LAX, SIT, TRIM, GAPT) are present in non-raft mem-
brane (10-13). All of these proteins are composed of a short
N-terminal extracellular peptide, a single transmembrane seg-
ment, and a cytoplasmic part containing multiple tyrosine and
other protein interaction motifs. In the case of the raft-associ-
ated proteins, a palmitoylation motif (CXXC or CXC) lies
between the transmembrane segment and the intracellular part
(14). TRAPs play positive and negative regulatory roles in
immunoreceptor signaling. The most prominent role is played
by LAT, which is essential for several aspects of TCR signaling
and plays an important role in the immunoreceptor signaling in
other leukocyte subsets (15). In addition, experiments on
genetic models have assigned important regulatory functions to
other members of TRAP family, including NTAL, LAX, TRIM,
and SIT (16, 17).

In an effort to discover additional TRAPs of functional
importance, we performed an in silico search for proteins pos-
sessing the features characteristic of known TRAPs. Among
149 candidate genes, one of the best hits was PRR7. Previously,
PRR7 was identified in the PSD fraction of rat forebrain tissue
by a proteomic approach (18). It was shown to associate with
PSD-95 (via a PDZ domain binding motif) and was found in a
protein complex containing the N-methyl-p-aspartate receptor
subunits NR1 and NR2B. These biochemical data suggested
that PRR7 could be potentially involved in modulation of neural
activities.

In the present study we found that PRR7 is weakly expressed
in many other tissues, including immune cells, and is up-regu-
lated during T cell activation. Moreover, we show that PRR7
overexpression in Jurkat cells substantially affected TCR signal-
ing and cell survival.

EXPERIMENTAL PROCEDURES

Bioinformatic Search—The in silico search in human
genome (USCS build hgl6) for proteins possessing the fea-
tures characteristic of known TRAPs was done with follow-
ing parameters: a short extracellular N-terminal sequence, a
single hydrophobic sequence starting at amino acids (aa) 5-50
(prediction using TMHMM Version 2.0) (19), a palmitoylation
motifataa 20 -60 (CXC or CXXC), tyrosine-based phosphoryl-
ation motifs (YXX(I/L/V/A)) and/or C-terminal Group I PDZ
binding motifs ((S/T)X(L/V)).
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RNA and RT-qPCR—RNA was isolated using a Mini RNA
purification kit (Zymo Research, Orange, CA) or TRI Reagent
RT (MRC, Cincinnati, OH). Contaminating DNA was removed
using a DNAfree kit (Ambion, Austin, TX). A human normal
tissue FirstChoice RNA Survey Panel and a lymph node First-
Choice Total RNA were purchased from Ambion. Human hip-
pocampal RNA was purchased from BioChain Institute (Hay-
ward, CA). Total RNA (1 ug) was transcribed using SuperScript
III RT (Invitrogen) with a combination of random penta-
decamer and anchored oligo(dT),, primers. RT-qPCR was per-
formed using a LightCycler 480 SYBR Green I Master chemis-
try (Roche Applied Science) and an amount of c¢DNA
equivalent to 20 ng of total RNA. Primers specific for hu-
man PRR7 were 5'-tgtccagtgaagcgtctgag-3’ (forward) and
5'-aagcacgtgaggaacgtgta-3’ (reverse). Raw RT-qPCR data (Ct
values) were preprocessed (normalization to optimal reference
genes, GAPDH or B-microglobulin, relative expression calcu-
lation) and analyzed using GenEx Software (MultiD, Goteborg,
Sweden).

Northern Blotting—Total RNA was isolated from 1 X 107
cells using TRI Reagent RT. RNA was resolved (15 ug/sample)
by formaldehyde-agarose gel electrophoresis, transferred to
positively charged nylon membrane, and hybridized to radioac-
tively ([a->*P]dCTP)-labeled probe in Super Hyb solution
(MRC). The probe was prepared from cloned PRR7 cDNA
using Decalabel DNA labeling kit (Fermentas, Ontario,
Canada).

Cells and Media—Cell line MEG-01 was provided by S. Wat-
son (University of Birmingham, Birmingham, UK), MOLT-4
and HPB-ALL were from the IMG cell line collection (Institute
of Molecular Genetics, Prague, Czech Republic), and Caco-2,
U937, and THP-1 were from DSMZ (Braunschweig, Germany).
Jurkat, Ramos, and COS-7 cell lines were from ATCC (Manas-
sas, VA), and HEK293FT cells were obtained from Invitrogen.
Caco-2, HEK293FT, and COS-7 cells were cultured in DMEM
supplemented with 10% FCS (Biochrom AG, Berlin, Germany)
and antibiotics at 37 °C in 5% CO,. All other cells were cultured
in RPMI 1640 supplemented with 10% FCS and antibiotics at
37 °C in 5% CO,. Human peripheral blood lymphocytes (PBL)
were isolated from whole blood of healthy donors by Ficoll-
Paque Plus (GE Healthcare) gradient centrifugation. For deple-
tion of adherent cells, PBL were subjected to plastic adherence
for 2 h at 37 °C. PBL were cultured as stated above for Jurkat
cells.

DNA Constructs—The coding region of human PRR7 was
amplified from human T cell line MOLT-4 ¢cDNA and inserted
into mammalian expression plasmid pEFIRES-P, provided by
Dr. S. Hobbs (Institute of Cancer Research, London, UK) (20).
For inducible expression, PRR7 was subcloned into the pZX-LR
vector in-frame with the hemagglutinin (HA) tag. The pZX-LR
vector was a kind gift of Dr. Claude Labrie (CHUL Research
Center, Quebec, Canada) (21). Deletion mutants of PRR7 (A2—
39, A44.-274, A114-274, A151-274, A159-274, A171-274,
A207-274, ATAV) were generated by PCR and fused to
enhanced green fluorescent protein (EGFP) in the pEGFP vec-
tor (Clontech, Palo Alto, CA). A tyrosine mutant of PRR7 (all
Tyr residues mutated to Phe) was generated by sequential PCR
oligonucleotide-directed site-specific mutagenesis and sub-
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cloned into the pEGFP vector (Clontech). For co-transfection
experiments in COS-7 cells, the following cDNA constructs
were used: Src in the pSM vector provided by Dr. A. Weiss
(University of California, San Francisco, CA), FLAG-tagged Lck
inserted into the pcDNA3 vector provided by Dr. R. Abraham
(Mayo Clinic, Rochester, MN), FynT and FynF (constitutively
active Fyn) in the pEF-BOS vector provided by Dr. B. Schraven
(Otto-von-Guericke-University, Magdeburg, Germany), Yes in
the pSG5 vector provided by Dr. C. Benistant (CRBM, CNRS,
Universities of Montpellier I and II, France), Myc-tagged Lyn in
the pcDNA3.1 vector provided by Dr. S. Watson (University of
Birmingham, Birmingham, UK), FLAG-tagged Hck in the
pcDNAL vector provided by Dr. G. Langsley (Institut Pasteur,
Paris, France).

Antibodies—Hybridomas producing monoclonal antibodies
(mAbs, TRAP-3/01-13) to human PRR7 were prepared by
standard hybridoma techniques using mice immunized with
the recombinant protein corresponding to aa 147-274. Using
the deletion mutants, the epitope recognized by the mAbs was
mapped to the stretch of aa 147-170. The mAbs were cross-
reactive with murine and rat PRR7 in immunoblots (not
shown). The phosphotyrosine antibody (P-TYR-02) used for
detection of phospho-LAT in Jurkat whole cell lysates was
developed in our laboratory as well. For cell stimulation, the
following non-commercial antibodies were used: C305 IgM
mAD to Jurkat cell TCR provided by Dr. A. Weiss and 248.23.2
IgM mAb to CD28 (22). Antibodies to the following antigens
were obtained from the indicated commercial sources: LAT
(LAT-01), PAG (MEM-255), CD3 (MEM-57), CD5 (MEM-32),
Lck (LCK-01), ZAP-70 (ZAP-03), CD69 (EN50, Alexa Fluor
647), tubulin (TU-01), and LAMP-1 (CD107a, B-T47) from
Exbio (Vestec, Czech Republic); GAPDH from Sigma; Src
(N-16), c-Jun (N), ERK2 (C-14), TCR{ (6B10.2) from Santa
Cruz Biotechnology (Santa Cruz, CA); IL-2 (MQ1-17H12,
APC) from eBioscience (San Diego, CA); phosphotyrosine
(4G10) from Upstate Biotechnology (Lake Placid, NY); HA tag
(6E2), pZAP-70 Tyr-319, pPLCvy1 Tyr-783, PLCvy1, pp42/44
ERK1/2 (Thr-202/Tyr-204), pp38 MAPK (T180/Y182), p38
MAPK, pJNK (T183/Y185), JNK, pc-Jun (Ser-63/Ser-73), pSFK
(Y416), and pLck (Y505) from Cell Signaling Technology (Bev-
erly, MA).

Inhibitors and Inhibitor Assay—The following inhibitors
were used: the inhibitor of the Src family kinases, PP2 (Calbi-
ochem), final concentration 10 um and the pan-caspase inhib-
itor, Z-VAD-FMK (Alexis Biochemicals), final concentration
10 um. Z-VAD-FMK inhibitor assay was performed using 2.5 X
10° cells in 96-well tissue culture plates in triplicates. Viability
was assessed by flow cytometry (propidium iodide exclusion
and side plus forward scatter gating).

Transfections and Inducible Expression—Jurkat cells (107)
were transfected with 15 ug of the corresponding plasmid DNA
in 300 ul of RPMI medium supplemented with 10% FCS by
electroporation (250 V, 950 microfarads) using a GenePulser
electroporator (Bio-Rad). For the pZRD-inducible system (21),
based on the RheoSwitch Mammalian Inducible Expression
System (New England Biolabs, Ipswich, MA), transfectants
were selected in the culture medium containing Zeocin (200
pg/ml, Invitrogen). Stably transfected GFP-positive cells were
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sorted and further subcloned by limiting dilution. The clones
(denoted J-iPRR7) that expressed PRR7 only after induction
with RSL1 (500 nMm for maximal induction, RheoSwitch Ligand
1, New England Biolabs) were used in further experiments.
COS-7 cells were transfected using Lipofectamine 2000 (Invit-
rogen) according to the manufacturer’s instructions.

Cell Stimulation—To analyze PRR7 up-regulation, freshly
isolated PBL were stimulated using 1) anti-CD3 IgG (MEM-57)
immobilized on tissue culture plastic (10 wg/ml) and soluble
anti-CD28 IgM (100X diluted hybridoma supernatant), 2)
PHA-L (2.5 pg/ml, Sigma), and 3) a combination of PMA (10
ng/ml, Sigma) and ionomycin (500 ng/ml, Sigma).

For short term activation (Ca®>* flux, phospho-Tyr blots),
Jurkat cells were stimulated with anti-TCR IgM (C305) (23) (10
pg/ml) at 37 °C for 2 min. For activation of Jurkat cells in an
IL-2 production assay, the combination of PMA and ionomycin
was used as described above.

Preparation of Cell Lysates, Immunoprecipitations, Biochem-
ical Methods—Generally, 5 X 107 cells were lysed in 1 ml of lysis
buffer (20 mm Tris pH 7.5, 100 mm NaCl, 5 mm iodoacetamide,
10 mm EDTA, 50 mMm NaF, 10 mm Na,P,0., 10% v/v glycerol,
and Protease Inhibitor Mixture III, Calbiochem) containing 1%
w/v detergent LM (Calbiochem) or Brij-98 (Sigma) for 30 min
on ice. To remove nuclei and other insoluble materials, the
lysate was spun down at 16,000 X g for 10 min at 4 °C. Density
gradient ultracentrifugation and gel filtration on Sepharose 4B
were performed as previously described (24). For immuno-
precipitation experiments, we coupled the anti-PRR7 IgG
(TRAP3-03) to CNBr-Sepharose 4B (Amersham Biosciences)
or used soluble antibodies and Protein A/G PLUS-agarose IP
Reagent (Santa Cruz). Palmitoylation of PRR7 was examined
using the acyl-biotinyl exchange chemistry-based method (25).
Briefly, plasma membranes from 5 X 107 cells were isolated,
and palmitate protein modifications were removed by hydrox-
ylamine and replaced with biotin. Biotinylated proteins were
then immunoprecipitated on streptavidin-agarose beads.
Other biochemical methods (SDS-PAGE, immunoblotting)
were performed essentially as described before (4).

Microscopy—TJurkat cells were allowed to adhere to polyly-
sine-coated coverslips for 30 min, then fixed with 4% w/v form-
aldehyde for 15 min at room temperature and permeabilized
with 0.1% Triton X-100 (Sigma) for 5 min. Blocking was per-
formed in 2.5% BSA and 10% goat serum (Sigma) in PBS for 30
min. Cells were then incubated with 100X-diluted LAMP-1
antibody followed by 750X-diluted Alexa 647-labeled goat
anti-mouse IgG secondary antibody (Molecular Probes, Invit-
rogen). The DNA dye, Hoechst 33258 (1 ug/ml, Invitrogen),
was used to visualize nuclei. Images were captured with a Leica
SP5 confocal microscope and a 63X objective lens (Leica
Microsystems, Mannheim, Germany).

Flow Cytometry—CD69 surface staining and intracellular
IL-2 staining were done according to the standard protocols. To
measure apoptosis in cells expressing PRR7, we performed
annexin V/Dy-647 (Apronex Biotechnologies, Vestec, Czech
Republic) staining in combination with the DNA dye, Hoechst
33258, according to the manufacturer’s instructions. To mea-
sure calcium response to anti-TCR activation, cells were first
loaded with 5 uMm Fura Red (Molecular Probes, Invitrogen) in
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loading buffer (1 X Hanks’ balanced salt solution, 2% FCS, with-
out Ca>* or Mg>") for 30 min at 37 °C. After washing, cells were
resuspended in loading buffer supplemented with Ca®>* and
Mg>" and kept on ice. Cells were warmed up for 10 min at 37 °C
and then stimulated with an irrelevant control antibody or the
anti-TCR C305 mAb (10 pg/ml). Calcium flux was monitored
for 240 s. Flow cytometry was carried out on an LSRII instru-
ment (BD Biosciences), and cells were sorted on FACSVantage
(BD Biosciences). Analysis of the data was performed using
FlowJo software (Tree Star, Ashland, OR) as specified in the
figure legends (Figs. 6 and 8).

RESULTS

PRR7 Sequence Analysis—Human PRR7 (18) is a 274-aa pro-
tein with a sequence typical for TRAPs. It has a short N-termi-
nal extracellular peptide, a single transmembrane segment, and
a cytoplasmic part containing several conserved binding motifs
(Fig. 1A). These motifs include multiple SH2 domain binding
and/or endocytic tyrosine-based motifs (YXX(I/L/V/A)), mul-
tiple proline-rich SH3 binding motifs (PXXP), group I WW
domain binding motifs (PPXY), and a C-terminal class I PDZ
domain binding motif (TTAV). In addition, PRR7 contains a
potential submembrane palmitoylation motif (CCXC, Fig. 14).

PRR7 is a highly conserved protein. The percentage of aa
identity is more than 94% among available sequences from pla-
cental mammals, and a substantial level of aa identity is
observed even if lower vertebrate species (amphibian, fish) are
included (Table 1). The highest degree of conservation of PRR7
protein sequence was observed in the extracellular, transmem-
brane, and submembrane parts, including the palmitoylation
motif. In addition, the region containing three tyrosine resi-
dues, Tyr-153, Tyr-166, and Tyr-177, and the C terminus with
the PDZ domain binding motif also displayed a very high degree
of homology (Fig. 1B). Interestingly, N-terminal part of PRR7 as
well as sequences surrounding tyrosines 153 and 166 form a
putative domain identified in Pfam data base (26) as the WBP-1
domain (PF11669). Among other proteins, this domain is pres-
ent in WW domain-binding protein 1 (WBP-1) where it medi-
ates the interaction with WW domains of Yes-associated pro-
tein (YAP) via tandem PPXY motifs in its C terminus (27).
Similar motifs encompass tyrosines 153 and 166 in PRR7, sug-
gesting possible involvement of this region in an interaction
with a WW domain containing protein (Fig. 1C).

PRR7 Expression Profile—To determine the PRR7 expression
pattern in human tissues, we performed RT-qPCR on a panel of
multiple tissue RNAs. As shown in Fig. 24, PRR7 mRNA is
expressed most strongly in brain tissue and moderately in sev-
eral other tissues: esophagus, trachea, lung, ovary, cervix, pros-
tate, testes, thyroid, including the immune organs thymus and
lymph nodes. We also found low levels of PRR7 mRNA in a
number of human cell lines (Jurkat, U937, THP-1, MEG-01,
CaCo2, HEK293FT); the only cell line exhibiting relatively high
expression was T cell line MOLT-4 (Fig. 2B). We next analyzed
whether the expression level of PRR7 mRNA in PBL changes
after activation. Interestingly, we observed rapid up-regulation
of PRR7 mRNA in PHA-stimulated PBL. It was detectable at 1 h
and peaked at 8 h after stimulation (Fig. 2C).
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FIGURE 1. Human PRR7 protein scheme and conservation. A, PRR7 features a short extracellular part (predicted aa 1-9) followed by a single transmembrane
segment (predicted aa 10-34), a submembrane palmitoylation motif CCXC (aa 28-31), six intracellular tyrosine residues (gray triangles for fully conserved
residues, white triangles for less conserved residues), multiple SH3 domain binding proline-rich motifs (PXXP, only conserved motifs are shown, aa 74-77,
123-126,222-225), group | WW domain binding motifs (PPXY, only conserved motifs shown, aa 150-153, 163-166), and a C-terminal PDZ-binding motif (TTAV,
aa 271-274). The N-terminal part of PRR7 (aa 1-167) corresponds to the predicted WBP-1 domain as indicated. This scheme is based on GenBank™ protein
sequence NP_085044. B, shown is alignment of PRR7 protein sequences from four vertebrate species: Homo sapiens (human), Mus musculus (mouse), Xenopus
tropicalis (frog), and Danio rerio (zebrafish). The sequences were aligned using ClustalW program from the EMBL-EBI website. Absolutely conserved residues are
shaded in gray. Tyrosine residues conserved in all vertebrates (Tyr-153, Tyr-166, Tyr-177 in humans) are numbered above the alignment. C, a comparison of
human PRR7 and WBP-1 protein sequences is shown. The sequence corresponding to the predicted WBP-1 domain is underlined. Identical residues are shaded
in gray. Two conserved tyrosine residues (Tyr-153 and Tyr-166 in human PRR7) in the predicted WW domain binding motifs are indicated above the sequences.

To examine the expression of PRR7 at the protein level, we
generated anti-human PRR7 monoclonal antibodies. Unfortu-
nately, none of the generated antibodies could clearly detect
PRR7 after immunoblotting of whole primary cell lysates
(except for mouse or rat brain tissues; not shown). Moreover,
native PRR7 could not be quantitatively immunoprecipitated
from cell lysates using these antibodies, suggesting partial
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blocking of the epitope (not shown). Nevertheless, it was still
possible to use immunoprecipitation to concentrate PRR7 pro-
tein to the degree sufficient for detection by immunoblotting
also in leukocytes. We then used this approach to verify our
results from previous experiments. As shown in Fig. 2D, PRR7
protein was detected in PBL activated by various stimuli,
including activation with anti-CD3 and anti-CD28 antibodies,
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TABLE 1
Conservation of PRR7 protein in vertebrates

Orthologous protein sequences were aligned and compared to human PRR7 using
Clustal W program. Species in this table are sorted according to the calculated pro-
tein identity with human PRR7.

Species Length Identity
aa %
Pongo pygmaeus (orangutan) 273 99
Pan troglodytes (chimpanzee) 259 98
Macaca mulatta (macaque) 276 98
Rattus norvegicus (rat) 269 98
M. musculus (mouse) 269 97
Spermophilus tridecemlineatus (squirrel) 269 97
Canis familiaris (dog) 272 97
Bos taurus (cattle) 269 97
Echinops telfairi (tenrec) 270 95
Sus scrofa (pig) 269 94
Monodelphis domestica (opossum) 280 81
X. tropicalis (frog) 227 56
D. rerio (fish) 246 48
Gasterosteus aculeatus (fish) 279 44

PHA, or PMA and ionomycin. We could also detect PRR7 pro-
tein in several lymphoid cell lines, including Jurkat, Ramos, and
MOLT-4 (Fig. 2E). The highest protein levels were observed in
MOLT-4, which correlated well with the higher PRR7 mRNA
level in this cell line (Fig. 2, B and E).

Overexpression of PRR7 Results in Apoptosis in the Jurkat T
Cell Line—Because the level of PRR7 expression in leukocytes
(cell lines and primary PBL) was low and its direct immunopre-
cipitation was inefficient, we generated multiple Jurkat cell
lines transfected with PRR7 constructs containing a C-terminal
GEFP tag. Surprisingly, we were not able to establish a Jurkat cell
line with a sufficiently high expression of PRR7. Direct obser-
vation of the PRR7-GFP-transfected Jurkat cells excluded a
rapid necrotic cell death of the transfectants. Instead, we con-
sistently observed a gradual loss of the PRR7 transfectants from
the culture within a few days (not shown). PRR7"" cells were
stained with the DNA dye, propidium iodide, and analysis of the
staining suggested that overexpression of PRR7 protein caused
apoptosis (not shown). To exclude the possibility that the apo-
ptosis induction is at least in part the result of the stress caused
by the transfection procedure (electroporation), we generated a
stable Jurkat clone (J-iPRR7) inducibly expressing full-length
HA-tagged PRRY7. In this case a modified RheoSwitch Mamma-
lian Inducible Expression System (21) was utilized. It allowed us
to tightly regulate the expression of PRR7 using the synthetic
compound RSL1. Without RSL1, PRR7 expression was not
detectable; maximal expression was achieved in the presence of
RSL1 12 h after induction (Fig. 3A). Strikingly, we observed that
in J-iPRR7 cells, apoptosis could be clearly detected within 24 h
of induction by RSL1 and gradually increased with time (Fig. 3,
Band C), suggesting that apoptosis induction was a direct con-
sequence of PRR7 expression. This process could be to a sub-
stantial degree inhibited by caspase inhibitor Z-VAD, demon-
strating the involvement of caspase-dependent apoptotic
pathways (Fig. 3D).

Region Surrounding Tyr-166 Is Critical for Apoptosis Induc-
tion—To identify the regions of the PRR7 molecule involved in
the apoptosis induction, we generated a set of Jurkat cell lines
transiently expressing either full-length PRR7-GFP or its
mutants gradually truncated from the C terminus (Fig. 3E). We
also generated a mutant where all the tyrosines in the PRR7
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sequence were mutated to phenylalanines (all Y to F) and a
mutant lacking the N terminus, including extracellular peptide,
transmembrane segment, and the palmitoylation motif (A2—
39-PRR7-GFP). As expected, expression of the full-length PRR7
resulted in a high degree of apoptosis in Jurkat cells (Fig. 3F).
Similar results were obtained when aa downstream of Thr-171
were removed, suggesting that the C-terminal region, including
the highly conserved Tyr-177 and the PDZ binding motif, are
dispensable for apoptosis induction. In contrast, when 12 more
aa were removed (A159 —274-PRR7-GFP), a significant drop in
the percentage of apoptotic cells was observed, and only a very
mild additional reduction was noticed after further shortening
of PRR7 protein by 8 or more aa (A151-274-PRR7-GFP) (Fig.
3Fand not shown). These data suggested that the region critical
for the apoptosis induction is located between aa 159 and 171 of
PRR7.Importantly, the tyrosine mutant of PRR7 (all Y to F) also
induced only a mild level of apoptosis under the same condi-
tions, indicating that one or more tyrosine residues are
involved. The only tyrosine in the critical region identified by
the deletion mutants is the highly conserved Tyr-166. Thus, our
observations suggest that a tyrosine-based motif surrounding
this Tyr-166 is essential for the induction of apoptosis by PRR7,
although the involvement of other tyrosine residues cannot be
completely excluded by this type of analysis.

Finally, the mutant lacking extracellular and transmembrane
parts induced the highest level of apoptosis in Jurkat transfec-
tants (Fig. 3F). This finding was surprising as we rather ex-
pected a loss of function when removing the membrane local-
ization sequences.

Intracellular Localization of PRR7 Mutants Partially Corre-
lates with Apoptosis Induction—Strong pro-apoptotic effects of
the construct lacking putative membrane anchoring sequences
prompted us to analyze subcellular localization of PRR7 and its
mutants. Full-length PRR7 was localized at the plasma mem-
brane and to large vesicular perinuclear structures, which did
not co-localize with an early endosomal marker transferrin (not
shown) nor with lysosomal marker LAMP-1 (CD1074, Fig. 4, A
and B). The C-terminal tag modifications had no effect on this
localization pattern as tagged versions of PRR7 (PRR7-GFP,
PRR7-HA) were indistinguishable from non-tagged PRR7 (Fig.
4A), suggesting that the C-terminal PDZ binding motif requir-
ing a free carboxyl group at the C terminus for binding (28) is
not involved in this process.

Time course analysis of PRR7 in the inducible system
revealed that shortly after expression induction by RSL1,
PRR7 was found mainly at the plasma membrane and later
gradually accumulated in the perinuclear compartment.
After RSL1 withdrawal, the plasma membrane staining was
lost, and PRR7 could be detected only in the perinuclear
cytoplasmic vesicles (Fig. 4C). These data suggest a contin-
uous active process of PRR7 removal from the plasma mem-
brane by endocytosis.

We next analyzed PRR7 deletion mutants. C-terminal dele-
tions up to aa 171 (A207-274, A171-274-PRR7-GFP) did not
have any effect on PRR7 localization. However, further short-
ening of the cytoplasmic part of PRR7 up to aa 159 and 151
(A159-274, A151-274-PRR7-GFP) resulted in gradual loss of
vesicular accumulation and a shift to an almost exclusive sur-
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FIGURE 2. Expression of PRR7 in primary human cells and tissues. A, shown is RT-qPCR analysis of PRR7 mRNA expression in normal human tissues. PCR
reactions were done in triplicate, and mean Ct values were used for further data processing in GenEx software. First, data were normalized to GAPDH mRNA
expression, and then relative expression values were calculated. An average expression in all tissues corresponds to value 1 on the vertical axis. B, Northern blot
analysis of PRR7 mRNA in human cell lines is shown. Total RNA (15 ng) was resolved on 1% agarose gel and, after transfer to nylon membrane, probed for PRR7
mMRNA. The positions of ribosomal RNA bands 18 S and 28 S are indicated. C, shown is an RT-gPCR analysis of kinetics of PRR7 mRNA up-regulation in human PBL
after PHA treatment. PCR reactions were done in triplicate, and mean Ct values were used for further data processing in GenEx software. Data were normalized
to the optimal reference gene, B2-microglobulin, and relative expression values were calculated. Value 1 on the vertical axis corresponds to basal PRR7 mRNA
expression in unstimulated PBL. Expression of the activation marker CD69 was used as a positive control. D, human PBL were stimulated with plate-bound
anti-CD3 IgG and soluble anti-CD28 IgM, PHA, or PMA and ionomycin. Cell lysates were concentrated by immunoprecipitation (/P) with the anti-PRR7 mAb
(TRAP3-03). Expression of PRR7 was analyzed by immunoblotting (WB) using the anti-PRR7 mAb (TRAP3-10). In addition, equivalence of sample sizes was
verified via staining of lysates for GAPDH. A representative result for each type of stimulation is provided. E, PRR7 was immunoprecipitated from lysates of
human cell lines with the anti-PRR7-Sepharose. Expression of PRR7 was analyzed by immunoblotting using the anti-PRR7 mAb. The equivalence of sample sizes
was verified via staining of lysates with the anti-tubulin mAb.

face localization (Fig. 4B). Additional shortening of PRR7
sequence did not have any further effect on the subcellular
localization of this protein (not shown). These results suggest
that the region critical for internalization of PRR7 is positioned
between aa 151 and 171. Strikingly, this region partially over-
laps with the sequence responsible for the apoptosis induction
(159-171), suggesting a link between PRR7 internalization and
apoptosis. In agreement with this, the PRR7 N-terminal dele-
tion mutant, which caused the highest level of apoptosis (A2—
39-PRR7-GFP), was localized exclusively in the intracellular
vesicular compartment (Fig. 4B). The region found to be critical
for PRR7 internalization contains two highly conserved tyro-
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sine motifs, suggesting that they may serve as tyrosine-based
internalization motifs. However, the all Y to F mutant of PRR7
showed only a mild reduction in the size of intracellular PRR7
compartment (not shown), displaying at the same time strong
defects in the apoptosis induction. These results indicated
that tyrosines within the critical conserved region are not a
part of the tyrosine-based internalization sequences, but
rather, they are involved in pro-apoptotic signaling mediated
by PRR7. Importantly, these tyrosines form the putative WW
domain binding motif of the PRR7 WBP-1 domain, suggest-
ing possible involvement of a WW-containing protein in this
process.

VOLUME 286+NUMBER 22+JUNE 3, 2011

T10Z ‘vZ AINC uo ‘YD SV ABojoisAyd jo ainsu| 1e Blo og mmm woly papeojumoq


http://www.jbc.org/

PRR7, a New Transmembrane Adaptor

A o RSL1 (M), 12 h o __Tme () 500 oM RSL1 PRR7 Partitions to Large Detergent-resistant Complexes—
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gested that PRR7 may employ lipid rafts as signaling platforms.
I —e—mwoe| | — =W R Indeed, we found PRR7 to be palmitoylated in the J-iPRR7 cells
[————e—eeme—| |~ e|cirH (Fig. 5A). However, in contrast to these adaptors, PRR7 was
found in a different type of detergent (Brij-98)-resistant com-

B {sierr7 99| {JiPRR7| 2388 plexes. These were large (as determined by gel filtration on
| (OMSO) & | |®sLy) ) 3 dead Sepharose 4B) but almost non-buoyant (as determined by den-
ﬁ § i sity gradient ultracentrifugation) and resistant to lipid raft-dis-
A\ T | live |apop. rupting detergent laurylmaltoside (Fig. 5, B and C).
s Variable Effects of PRR7 on the Activity of Signaling Pathways
2627 34, Annexin-V in J-iPRR7—To elucidate how PRR7 affects T cell signaling
pathways, we compared the phenotype of induced versus non-
C 90- induced J-iPRR7 cells. Induction of PRR7 expression led to a
80 - :;-_-_-.;;;:::—-—-l mild spontaneous up-regulation of the activation marker CD69
<70 - in quiescent cells (Fig. 6A). Moreover, treatment of induced
‘i’; g0 J — JiPRR7 (RSL1) J-iPRR7 with PMA and ionomycin resulted in a substantial
Bl == J.iPRR7 (DMSO) increase in IL-2 production (Fig. 6B), suggesting that these cells
o 50 1 — Jurkat wt (RSL1) are in a partially activated state. In contrast, at the same time,
S 40 1 == Jurkat wt (DMSO) the induced J-iPRR7 cells exhibited an attenuated calcium
30 A

response (Fig. 6C) and reduced global tyrosine phosphorylation
(Fig. 6D) after TCR stimulation.

20 12h ) 2 h i 36 h ' 54 h ' Interestingly, we detected strong constitutive tyrosine phos-
phorylation of PRR7, which was not altered by TCR cross-link-
D 100 1 [] nontreated ing (Fig. 6, D and E). This observation raised questions about
~ 80 A | zvap the mechanisms mediating PRR7 phosphorylation and the role
< of tyrosine phosphorylation in the diverse effects of PRR7 on T
2 60 1 cell signaling pathways.
§ 40 A To elucidate the mechanisms of PRR7 phosphorylation, we
E 20 - analyzed lysates of J-iPRR7 cells treated with a specific inhibitor
z 0 of Src-family kinases (SFK) PP2 by phosphotyrosine immuno-

blotting. As shown in Fig. 74, PRR7 phosphorylation was

DMSO RSL1
almost completely inhibited in the presence of PP2, suggesting
E N PoZ that PRR7 is constitutively phosphorylated by Sl?I(s. To identify
full-length binding GFP potential SFKs capable of PRR7 phosphorylation, constructs
PRR7 CxxC 139 153166 177 201210 TAV encoding PRR7 and various tyrosine kinases were co-trans-

fected into COS-7 cells. The results revealed that several SFKs
(most strongly Src) are able to phosphorylate PRR7 (Fig. 7B).
The multiple predicted SH3 domain binding motifs in the

A207-274 CEN————— g
A71-274 IR

A159-274 IR . — intracellular part of PRR7 using iSPOT (29) indicated a possible
A151-274 N e ]

allYtoF N | ]

A2-39 0 ; . - FIGURE 3. PRR7-inducible system and induction of apoptosis by overex-

el pression of PRR7 in Jurkat cells. A, to determine the optimal concentration

of RSL1 for PRR7 induction, J-iPRR7 cells were treated with an increasing

F {fulllength |  g22.2| { A171-274 239 | A159-274 10.1 amount of RSL1 for 12 h (left panel). J-iPRR7 cells were treated with 500 nm

PRR7 &5 PRR7 & RSL1, and expression of PRR7 in several time intervals was analyzed by immu-

PRR7

1 noblotting with the anti-PRR7 mAb (TRAP3-10, right panel). Staining for
GAPDH was used as a sample loading control. B, J-iPRR7 cells were induced to
express PRR7 or left uninduced (DMSO control). After 54 h, apoptosis in both
cultures was determined by annexin V and Hoechst 33258 staining. C, J-iPRR7
and Jurkat wt cells were treated with 500 nm RSL1 to induce PRR7 expression
10.4| 164.7% ) or left untreated (DMSO control). Cell viability was determined by flow cyto-
o R R metry after 12, 24, 36, and 54 h. Data are presented as the mean of three
[A151-274 6l [alYioF 76 experiments (=S.D.). D, J-iPRR7 cells were induced to express PRR7 or left
PRR7 @ PRR7 (®) uninduced (DMSO control) for 24 h in the presence of the pan-caspase inhib-
dues are represented by black triangles. F, Jurkat cells were transfected with

itor, Z-VAD-FMK (10 um). The percentage of viable cells was determined by
@
3@ 3.8 186.7 55 corresponding plasmid DNA coding for wt or mutated PRR7 fused to GFP.

E, shown is a scheme of PRR7-GFP mutants used in this study. Tyrosine resi-

propidium iodide (P/) staining and flow cytometry. The experiment was done
in triplicate cultures, and data are represented as the mean values = S.D.

e =y : - - After 48 h, cells were stained with annexin V/Dy647 and Hoechst 33258 to
analyze apoptosis in the GFP-positive cells.
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FIGURE 4. Subcellular localization of full-length PRR7 and deletion
mutants in Jurkat cells. A, shown is a comparison of subcellular localization
of PRR7 protein with (w.) and without tags. Jurkat cells expressing the PRR7 wt
protein (without a tag) were fixed 18 h post-transfection and stained with
PRR7 antibody. J-iPRR7 (PRR7 with HA-tag) cells were induced for 18 h to
express PRR7 with 500 nm RSL1, fixed, and stained with the anti-HA-tag mAb.
Jurkat PRR7-GFP transfectants were fixed 18 h post-transfection. Samples
were analyzed by confocal microscopy. B, cells were transfected with corre-
sponding plasmid DNA, and after 18 h cells were allowed to adhere to poly-
lysine-coated coverslips, fixed, stained for lysosomal marker LAMP-1
(CD107a) and DNA dye Hoechst 33258, and analyzed by confocal microscopy.
C, J-iPRR7 cells were induced to express PRR7 with 500 nm RSL1. Cells were
fixed 6, 12, and 24 h afterward or induced for 12 h, washed, and incubated an
additional 12 h in fresh medium without RSL1 before fixation. All samples
were stained with the anti-HA-tag mAb and DNA dye Hoechst 33258 and
analyzed by confocal microscopy.
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association of PRR7 with SFKs (via their SH3 domains). Thus
we immunoprecipitated PRR7 from the induced J-iPRR7 cells
and tested the immunoprecipitates for the presence of associ-
ated SFKs by immunoblotting. Among the tested SFKs (Src,
Lck, Fyn), the only identified binding partner was Src (Fig. 7C
and not shown).

Mechanisms of PRR7-dependent Regulation of J-iPRR7 Signal-
ing—So far, our observations suggested that PRR7 expression
had a dual activating/inhibitory effect. It resulted in selective
up-regulation of c-Jun and CD69, whereas at the same time it
led to the inhibition of proximal TCR signaling. Among the
hypothetical explanations for the inhibitory effects of PRR7 on
TCR-mediated signaling was the possibility that the cells are
already in the process of apoptosis advanced enough to have
negative effects on TCR signal transduction. To test this, we
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FIGURE 5. Biochemical characterization of the PRR7 protein. J-iPRR7 cells
were induced to express PRR7 (16 h) and subjected to several biochemical
assays. A, palmitoylation of PRR7 was examined using the acyl-biotinyl
exchange chemistry-based method as described under “Experimental Proce-
dures.” A palmitoylated transmembrane adaptor protein, PAG, was used as a
positive control; a non-palmitoylated transmembrane protein, CD5, and
lysate that was not treated with NH,OH (hydroxylamine) were used as nega-
tive controls. IP, immunoprecipitate. SA, streptavidin beads. B, Brij-98 or LM
lysates of J-iPRR7 cells were subjected to gel filtration on Sepharose 4B, and
the separated fractions were analyzed by immunoblotting. A raft-associated
transmembrane adaptor protein, LAT, was used as a control. C, Brij-98 or LM
lysates of J-iPRR7 cells were subjected to density gradient ultracentrifugation,
and the separated fractions were analyzed by immunoblotting. The fractions
are numbered from the top. 10 represents the sediment. The lipid raft protein,
LAT, was used as control.

treated J-iPRR7 cells with caspase inhibitor Z-VAD during
RSL1-mediated PRR7 induction and then followed a calcium
response downstream of TCR. Z-VAD treatment had a negligi-
ble effect on calcium response in PRR7-expressing J-iPRR7
cells, suggesting an apoptosis-independent mechanism of
PRR7-mediated inhibition of T cell signaling (Fig. 84).

To identify the point where PRR7 interferes with TCR sig-
naling pathways, we treated J-iPRR7 cells with RSL1 to induce
PRR7 expression, stimulated the cells by TCR cross-linking,
and followed the phosphorylation of individual proteins in the
cell lysates. We observed reduced phosphorylation of a number
of important signaling molecules, including ZAP-70, LAT,
PLCy1, ERK1/2, and JNK (Fig. 8B) after TCR stimulation. The
only remarkable exception was the up-regulation of c-Jun pro-
tein level, which was also reflected in the increased amount of
the phosphorylated form of this transcription factor (Fig. 8B).

The reduction in tyrosine phosphorylation of proteins in
proximal TCR signaling pathways, including ZAP-70, LAT, and
PLCvy1, suggested the effects of PRR7 at the level of TCR itself.
To analyze this, we followed the phosphorylation of TCR{
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FIGURE 6. Activated phenotype and impaired TCR signaling in J-iPRR7 cells. A, J-iPRR7 cells were induced for 12 h to express PRR7, stained for the surface
lymphocyte activation marker, CD69, and analyzed by flow cytometry. B, J-iPRR7 cells were induced to express PRR7. After 12 h, the cells were stimulated for
additional 6 h with PMA and ionomycin in the presence of brefeldin A (5 ng/ml), fixed, stained for cytokine IL-2, and analyzed by flow cytometry. C, J-iPRR7 cells
were induced for 16 h to express PRR7 and then loaded with a calcium indicator dye Fura Red. Calcium response after the anti-TCR IgM (C305, 10 pg/ml)
stimulation was measured by flow cytometry. Collected data were analyzed in FlowJo software and plotted as mean fluorescence values. D, J-iPRR7 cells were
induced to express PRR7 (16 h). Cells were stimulated with the anti-TCR IgM (C305, 10 ng/ml, 2 min) or left unstimulated. Whole cell lysates were analyzed by
immunoblotting with the anti-phospho-Tyr mAb (4G10). Membrane was reprobed with GAPDH antibody as a loading control. £, J-iPRR7 cells were treated as
in panel D, and lysate was subjected to immunoprecipitation (/P) with the anti-PRR7 mAb. Immunoprecipitated material was analyzed by immunoblotting with

the anti-phospho-Tyr mAb (4G10) and the anti-PRR7 mAb.

chain after TCR cross-linking. We observed a substantial
reduction in TCR{ phosphorylation both in a basal state and
after stimulation in PRR7-expressing cells (Fig. 8C). As TCR{ is
asubstrate SFKs, we next analyzed the activation status of these
kinases by immunoblotting with antibodies specific to their
activating and inhibitory tyrosines with a focus on Lck, the
major Src-family member in T cells. Surprisingly, we observed
reduction in the phosphorylation of both regulatory
tyrosines (SFK activation loop tyrosine and Lck inhibitory

JUNE 3,2011+VOLUME 286+NUMBER 22

tyrosine) in PRR7-expressing cells. However, we also
detected a highly reproducible reduction in total Lck stain-
ing (Fig. 8D). These data showed that the decreased Lck level
is probably the major consequence of PRR7 expression,
which is then reflected in the reduced content of both regu-
latory phosphotyrosines in the samples and reduced activity
of downstream signaling pathways.

Finally, to assess the role of SFK activity and tyrosine phos-
phorylation of PRR7 in the opposing functions of PRR7, we

JOURNAL OF BIOLOGICAL CHEMISTRY 19625

T10Z ‘vZ AINC uo ‘YD SV ABojoisAyd jo ainsu| 1e Blo og mmm woly papeojumoq


http://www.jbc.org/

PRR7, a New Transmembrane Adaptor

A J-iPRR7 lysates
- -+ + PP2
-+ - + RSL1

[ ® @@=

B + co-transfected PRR7
8 5 Eoow Lo
[$] |5} (&) c = = H
$e 5 3 2 25 2 g Knae
: pTyr
| - - F [P

| -------.I PRR7

C ysates post-IP IP:ctr.Ab IP:PRR7

— + -+ -+ -+ Rl
lat--- ‘ - - | Src
| - ‘_l PRR7

FIGURE 7. Tyrosine phosphorylation of PRR7 and association of PRR7
with Src. A, J-iPRR7 cells were induced to express PRR7 and simultaneously
treated with the SFK inhibitor, PP2 (10 um), for 18 h or left untreated. Tyrosine
phosphorylation status of PRR7 was analyzed by immunoblotting with the
anti-phospho-Tyr mAb (4G10). GAPDH staining served as a sample loading
control. B, PRR7 was co-transfected with Src kinases into COS-7 cells. After
24 h, cells were lysed, and tyrosine phosphorylation of PRR7 was detected by
immunoblotting with the anti-phospho-Tyr (4G10) mAb. C, J-iPRR7 cells were
induced to express PRR7 or left uninduced for 18 h and lysed in LM buffer, and
PRR7 was immunoprecipitated (/P) using the anti-PRR7-Sepharose or an iso-
type control mAb. Eluted proteins were analyzed by immunoblotting.

treated J-iPRR7 cells with SFK inhibitor PP2 during the PRR7
induction. Surprisingly, PP2 treatment had only a minor effect
on c-Jun up-regulation as well as apoptosis induction (not
shown), indicating that the effect of PRR7 on these pathways is
independent of SFK signaling. In contrast, PP2 treatment inhib-
ited the up-regulation of CD69 (Fig. 8E).

DISCUSSION

Thus far, PRR7 has been described in a single paper (18) as a
component of the postsynaptic density (PSD) fraction of the rat
forebrain, suggesting that it may play a role in modulating neu-
ral activities via interactions with the PSD-95/N-methyl-p-as-
partate receptor complex or in PSD core formation. Here, we
report that PRR7 is expressed in many tissues, including leuko-
cytes, and is significantly up-regulated during T cell activation
(Fig. 2, Cand D). Nevertheless, even in activated T cells we had
difficulties detecting PRR7 using our monoclonal antibodies on
the immunoblot of whole cell lysates, which was most likely the
result of both low expression level of PRR7 and suboptimal
antibody reactivity. Therefore, we have used mainly Jurkat
transfectants transiently or inducibly expressing recombinant
PRRY7. In these cells, our monoclonal antibodies could readily
detect PRR7 in cell lysates and could be used in biochemical
studies.

PRR7 is highly evolutionarily conserved (Table 1), suggesting
that its function might be preserved across all vertebrates. The
intracellular part of this protein (Fig. 1A) contains several
motifs (proline-rich WW binding motif, tyrosine-based SH2
domain binding and/or internalization motifs, proline-based
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SH3 binding motifs, and a C-terminal PDZ-binding motif) indi-
cating potential for interactions with other proteins.

The PDZ binding motif is responsible for the reported asso-
ciation with the MAGUK family scaffold protein PSD-95 in
neurons (18). We assumed that in leukocytes it could be asso-
ciated with the leukocyte counterpart of PSD-95, DLG1 (30).
However, in our co-transfection experiments, we were not able
to confirm such an association, whereas the association with
PSD-95 was readily demonstrable under the same conditions
(not shown). Src is another binding partner of PRR7, as identi-
fied in this work. PRR7 is most likely a substrate of Src, as we
observed strong tyrosine phosphorylation of PRR7 in Jurkat
cells, which was inhibited by the SFK inhibitor, PP2.

The most striking consequence of PRR7 overexpression in
Jurkat T cell line was increased apoptosis. We used multiple
deletion mutants to identify the region critical for apoptosis
induction. Our analysis limited this region to the sequence
between aa 159-171 in the WBP-1 domain of PRR7. Impor-
tantly, this region contains only a single tyrosine residue, Tyr-
166, suggesting that phosphorylation of this site may be
involved. However, our experiments with PP2 treatment of
J-iPRR7 cells did not provide sufficient evidence for the role of
SFK-mediated PRR7 tyrosine phosphorylation in apoptosis
induction (not shown). We could also rule out the activation-
induced cell death, as we did not observe any up-regulation of
FasL in J-iPRR7 cells nor were we able to block PRR7-induced
apoptosis by blocking antibodies to FasL (not shown). Thus, the
mechanism of how the region around Tyr-166 mediates pro-
apoptotic signaling remains unknown. One of the remaining
hypotheses is phosphorylation-independent binding of a WW
domain-containing protein to the tyrosine motif in the critical
region. However, the identity of such a putative protein remains
to be determined.

PRR7 inducibly expressed in the Jurkat cells was initially
present at the plasma membrane, and later it was mainly
detected in reversible, perinuclear, vesicular structures (Fig. 4,
B and C). Time course analysis of PRR7 localization in the
inducible system after RSL1 withdrawal suggests that the peri-
nuclear accumulation is a continuous, active process involving
removal from the plasma membrane by endocytosis (Fig. 4C).

Interestingly, the region involved in PRR7-mediated inter-
nalization partially overlaps with the section critical for PRR7-
mediated apoptosis, suggesting the link between PRR7 inter-
nalization and induction of apoptosis. However, the region
required for PRR7 internalization also includes the sequences
outside the area critical for apoptosis. Moreover, the mutation
of all PRR7 tyrosine residues that had strong inhibitory effects
on apoptosis induction resulted only in a mild reduction in
PRRY7 internalization (not shown), suggesting that this region
mediates apoptosis via other mechanisms then solely by trig-
gering PRR7 endocytosis. On the other hand, the mutant lack-
ing the membrane-anchoring sequences, which localized
exclusively in the intracellular compartment, induced the high-
est degree of apoptosis. Taken together these data suggest that
internalization and tyrosine phosphorylation are two inde-
pendent mechanisms, which may cooperate to efficiently trig-
ger apoptosis in J-iPRR7. An important question remains of
how the region between aa 151 and 171 mediates PRR7 inter-
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FIGURE 8. Mechanisms of PRR7 dependent regulation of J-iPRR7 signaling. A, J-iPRR7 cells were induced to express PRR7 in the presence of the pan-caspase
inhibitor Z-VAD-FMK (10 um, 16 h) and then loaded with a calcium indicator dye Fura Red. Calcium response after the anti-TCR IgM (C305, 10 pwg/ml, black
arrows) stimulation was measured by flow cytometry. Collected data were analyzed in FlowJo software and plotted as mean fluorescence values. B, J-iPRR7 cells
induced to express PRR7 (16 h) were stimulated with the anti-TCR IgM (C305, 10 wg/ml, 2 min) or left unstimulated. Whole cell lysates were analyzed by
immunoblotting with antibodies specific for proteins involved in TCR signaling. Phosphorylation status of LAT was detected using anti-Tyr(P) antibody (clone
P-TYR-02) developed in our laboratory. Staining of GAPDH was used as a sample loading control. C, J-iPRR7 cells were treated as stated above (panel B), and
lysates were subjected to immunoprecipitation (/C) with the anti-TCR{ mAb. Immunoprecipitates and whole cell lysates were immunoblotted with the
anti-phospho-Tyr mAb (4G10) and Abs specific for TCR{ and GAPDH (sample loading control). D, J-iPRR7 cells were treated as stated above (panel B). Whole cell
lysates were analyzed by immunoblotting with antibodies specific for phosphorylated forms of Lck, total Lck, and GAPDH (sample loading control). E, J-iPRR7
cells were induced to express PRR7 in the presence or absence of PP2 (10 um, 18 h), stained for CD69, and analyzed by flow cytometry. In all the above assays,
Jurkat wt cells and DMSO treatment were used as controls (not shown in panels C and E).

nalization. Tyrosines 153 and 166 within this critical region are
part of potential tyrosine-based internalization sequences fit-
ting the consensus YXX® (31). Tyrosine to phenylalanine
mutations within similar motifs can substantially reduce the
rate of endocytosis (32). Mutations of PRR7 tyrosines had only

a mild effect on PRR7 internalization, suggesting that these
motifs are not genuine internalization sequences.

Other phenotypic features of the induced J-iPRR7 cells were
also quite striking. They exhibited some traits of partially acti-
vated or “primed” T cells, including a spontaneous increase in
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the expression of the surface activation marker, CD69, and
strongly enhanced IL-2 production after PMA and ionomycin
stimulation (Fig. 6, A and B). On the other hand, proximal ele-
ments of immunoreceptor signaling cascades (tyrosine phos-
phorylation of cytoplasmic substrates and cytoplasmic calcium
elevation upon TCR cross-linking) were clearly diminished or
down-regulated (Fig. 6, C and D, and 8, B—D). A likely explana-
tion is that PRR7 by a so-far unknown mechanism down-regu-
lates protein levels of a critical SFK Lck, which in turn results in
the reduction of the activity of all the downstream pathways.
On the other hand, a concomitant positive regulatory function
of PRR7 was evidenced by a strong up-regulation of AP-1 tran-
scription factor component c-Jun accompanied by a mild
induction of the activation marker CD69 in the cells where
PRR7 expression was induced (Figs. 64 and 8B). Intriguingly,
c-Jun up-regulation was not affected by PP2 treatment (not
shown), suggesting that this phenomenon is independent of Src
or other SFKs. Moreover, we did not see any up-regulation of
upstream pathways such as JNK or Erk that could lead to c-Jun
up-regulation. c-Jun turnover is regulated via ubiquitin-depen-
dent degradation, and thus a plausible hypothesis is that PRR7
somehow interferes with this process. This could lead to up-
regulation of c-Jun protein levels independently of the activity
of upstream MAP kinase pathways. Interestingly, one of the
proteins involved in the regulation of c-Jun turnover is Itch, an
E3 ubiquitin ligase of NEDD4 family (33) that also possesses
multiple WW domains and could potentially interact with
PRR7. However, we could not detect any Itch protein in PRR7
immunoprecipitates (not shown), although it remains possible
that the interaction is labile or that some other member of the
NEDD4 family is involved in such an interaction.

It can be speculated that increased c-Jun/AP-1 activity is
responsible for the primed state of PRR7 expressing Jurkat,
resulting in a high level of IL-2 production after stimulation.
Although AP-1 sites are important components of the IL-2 pro-
moter (34, 35), additional factors such as NF-AT and NF-«B are
required for the full activity. If these are provided, e.g. after
stimulation with PMA and ionomycin, a strong response can
result. Regulation of CD69 expression also involves AP-1, butin
contrast to c-Jun, CD69 up-regulation could be inhibited by
PP2. A somewhat speculative explanation can be that tonic sig-
naling by TCR (which is dependent on SFK) is required for
CD69 expression in addition to c-Jun activity. In Jurkat cells,
basal TCR signaling results in low level of CD69 expression
(36). It is likely that it can be further potentiated by c-Jun over-
expression while still being dependent on SFK-driven basal sig-
naling. In line with this explanation is the observation that
PRR7-mediated CD69 up-regulation could be partially blocked
by inhibitors of several pathways (NF-AT, NF-kB, and p38
MAPK, SAPK/JNK) known to be initiated by TCR/SFK medi-
ated signaling (not shown).

Although our present results show that PRR7 is able to influ-
ence T cell physiology rather dramatically, it remains to be
determined whether it plays a regulatory role under more phys-
iological conditions, e.g. in the natural process of T cell activa-
tion (37). Such roles may be indicated by the evidently tightly
controlled expression of PRR7 in resting T cells and its marked
up-regulation upon activation (Fig. 2). In contrast, cell types
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other than T lymphocytes, e.g. fibroblasts, may be much less
sensitive to increased levels of PRR7 expression; in this context
it should be noted that overexpression of full-length PRR7 was
well tolerated by COS-7 or HEK293FT cells. Clearly, prepara-
tion of conditional Prr7 gene knock-out mice may provide
more definitive answers concerning the roles of PRR7 in vari-
ous types of cells and tissues.
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Abstract

The triggering receptor expressed on myeloid cells 1 (TREM-1) has been implicated in the
production of pro-inflammatory cytokines and chemokines during bacterial infection and sepsis.
For downstream signal transduction, TREM-1 is coupled to the ITAM-containing adaptor
DAP12. Here, we demonstrate that Bruton's tyrosine kinase (Btk), a member of the Tec kinases,
becomes phosphorylated upon TREM-1 triggering. In U937-derived cell lines, in which
expression of Btk was diminished by shRNA-mediated knock-down, phosphorylation of Erk1/2
and PLCyl and Ca®* mobilization were reduced after TREM-1 stimulation. Importantly,
TREM-1-induced production of the pro-inflammatory cytokines, TNF-o and IL-8, and
up-regulation of activation/differentiation cell surface markers were impaired in Btk knock-down
cells. Similar results were obtained upon TREM-1 stimulation of BMDCs of Btk” mice. The
analysis of cells containing Btk mutants revealed that intact membrane localization and a
functional kinase domain were required for TREM-1-mediated signaling. Finally, after TREM-1
engagement, TNF-a production by PBMCs was reduced in the majority of patients suffering
from X-linked agammaglobulinemia (XLA), a rare hereditary disease caused by mutations in the
Btk gene. In conclusion, our data identify Btk as a positive regulator in the ITAM-mediated

TREM-1/DAP12 pathway and suggest its implication in inflammatory processes.



Introduction

TREM-1 belongs to the immunoglobulin (Ig)-like superfamily of receptors. In humans, TREM-1
is expressed on neutrophils and CD14"®" monocytes.! TREM-1 expression is further
up-regulated by TLR ligands. Binding of TREM-1 to endogenous ligand(s) expressed on
granulocytes and platelets and present in sera of septic patients,>* as well as to exogenous ligands
on Marburg and Ebola viruses,” has been described. The exact nature of TREM-1 ligand(s),
however, remains elusive. Engagement of TREM-1 by agonistic monoclonal antibodies (mAbs)
results in respiratory burst, degranulation, phagocytosis, secretion of pro-inflammatory cytokines
such as tumor necrosis factor-o. (TNF-a), of the chemokines, interleukin-8 (IL-8) and monocyte
chemotactic protein-1 (MCP-1), and in the up-regulation of cell surface expressed
differentiation/activation markers.! In animal models of lipopolysacharide (LPS)-induced septic
shock and microbial sepsis caused by live Escherichia coli, application of a soluble TREM-1-Ig
fusion protein greatly increased survival of experimental animals indicating the importance of
TREM-1 in the amplification of inflammation.®

TREM-1 possesses a short intracellular part that lacks intrinsic signaling motifs. Instead, it is
coupled to the immunoreceptor tyrosine-based activation motif (ITAM)-containing adaptor
protein, DAP12.> TREM-1 engagement leads to Ca®* mobilization and phosphorylation of
several proteins including DAP12, extracellular-signal regulated kinase (Erk1/2), phospholipase
Cy (PLCy)! and the adaptor protein NTAL that further interacts with Grb2.” Recently, it was
reported that the adaptor protein CARD?9 is essential for TREM-1-induced secretion of TNF-a,
IL-2 and 1L-12p40 by mouse bone marrow-derived dendritic cells (BMDCs).?

Btk, a member of the Tec family of protein tyrosine kinases (PTKSs), is involved in signaling via
a variety of receptors including the B cell receptor (BCR), cytokine receptors and integrins.® 1°
Loss of Btk function causes X-linked agammaglobulinemia (XLA), a rare primary
immunodeficiency disease.™™ ** Mutations causing XLA have been described in all Btk domains
as well as in non-coding sequences of the gene.’® XLA is manifested by severe defects in early B
cell development, resulting in an almost complete absence of peripheral B cells and Igs of all
classes. Affected individuals suffer from recurrent bacterial and enteroviral infections.® In mice,
the R28C point mutation in the pleckstrin homology (PH) domain of Btk leads to X-linked
immunodeficiency (Xid)."

In innate immune cells, the role of Btk is less clear. Btk has been implicated in several pathways
in myeloid cells.® Btk associates with certain TLRs and their downstream signaling molecules.®

Contradictory results were obtained from studies of TLR stimulation of monocytes of XLA



patients. In one report, relative to healthy controls, monocytes of XLA patients secreted reduced
amounts of TNF-a upon LPS stimulation.® On the other hand, Perez et al.'” described that
monocytes of XLA patients showed similar TNF-o expression upon TLR4 triggering, compared
to healthy individuals. In mouse osteoclasts, Btk mediates signaling in response to RANKL
stimulation, and Tec”Btk”" mice show an osteopetrotic phenotype.'® Osteoclasts from XLA
patients showed defective resorption activity in vitro but bone density and bone turnover markers
were not altered in XLA patients. In serum of XLA patients, increased levels of inflammatory
cytokines were detected. Addition of this serum restored the activity of XLA osteoclasts and led
to the normalization of bone density in vitro. Moreover, Btk is involved in Fcy
receptor-mediated phagocytosis in mouse peritoneal macrophages.’’ The role of Btk in
DAP12-mediated signaling in monocytes/macrophages is currently unknown.

Here, we demonstrate an important role of Btk in ITAM-mediated TREM-1/DAP12 signaling in
myeloid cells. Btk was required for secretion of pro-inflammatory cytokines, Erk1/2
phosphorylation and Ca** flux. These data identify Btk as a promising target for the treatment of

inflammatory diseases.



Material and Methods

Mice

Tec-deficient mice?* and Btk-deficient mice? (purchased from Jackson Laboratory) were
intercrossed and maintained in the animal facility of the Medical University of Vienna in
concordance with all standards of animal care. Mice were backcrossed onto a C57BL/6
background for at least eight generations. All animal experiments were approved by the

appropriate governmental authorities.

Patients

Eight unrelated male patients diagnosed with XLA, as defined by the World Health Organization
(WHO) classification, and twelve healthy individuals were analyzed in this study after informed
consent was obtained. This study was approved by the Research Ethics Committee, Medical
University of Heidelberg, Germany. All patients received regular Igs substitution therapy and
were free of serious infection at the time of blood sampling. All blood samples from XLA
patients were taken before Ig treatment. Detailed clinical and molecular information about the
XLA patients is depicted in Table S1.

Cell culture and plasmids

All cell lines derived from the human myelomonocytic cell line U937 were cultured in
RPMI 1640 supplemented with 10% FCS, 2 mM glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin (Invitrogen Life Technologies). Human PBMCs were obtained from peripheral
blood by gradient centrifugation using Ficoll-Paque Plus (GE Healthcare) (Figure 6) or using
Polymorphprep (Axis-Shield) (Figure 1D), according to the manufacturer’s instructions, and
cultured in X-vivo 20 (Lonza). For a detailed description of BMDCs generation, see
Supplemental methods.

Vectors, sShRNA and cDNA constructs used in this study and methods for the generation of stable

cell lines are also described in the Supplemental methods.

Stimulation of cells for signal transduction

For cross-linking experiments, cells were incubated with primary mAb (10 pg/ml) for 20 minutes
at 4°C, washed twice with warm RPMI 1640 medium and incubated with secondary mAb
(10 pg/ml) for 5 minutes at 37°C. For experiments with inhibitors, cells were incubated with
PP2, Syk inhibitor IV BAY 61-3606 (both 16 puM, Calbiochem) or DMSO for 20 minutes at



37°C. Primary human PBMCs were incubated for 30 min on ice with 2% Venimmun N before
stimulation.

Cells (5%10’/ml) were stimulated with the indicated mAb (10 pg/ml) for 5 minutes at 37°C.
Subsequently, cells were washed twice with cold PBS and lysed in 1 ml (per 5x107 cells) of LM
lysis buffer (1% lauryl-p-D-maltoside (Calbiochem), 20 mM Tris (pH 7.5) 100 mM NaCl, 10%
glycerol, 10 mM EDTA (pH 8.0), 50 mM NaF, 1/100 v/v of freshly prepared pervanadate,
Complete Protease Inhibitor Cocktail (Roche Diagnostics)) for 30 minutes at 4°C. Subsequently,
postnuclear supernatants were subjected to immunoprecipitation (IP).

Erk phosphorylation and Ca** assay are described in Supplemental methods.

Immunoprecipitation and whole cell lysates

For IP with covalently coupled mAb, postnuclear supernatants were pre-cleared with
IgG2b-CNBr-Sepharose 4B beads to eliminate nonspecifically binding proteins. The flow
through was enriched for tyrosine-phosphorylated (pY) proteins using anti-pY (clone
4G10)-CNBr-Sepharose 4B beads for 2-3 hours at 4°C. For IP with uncoupled mAb, postnuclear
supernatants were pre-cleared with Protein A Ultralink Resin (Thermo Fisher Scientific). The
flow through was incubated with the anti-Myc-tag or the anti-Btk Ab for 30 minutes at 4°C,
added to 25-40 pl of Protein A Ultralink Resin and samples were incubated for additional 2-3
hours at 4°C. Bound proteins were eluted with 2xconcentrated Laemmli buffer, resolved by
SDS-PAGE followed by immunoblotting.

For analysis of whole cell lysates, 5x10° cells were lysed for 30 minutes at 4°C in 100 pl of LM
lysis buffer. Postnuclear supernatants were mixed at a 1:1 ratio with 2xconcentrated non-reduced
Laemmli buffer, heated for 5 minutes at 95°C and reduced with 1% DTT. Proteins were resolved
by SDS-PAGE followed by immunoblotting.

Stimulation of cells with immobilized Abs

For cytokine production, human PBMCs from healthy donors or XLA patients, mouse BMDCs
and U937-TD-derived cells (5%x10°/ml) were stimulated with the mAb, anti-TREM-1, anti-FLAG
or the respective isotype control mAb as indicated in the text, immobilized to tissue culture
plastic (20 pg/ml). In addition, U937-TD-derevied cells were treated with Phorbol 12-Myristate
13-Actetate (PMA) (1 ng/ml, Sigma-Aldrich) and mouse BMDCs were stimulated with PMA (20
ng/ml) and ionomycin (100 ng/ml, Sigma-Aldrich). Supernatants were collected at the indicated
time points and the amounts of secreted TNF-a, IL-8 or MIP-2 were analyzed by ELISA (R&D

Systems) according to the manufacturer’s instructions.



For the analysis of up-regulation of differentiation/activation markers, cells were harvested,
stained with the indicated mAbs and analyzed by flow cytometry using FACSCalibur (BD
Biosciences). Subsequent data analyses were performed using the FlowJo software (Tree Stars).

Abs used in this study are described in the Supplemental methods.



Results

The protein tyrosine kinase Btk is phosphorylated upon TREM-1 triggering

To gain insight into signaling events downstream of TREM-1, the U937-TD cell line that
ectopically expresses the FLAG-tagged TREM-1 (FLAG-TREM-1) and DAP12 was used.” The
parental myelomonocytic cell line U937 does not express endogenous TREM-1 and has very low
levels of endogenous DAP12 (data not shown). U937-TD cells express high levels of
FLAG-TREM-1 and human leukocyte antigen class | (HLA-I) (Figure 1A). We have shown
previously that stimulation of U937-TD cells with anti-TREM-1 or anti-FLAG mAbs led to
phosphorylation of several proteins including Erk1/2 kinase and the adaptor protein NTAL, to
increased cytokine and chemokine production as well as enhanced Ca®* flux. Incubation with an
isotype-matched anti-HLA-I mAb did not induce these events and was used as a negative
control.”

To identify novel regulators in the TREM-1/DAP12 pathway, we focused on proteins known to
be involved in Ca®* mobilization in ITAM-based signaling pathways, such as BCR-mediated
signaling in B cells. Accordingly, we selected Btk, a member of the Tec family of PTKs, as a
candidate. Indeed, immunoblotting using an anti-Btk pY551 mAb followed by an anti-Btk Ab
revealed highly increased levels of Btk pY551 after TREM-1 triggering, compared to incubation
with the isotype-matched anti-HLA-1 mAb (Figure 1B). In addition, phosphorylation of Btk on
Y223 upon TREM-1 triggering was observed (data not shown).

To address the possibility that Btk phosphorylation resulted from signaling of Fc receptors,
U937-TD cells were stimulated using F(ab’), fragments of the anti-FLAG mAb, alone or
cross-linked with F(ab’),-specific goat anti-mouse F(ab’), fragments (Figure 1B). F(ab’),
fragments of the anti-FLAG mAb or the goat anti-mouse F(ab’), alone did not induce Btk
phosphorylation. However, their cross-linking led to Btk phosphorylation similar to the levels
observed during stimulation with anti-TREM-1 or anti-FLAG mAbs (Figure 1B). In the same
experiment, we did not observe phosphorylation of the related kinase, Tec, which is also
expressed in U937-TD cells (data not shown). Moreover, Btk phosphorylation was observed after
TREM-1 stimulation in primary human PBMCs that contained 14% TREM-1" monocytes
(Figure 1C). In PBMCs, only CD14" monocytes express TREM-1 and thus respond to TREM-1
stimulation (data not shown).

To determine which kinases are required for Btk phosphorylation upon TREM-1 stimulation,
U937-TD cells stably expressing Myc-tagged Btk (Myc-Btk) were stimulated via TREM-1 in the



presence or absence of the Src kinase inhibitor, PP2, the Syk kinase inhibitor, Syk IV, or the
solvent control, DMSO (Figure 1D). Triggering with the anti-FLAG mADb in the presence of
DMSO led to pronounced Btk phosphorylation. In contrast, the presence of Src or Syk kinase
inhibitors during the stimulation greatly reduced Btk tyrosine phosphorylation.

Our data indicate that Btk becomes phosphorylated downstream of TREM-1 in a Src and Syk
kinase dependent manner, suggesting that Btk might play an important role in the
TREM-1/DAP12 signaling pathway.

Btk is a positive regulator of TREM-1 signaling and function

To evaluate the function of Btk in TREM-1 signaling, Btk knock-down cell lines were
established. Two different target sequences, one localized in the SH2 domain (B#1 shRNA) of
Btk, the other localized in the SH3 domain (B#2 shRNA) of Btk, were selected.”® U937-TD cells
were transduced with constructs containing these oligonucleotides or the vector control (VC)
resulting in the U937-TD-B#1, U937-TD-B#2 and U937-TD-VC cell lines, respectively.
Figure 2A shows that the B#1 shRNA efficiently reduced Btk expression in U937-TD cells,
leading to approximately 96% down-regulation of Btk expression relative to the vector control
cells. B#2 shRNA impaired Btk expression less efficiently, resulting in 40% down-regulation.
Expression of the related kinase, Tec, was not affected by the shRNAs directed against Bk,
which indicates the specificity of the selected oligonucleotides (data not shown). Furthermore, all
cell lines expressed similar levels of FLAG-TREM-1 on the cell surface (data not shown). For
subsequent experiments, U937-TD cells transduced with a construct containing oligonucleotides
delivering shRNA directed against GFP (U937-TD-GFP), were used as an additional control.’

The stimulation of TREM-1 in U937-TD cells leads to TNF-a and IL-8 production and to
up-regulation of the differentiation/activation markers, CD11c and CD86." " To investigate
whether Btk affects these processes, U937-TD-VC, U937-TD-B#1, U937-TD-B#2 and
U937-TD-GFP were incubated with plate-bound isotype-matched control or anti-FLAG mADbs or
with PMA and the production of TNF-a and IL-8 was analyzed. Triggering of TREM-1 for 8, 16,
24 and 48 hours in U937-TD-B#1 led to greatly decreased levels of TNF-o and IL-8 relative to
U937-TD-VC (Figure 2B and data not shown). Moreover, lower percentages of CD11c"CD86"
cells were detected after TREM-1 stimulation for 24 and 48 hours of the U937-TD-B#1 cell line
(Figure 2C and data not shown). U937-TD-B#2 cells behaved similar to U937-TD-VC cells
suggesting that these cells still expressed sufficient levels of Btk for it to perform its function. In

addition, cytokine secretion and up-regulation of activation markers in U937-TD-GFP cells was



indistinguishable from U937-TD-VC cells. Upon treatment with PMA that bypasses
ITAM-based signaling? no significant differences in cytokine production and up-regulation of
CD11c and CD86 were observed. In our previous study,” TREM-1 stimulation of U937-TD cells
in the presence of LPS resulted in highly elevated amounts of TNF-aand IL-8. In Btk
knock-down cells (U937-TD-B#1), impaired TNF-a and IL-8 production was observed not only
upon TREM-1 stimulation alone but also in combination with LPS (Figure S1). Stimulation of
U937-TD cells by LPS alone led to undetectable or low’ levels of TNF-a. It has been described
that Erk1/2 becomes phosphorylated after TREM-1 ligation.> * Indeed, Erk1/2 phosphorylation
was induced after TREM-1 engagement by the anti-FLAG mAb and upon anti-FLAG (Fab’),
cross-linking (Figure S2). As depicted in Figure 2D, at 2 minutes post-stimulation, levels of
Erk1/2 phosphorylation in U937-TD-B#1 cells were similar to U937-TD-VC cells. However, at
later time points, they were greatly reduced, suggesting that Btk controls sustained levels of
Erk1/2 phosphorylation after TREM-1 triggering. In addition, triggering of TREM-1 in the
presence of the PI3K inhibitor, LY294002, led to decreased levels of Erk1/2 phosphorylation
(Figure 2E).

Members of the Tec kinase family were shown to be important for Ca** mobilization following
antigen receptor engagement.”® Indeed, the Btk knock-down cell line, U937-TD-B#1, exhibited a
reduced Ca”" response upon stimulation via TREM-1 as compared to control cells (Figure 2F).
PLCy is an important regulator of the initiation of Ca?* flux.”> Among two PLCy isoforms,
PLCyl is the prominent isoform expressed in U937 cells (data not shown). After TREM-1
triggering, phosphorylation of PLCyl was reduced but, similar to Ca®* elevation, was not
completely abolished in U937-TD-B#1 cells (Figures 2G).

In summary, our data demonstrate that Btk is a positive regulator of cytokine production, of
up-regulation of the differentiation/activation markers CD11c and CD86, of sustained Erk1/2
phosphorylation, of Ca?* mobilization and PLCyl phosphorylation in the TREM-1/DAP12
pathway.

Expression of Btk insensitive to the B#1 shRNA restores the defects in Btk knock-down

cells

To confirm that the observed functional defects were due to the down-regulation of Btk
expression by RNA silencing, a Btk construct insensitive to the B#1 shRNA was designed.
Nucleotides in the target sequence of the B#1 shRNA were mutated by site-directed mutagenesis

to disable binding of the B#1 shRNA but preserve the amino acid sequence of Btk (Figure 3A).
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The U937-TD-B#1 cell line was transduced by either an empty vector or the vector containing
Btk insensitive to B#1 shRNA to establish U937-TD-B#1-VCins and U937-TD-B#1-Btkinsgs1WT,
respectively. In parallel, U937-TD-VC cells were transduced by an empty vector to produce
U937-TD-VC-VCi,s with endogenous Btk expression. Figure 3B illustrates that Btk expression in
the rescue cell line U937-TD-B#1-Btkinsgx1WT was increased to about 50% of the amount in
U937-TD-VC-VCi,s cells containing endogenous Btk. Expression of FLAG-TREM-1 by these
cell lines was similar to the parental cell lines (data not shown).

We first investigated whether TREM-1-induced cytokine secretion and up-regulation of CD11c
and CD86 were affected upon TREM-1 triggering in the Btk rescue cell line. Indeed, in
U937-TD-B#1-Btkinsgs1WT, the levels of TNF-a and 1L-8 (Figure 3C) as well as the percentages
of CD11c'CD86" cells (Figure 3D) were significantly increased up to 50% of the amounts
produced by cells containing endogenous Btk. The extent of functional responses correlated with
the level of Btk expression in U937-TD-B#1-Btki,ssxWT cells (Figure 3B). Furthermore, no
differences in cytokine production or in up-regulation of CD11c and CD86 were observed upon
treatment with PMA, demonstrating a similar intrinsic signaling potential of these cells.
Likewise, Erk1/2 phosphorylation was improved in U937-TD-B#1-Btkinsgs1WT cells
(Figure 3E). After engagement of TREM-1, a modest but consistent increase in Ca?* mobilization
was observed in U937-TD-B#1-Btki,ssxsWT cells compared to that of Btk knock-down cells
(Figure 3F).

In summary, transduction of Btk insensitive to B#1 shRNA in U937-TD-B#1 cells led to the
recovery of cytokine secretion, up-regulation of CD11c and CD86, and Erk1/2 phosphorylation
reaching around 50% of its original levels. The extent of this rescue of functional responses
correlated with the relative amounts of Btk expressed in these cells. Our data confirm that the

functional defects observed in Btk knock-down cells were due to their decreased levels of Btk.

Intact membrane localization and a functional kinase domain are required for function of
Btk in the TREM-1 signaling pathway

We next investigated whether certain domains of Btk were required for TREM-1 signaling and
function. In order to inactivate these domains, point mutations were introduced as illustrated in
Figure 4A. The point mutation, E41K, in the PH domain reportedly correlates with increased

phosphorylation and translocation to the plasma membrane.?” The R28C mutation in the PH
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domain impairs Btk binding to PIPs in the plasma membrane® and the K430E mutation targets
the kinase domain of Btk, rendering it inactive.”

U937-TD-B#1 cells were stably transduced with constructs containing Btk WT, E41K, R28C or
K430E insensitive to B#1 shRNA or an empty vector. Figure 4B shows expression of Btk in
these cell lines. Expression of FLAG-TREM-1 was comparable in all cell lines except for
U937-TD-B#1-Btkinss#1R28C that consistently revealed slightly higher amounts of TREM-1 on
the cell surface (data not shown).

First, cytokine production and up-regulation of CD11c and CD86 upon TREM-1 triggering were
investigated (Figures 4C, D). Cells expressing Btk E41K displayed significantly higher levels of
TNF-o and IL-8 relative to U937-TD-B#1-BtkinsgssWT and U937-TD-B#1-VCins cells. The
up-regulation of CD11c and CD86 was consistently increased in cells expressing Btk E41K. In
cells carrying the Btk R28C or K430E mutations, greatly reduced cytokine production and
percentages of CD11c"CD86" cells upon TREM-1 triggering were observed.

Then, TREM-1-induced Erk1/2 phosphorylation was analyzed in U937-TD-B#1-VCiys,
U937-TD-B#1-Btkinsgs1WT and U937-TD-B#1-BtkinssxE41K, R28C and K430E cells
(Figure 4E). After TREM-1 triggering, cells expressing Btk E41K displayed slightly increased
Erk1/2 phosphorylation compared to WT. In contrast, Erk1/2 phosphorylation was lower in cells
carrying Btk R28C or K430E.

Finally, we investigated whether Ca** flux was affected in the Btk mutant cell lines. Upon
TREM-1 engagement, Ca** mobilization was enhanced in U937-TD-B#1-BtkinszxE41K (Figure
4F). By contrast, in cells expressing Btk R28C or K430E mutants the Ca®" response was
decreased.

Our results indicate that TREM-1-induced cytokine production, up-regulation of activation
markers, Erk1/2 phosphorylation and Ca** mobilization are dependent on intact plasma

membrane localization of Btk and its kinase activity.

TREM-1-induced cytokine secretion is reduced in BMDCs generated from Btk” mice

Our recent study revealed that mouse TREM-1 is expressed by subsets of blood monocytes,
blood granulocytes and by BMDCs. Upon TREM-1 stimulation, BMDCs, but not other TREM-1
expressing cell populations, produce pro-inflammatory cytokines.*

To investigate whether Btk affects TREM-1 function in mouse primary cells, BMDCs were
generated from bone marrow precursors of WT and Btk” mice by a 3-day culture in

GM-CSF-containing medium. Since the related Tec kinase might compensate for Btk function in
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Btk”" mice, we also analyzed BMDCs from Tec” and Tec”Btk” mice.?* On all BMDCs similar
expression of TREM-1, CD86, MHC class Il or CD40 was observed by flow cytometry
(Figure 5A and data not shown).

Upon TREM-1 triggering, production of TNF-a and macrophage inflammatory protein 2 (MIP-2)
was significantly reduced by Btk” BMDCs, but only slightly impaired by Tec” BMDCs.
Moreover, in Tec”Btk” BMDCs, cytokine secretion was almost completely abolished (Figure
5B). All cells produced comparable amounts of cytokines upon treatment with PMA and
ionomycin. Similar results were obtained at 8, 24 and 36 hours time points (data not shown). No
up-regulation of CD86, CD80 or CD40, upon TREM-1 triggering was observed regardless
whether BMDCs were derived from WT or knock-out mice (data not shown).

PBMCs from the majority of tested XLA patients secrete decreased levels of TNF-a after
TREM-1 stimulation

To study the role of Btk in primary human cells, TREM-1-induced TNF-a production in patients

with XLA (Table S1), a rare hereditary disease caused by mutations in the Btk gene,*" ¥ w

examined. Also within PBMCs of XLA patients, only CD14" monocytes expressed TREM-1

as

(data not shown). Similar TREM-1 expression by healthy donors (average MFI = 153.7 + 87.3)
and XLA patients (average MFI = 134.5 + 37.8) on CD14" monocytes was observed (Figure 6A).
Upon TREM-1 triggering, TNF-a production was greatly impaired in PBMCs of seven out of
eight XLA patients (Figure 6B). The median value of TNF-o production normalized to 5x10* of
CD14" cells for healthy controls was 275 pg/ml and for XLA patients 99 pg/ml (P = 0.055,
determined by Mann Whitney test). PBMCs from one patient produced extremely high amounts
of TNF-a (1642.5+ 153 pg/ml) upon TREM-1 stimulation. The reasons for this
hyper-responsiveness upon TREM-1 stimulation are currently unknown and will be addressed in
future studies. In summary, our data indicate that Btk is a positive regulator of TNF-o production

in TREM-1-mediated signaling in primary human PBMCs.

13



Discussion

TREM-1 is implicated in the amplification of inflammatory responses and sepsis.® A better
understanding of the TREM-1/DAP12 signaling pathway could help in designing novel therapies
to control inflammatory diseases. Here, we demonstrate that after TREM-1 stimulation, Btk, a
member of the Tec family of PTKSs, becomes phosphorylated at Y551 in a Src and Syk kinase
dependent manner. Y551 is located in the activation loop of Btk that was shown to be required
for its intact kinase activity.** Phosphorylation at Y223 in the SH3 domain of Btk results from an
internal autokinase activity of Btk and serves as an additional indicator of Btk activation.’* Of
note, we observed increased phosphorylation at Y223 of Btk upon TREM-1 triggering as well
(data not shown). Thus, upon TREM-1 engagement, Btk becomes phosphorylated and activated.
Using several approaches, such as knocking-down Btk expression by RNA interference, studying
BMDCs from Btk” mice and the analysis of PBMCs from patients suffering from XLA
immunodeficiency, we demonstrate that Btk is a positive regulator of TNF-a production upon
TREM-1 stimulation. Upon LPS stimulation of human monocytes, Btk is involved in the
stabilization of mRNA of TNF-a, which was associated with an increase in the phosphorylation
of p38 mitogen-activated protein kinase (MAPK).® We did not observe increased
phosphorylation of p38 upon TREM-1 triggering in U937-TD cells (data not shown). Instead, we
observed increased Erk1/2 phosphorylation after TREM-1 stimulation. In this context, it has been
shown that after LPS stimulation, elevated levels of Erk1/2 phosphorylation correlated with
higher production of TNF-a..3 In Btk knock-down cells, Erk1/2 phosphorylation was similar to
that of control cells at early time points, but later it was greatly reduced. These data suggest that
after TREM-1 engagement, Btk sustains enhanced levels of Erk1/2 phosphorylation. A similar
observation was published previously in Btk-deficient DT40 cells after BCR stimulation.*

Upon LPS stimulation, Btk was implicated in the phosphorylation of the p65 subunit of NF«kB,
which was dependent on the intact kinase activity of Btk.** Our analysis of cells carrying
different mutants of Btk revealed that a functional Btk kinase domain was essential for
TREM-1-induced cytokine production. In this context, NFkB was shown to be activated by
TREM-1 triggering.* In addition, weak phosphorylation of interleukin-1 receptor-associated
kinase 1 (IRAK1), a kinase implicated in the activation of NFkB downstream of TLRs, was
demonstrated after TREM-1 triggering.® It is possible that Btk is involved in the phosphorylation
of downstream substrates, such as the p65 subunit of NFkB, after TREM-1 engagement,
facilitating TNF-o production. Moreover, NFkB is involved in the regulation of transcription of
the Btk gene®” which might further amplify an on-going pro-inflammatory immune response.
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Our results obtained with BMDCs from knock-out mice reveal an important role of Btk in the
regulation of TREM-1-induced TNF-a production. TNF-a production upon TREM-1 stimulation
was only minimally affected by the absence of just Tec kinase. We did not observe Tec
phosphorylation after engagement of the TREM-1 pathway in U937-TD cells (data not shown),
suggesting a subordinate role of Tec in TREM-1 signaling.

After BCR engagement, Btk mediates an increase in intracellular Ca®* required for the activation
of transcription factors such as NFAT.?> * It was shown that Btk phosphorylates PLCyl at
several tyrosine residues, including Y783, which is necessary for its maximal lipid hydrolase

% We observed greatly impaired Ca** flux and PLCyl phosphorylation in Btk

activity.
knock-down cells after TREM-1 triggering which was dependent on intact R28 in the PH of Btk
and functional kinase domain of Btk. Neither Ca®* flux nor PLCyl phosphorylation were
completely abolished in Btk knock-down cells. Accordingly, it was shown that Syk kinase is
absolutely essential for Ca?* flux and PLCy phosphorylation while Btk regulates the magnitude
of these processes after stimulation via BCR.%

In our study, we used different Btk mutants to dissect the molecular requirements underlying the
function of Btk downstream of TREM-1. U937-TD cells carrying the Btk E41K mutation
exhibited increased cytokine production, up-regulation of activation markers, Erk1/2
phosphorylation and Ca®* mobilization as compared to control cells. The E41K mutation of Btk
was shown to be hyperphosphorylated®” and to exhibit stronger association with membrane
phospholipids,* resulting in higher amounts of Btk at the plasma membrane.?” In concordance
with our study, increased Ca®* mobilization was observed after BCR engagement in Btk” DT40
cells reconstituted with Btk E41K.** However, transgenic mice expressing Btk E41K suffer from
similar but more severe B cell defect as compared to Xid mice.*®

U937-TD cells carrying Btk R28C displayed greatly impaired responses to TREM-1 stimulation
compared to control cells. The R28C mutation disables Btk to bind to PIP3 in the plasma
membrane.” Thus, Btk R28C cannot relocalize from the cytosol to the close proximity of the
plasma membrane where activation of PLCy takes place. Modifications at position 28 are
common alterations occurring in XLA patients* and the reason for the B cell phenotype
observed in Xid mice.**

The Btk K430E mutation targets the kinase domain of Btk, rendering it inactive. We observed
that in U937-TD cells expressing Btk K430E cytokine production, up-regulation of activation
markers, Erk1/2 phosphorylation and Ca?* mobilization were impaired as compared to U937-TD
cells carrying Btk WT. In contrast, in Btk’” DT40 cells reconstituted with Btk K430E, Ca*

mobilization is fully restored.* In this study, it was proposed that besides its kinase activity, Btk
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might also function as an adaptor protein that facilitates Ca** flux. Similarly, Btk’s tumor
suppressor activity is fully restored by the kinase inactive form of Btk.*® Of note, Btk R525Q,
another kinase inactive mutant, did not reconstitute BCR-induced Ca** flux.*® We conclude that
the function of Btk might depend on the cellular context and pathways studied.

Thus, intact localization in the plasma membrane and intact kinase activity of Btk are essential
for its function in the TREM-1/DAP12 signaling pathway. Apart from known targets such as
PLCy, Btk might phosphorylate other yet unidentified molecules downstream of TREM-1.
Although the comparison of overall tyrosine phosphorylation patterns of Btk knock-down cells
did not reveal any apparent differences (data not shown), our future studies will seek to identify
the unknown targets of Btk in the TREM-1 pathway. Together with Btk these molecules might
represent suitable targets for chemical intervention in patients with inflammatory diseases.

Our experiments revealed greatly reduced TNF-a production by PBMCs from seven out of eight
tested XLA patients as compared to healthy controls upon TREM-1 stimulation. XLA patients
carry mutations in the Btk gene leading to the complete loss or dysfunction of Btk.** *? Since the
exact nature of the TREM-1 ligand(s) is currently unknown, the implications of our findings
regarding the clinical manifestation of XLA patients, such as their high susceptibility to
infection, remain unclear. Elevated levels of inflammatory cytokines including TNF-o were
detected in the serum of XLA patients.® Our data suggest that these high levels of TNF-a. arise
from TREM-1-unrelated pathways. The stimulation of monocytes of XLA patients with LPS
resulted in controversial findings. One study reported defects in TNF-a. production by monocytes
of XLA patients upon LPS stimulation'® whereas another study observed similar levels of TNF-a.
expression.'” Thus, the contribution of TLR4 signaling to the high TNF-a serum levels in XLA
patients requires further investigation. In one patient, extremely high amounts of TNF-a
production (1642.5 + 153 pg/ml) were detected upon TREM-1 stimulation of PBMCs. The
reasons for this increased TNF-a production are currently not known and are under investigation
in our laboratory.

In conclusion, Btk is a positive regulator of the TREM-1 signaling pathway that leads to TNF-a
production. It is well established that TNF-a is a key mediator of inflammatory responses and
sepsis. Therefore, it is tempting to speculate that inhibition of Btk with specific small molecular

compounds might be a promising strategy in the treatment of inflammation and sepsis.
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Figure legends

Figure 1: Btk becomes phosphorylated after TREM-1/DAP12 triggering. (A) U937-TD cells
were stained with anti-TREM-1, anti-FLAG or anti-HLA-1 (open histograms) or isotype-matched
control mAbs (filled histograms) followed by staining with goat anti-mouse-PE Abs and
analyzed by flow cytometry. (B) U937-TD cells were incubated with the indicated stimuli for 5
min at 37°C. pY proteins were immunoprecipitated from postnuclear supernatants using
covalently coupled 1gG2b-Sepharose followed by anti-pY-Sepharose. Phosphorylation was
detected by immunoblotting with anti-Btk pY551 and anti-Btk Abs. (C) Human PBMCs
containing 14% TREM-1" monocytes were incubated with the indicated stimuli for 2 min. Btk
was immunoprecipitated from postnuclear supernatants using the anti-Btk Ab and Protein A
Ultralink Resin. Immunoblotting was performed with anti-Btk pY551 and anti-Btk Abs. (D)
U937-TD cells transduced with Myc-tagged Btk were placed in medium alone or in the presence
of DMSO or the Src kinase inhibitor, PP2, or the Syk inhibitor IV for 20 min at 37°C.
Subsequently, cells were incubated with the indicated stimuli for 5 min at 37°C. Btk was
immunoprecipitated from postnuclear supernatants using the anti-Myc-tag mAb and Protein A
Ultralink Resin. Immunoblotting was performed with anti-Btk pY551 and anti-Btk Abs. IP:

immunoprecipitation; pY: phosphotyrosine.

Figure 2: TREM-1 signaling is impaired in Btk knock-down cells. (A) Whole cell lysates of
U937-TD-derived cells were analyzed by immunoblotting with anti-Btk and anti-p-actin mAbs.
Lumilmager signals of Btk and B-actin were quantified and the ratio between Btk and B-actin
was calculated. (B, C) U937-TD-derived cells were incubated for 16 (B) or 48 (C) hours with
either plate-bound anti-FLAG or isotype-matched control mAbs or PMA. (B) Supernatants were
analyzed by ELISA for TNF-a and IL-8. Data are displayed as mean + SD of at least duplicates
of ELISA. (C) Cells were analyzed for expression of the differentiation/activation markers,
CD11c and CD86, by flow cytometry. (D) U937-TD-derived cells were incubated with medium
alone or with isotype-matched anti-HLA-I or with anti-FLAG mAbs for the indicated time
periods. Postnuclear supernatants were analyzed by immunoblotting with anti-pErk1/2 and
anti-Erk1 Abs. Lumilmager signals were quantified, and the ratio between pErk1/2 and Erkl was
calculated. (E) U937-TD cells were incubated with medium, isotype-matched anti-HLA-1 or with
anti-FLAG mAbs in the presence or absence (w/o) of LY294002 or DMSO for 5 min.
Postnuclear supernatants were analyzed by immunoblotting with anti-pErk1/2 and anti-f-actin

Abs. Signals were quantified, and the ratio between pErk1/2 and p-actin was calculated.
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(F) Ca?* mobilization of the Indo-1 AM-labeled U937-TD-derived cells was analyzed by flow
cytometry. Cells were stimulated with mAb at the time point indicated by the arrow. (G)
U937-TD-derived cells were stimulated with isotype-matched anti-HLA-I or anti-FLAG mAbs
for the indicated time periods. Postnuclear supernatants were analyzed by immunoblotting with
anti-PLCy1 pY783 and anti-PLCyl Abs. One representative experiment of two (G), of three (A
and F), of seven (B), of five (C) and of four (D) independent experiments is shown. n.d: not

detectable.

Figure 3: Expression of Btk insensitive to the B#1 shRNA restores the defects of the Btk
knock-down cell line. (A) A schematic picture of the construct used to prepare the Btk rescue
cell line, U937-TD-B#1-Btki,ssx1WT, is depicted. (B) Whole cell lysates of U937-TD-derived
cells were analyzed by immunoblotting with anti-Btk and anti-B-actin mAbs. Lumilmager signals
of the ratio between Btk and p-actin are displayed as mean + SD from seven independent
experiments. (C, D) U937-TD-derived cells were incubated with either plate-bound anti-FLAG
or isotype-matched control mAbs or PMA. (C) ELISA analysis of supernatants collected after 8
(TNF-a) or 16 (IL-8) hours. Data are displayed as mean + SD from ELISA performed at least in
duplicates of duplicate cultures. (D) Expression analysis of CD11c and CD86 after 48 hours by
flow cytometry is shown. Data are displayed as mean = SD from duplicate cultures. (E)
U937-TD-derived cells were stimulated with the anti-FLAG mAb for 5 minutes. Postnuclear
supernatants were analyzed by immunoblotting with anti-pErk1/2 and anti-Erkl Abs.
Lumilmager signals were quantified, and the ratio between pErk1/2 and Erk1 was calculated. (F)
Ca?* mobilization of Indo-1 AM-labeled U937-TD-derived cells was analyzed by flow
cytometry. Cells were stimulated with the anti-FLAG mAb at the time point indicated by the
arrow. One representative experiment of seven (B), of five (C, F), of four (D) and of three (E)
independent experiments is shown. *P <0.05 and **P <0.005 (Student's t-test). ins:

insensitive; WT: wild-type.

Figure 4: Intact plasma membrane localization and a functional kinase domain of Btk are
essential for Btk function after TREM-1 triggering. (A) Schematic illustration of Btkinsgs1
mutants introduced into U937-TD-B#1 cells. (B) Whole cell lysates of U937-TD-derived cells
were analyzed by immunoblotting with anti-Btk and anti-p-actin or anti-a-tubulin mAbs.
Lumilmager signals of the ratio between Btk and the indicated housekeeping protein are
displayed as mean + SD from seven independent experiments. (C, D) U937-TD-derived cells

were incubated with either plate-bound anti-FLAG or isotype-matched control mAbs or PMA.
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(C) Supernatants were collected after 8 (TNF-a) or 16 (IL-8) hours and cytokine production was
analyzed by ELISA. Data are displayed as mean + SD of at least duplicates of ELISA from
duplicate cultures. (D) Expression analysis of CD11c and CD86 after 48 hours by flow cytometry
is depicted. Data are displayed as mean = SD from duplicate cultures. (E) U937-TD derived cells
were stimulated with the anti-FLAG mAb for 5 minutes. Postnuclear supernatants were analyzed
by immunoblotting with anti-pErk1/2 and anti-Erkl mAbs. Lumilmager signals were quantified,
and the ratio between pErk1/2 and Erkl was calculated. (F) Ca®* mobilization of Indo-1
AM-labeled U937-TD-derived cells was analyzed by flow cytometry. Cells were stimulated with
the anti-FLAG mADb at the time point indicated by the arrow. One representative experiment of
seven (B), of four (C, D), of three (E) and of five (F) independent experiments is shown.
* P <0.05and ** P < 0.003 (Student’s t-test).

Figure 5: Btk is required for TREM-1-induced cytokine production in mouse BMDCs.
BMDCs were generated from bone marrow cells of WT, Btk”", Tec” and Tec”Btk” mice in
GM-CSF-containing medium. (A) On day 3, BMDC from WT and Tec”Btk” mice were stained
with isotype-matched (dashed line) or anti-TREM-1 (full line) mAbs and analyzed by flow
cytometry. (B) On day 4, cells were incubated for 8 hours with either plate-bound
isotype-matched control or plate-bound anti-TREM-1 mAbs or with PMA and ionomycin.
Supernatants were analyzed by ELISA for TNF-a. and MIP-2. Data are displayed as mean + SD
of at least duplicates of ELISA from duplicate cultures. Figure shows one representative result
out of three independent experiments. * P <0.01, ** P <0.006 and *** P <0.0001 (Student’s

t-test). iono: ionomycin.

Figure 6: Cytokine production in PBMCs from XLA patients after TREM-1 triggering. (A)
Expression of TREM-1 on PBMCs of healthy controls and of XLA patients was analyzed by
flow cytometry. Representative histograms show overlays of staining with isotype-matched
(dashed line) or anti-TREM-1 (full line) mAbs gated on CD14" cells. (B) PBMCs were prepared
from peripheral blood of XLA patients and healthy individuals by Ficoll-Paque gradient
centrifugation. Cells were incubated with plate-bound isotype control or anti-TREM-1 mAbs for
24 hours and TNF-a production was analyzed by ELISA. Due to the lack of B cells in XLA
patients, slightly increased frequency of TREM-1" cells was observed (healthy controls: 21.4 +
5.4%; XLA: 30.3 + 8.0%). Thus, levels of TNF-o production were normalized to 5x10* of
CD14" cells. Median value of group is depicted in the graph as a line.

Figure 1
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Supplemental methods

Generation of mouse BMDCs

Mouse BMDCs were differentiated from BM cells isolated from femur and tibiae of the hind
legs. Cell suspensions were filtered through a 40 uM cell strainer and incubated for 2-3 minutes
in 0.5 ml ACK buffer per leg for erythrocytes lysis. After washing, cells were cultured overnight
in DMEM supplemented with 10% FCS, 2 mM glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, 1/100 v/v non-essential amino acids, 1 mM sodium pyruvate, 50 pM
[-mercaptoethanol (Invitrogen Life Technologies) and 10% GM-CSF containing supernatant
from the cell line X6310-GM-CSF, provided by Prof. T. Decker (University of Vienna, Vienna,

Austria). Non-adherent cells were harvested and cultured for additional four days.

Vectors

The pMXs-IN vector was described previously” and used for expression of Myc-tagged Btk in
U937-TD cells. The pMXs-ILyt2 vector was generated by exchanging LNGFR in pMXs-IN for
Lyt2 (truncated mouse CD8) and used for expression of Btk constructs insensitive to B#1
shRNA. The RVH1_LNGFR vector (kindly provided by Prof. R. Medzhitov, Yale University,
New Haven, CT) was described previously’ and used for expression of sShRNA oligonucleotides.

Short hairpin RNA constructs

The following oligonucleotides encoding shRNAs that targets Btk were used: B#1
(5'-GATCCCCGGGAAAGAAGGAGGTTTCATTCAAGAGATGAAACCTCCTTCTTTCCCT
TTTTGGAAC-3'); and B#2
(5"-GATCCCCGAAGCTTAAAACCTGGGAGTTCAAGAGACTCCCAGGTTTTAAGCTTCT
TTTTGGAAC-3').2 These oligonucleotides were annealed and ligated into the RVH1_LNGFR

vector. The construct bearing shRNA directed against GFP was described previously.’

cDNA constructs and generation of stable cell lines

cDNA of human Btk WT and E41K were amplified from pRVC-TAP-hBtk and
pPSGT-hBtk® E41K, respectively, provided by Prof. G. Superti-Furga (Center for Molecular
Medicine, Austrian Academy of Sciences, Vienna, Austria). N-terminally Myc-tagged Btk was
amplified from pRVC-TAP-hBtk. The forward primer contained the sequence of Myc-tag:
5'-CGCGGATCCATGGAACAAAAACTTATTTCTGAAGAAGATCTGGCCGCAGTGATTC
TGG-3'. Amplified cDNAs were inserted into the pMXs-IN vector.” Btk constructs insensitive



to the B#1 shRNA were generated Dby site-directed mutagenesis using the primer
5'-GCAACTGCTAAAGCAAGAGGGTAAGGAGGGCGGGTTTATTGTCAGAGACTCCAG
CAAAG-3' following standard protocols and ligated into the pMXs-ILyt2 vector. Point
mutations, Btk R28C and K430E, were generated by site-directed mutagenesis of construct
Btkinssx1 WT following standard protocols and ligated into the pMXs-I1Lyt2 vector.

To prepare stable transfectants of the U937-TD cell line, which ectopically expresses
FLAG-TREM-1 and DAP12, the protocol described before by Tessarz et al” was used. To enrich
transduced cells, cells were pre-sorted using anti-LNGFR or anti-mouse CD8 mAbs coupled
magnetic beads (MACS, Miltenyi Biotec) followed by flow cytometric sorting by FACSVantage
SE (BD Biosciences).

Antibodies

The following antibodies were used: anti-FLAG (clone M2) and anti-human B-actin from
Sigma-Aldrich; anti-a-tubulin from Oncogene; anti-Myc tag, anti-human Btk, anti-human
phospho-PLCy1 Tyr783, anti-human PLCy1 and anti-phospho Erk1/2 (Thr202/Tyr204) from Cell
Signaling Technology; anti-human HLA-I (clone MEM-147) from Exbio; anti-phosphotyrosine
(clone 4G10) from Upstate Biotechnology; purified or PE-conjugated anti-human TREM-1 and
purified or PE-conjugated anti-mouse TREM-1 from R&D Systems; anti-human Btk, anti-human
Btk pY551/Itk pY551, anti-human Erkl, FITC-conjugated anti-mouse CD11c, APC-conjugated
anti-human CD11c, PE-conjugated anti-human CD86, PE-conjugated anti-human NGFR and
purified NA/LE Rat 1gG2ax Isotype control from BD Biosciences; APC-conjugated anti-mouse
CD11b, APC-conjugated anti-mouse CD8, PE-conjugated rat 1gG2ax from BiolLegend; purified
or PE-conjugated mouse IgGlk (clone MOPC-21C) from BD Biosciences (Figure 2) or
BioLegend (Figure 3 and 4); anti-human Btk (M-138) from Santa Cruz Biotechnology:
PE-conjugated goat F(ab’), anti-mouse IgGs from Biosource; F(ab’), goat anti-mouse 1gG+IgM
from Jackson ImmunoResearch; goat anti-mouse 1gG horseradish peroxidase conjugate and goat
anti-rabbit 1gG horseradish peroxidase conjugate from Biorad.

F(ab"), fragments of the anti-FLAG M2 mAb were prepared essentially following standard
protocols using incubation of the mAb with immobilized pepsin (Thermo Fisher Scientific) in

acetate buffer pH 5 for 6 hours.

Erk phosphorylation
Cells (5x10°) were stimulated in RPMI 1640 without FCS with the mAbs (10 pg/ml) for the
indicated time period at 37°C. After washing, cells were resuspended in 100 pl of LM lysis
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buffer (additionally containing crystal of DNase). Lysates were subjected to three freeze-thaw
cycles followed by incubation at 4°C for 30 minutes. Postnuclear supernatants mixed with
reducing Laemmli buffer were resolved by SDS-PAGE followed by immunoblotting using
anti-pErk1/2 and anti-Erk or B-actin Abs. The ratio between pErk1/2 and Erkl or B-actin resp.
was determined by a Lumilmager (Roche Diagnostics). Quantification of the protein signals was

performed using the LumiAnalyst software (Roche Diagnostics).

Ca”" flux

Cells (3x10°/ml) were washed with RPMI 1640 without FCS and loaded with 1 uM Indo-1 AM
(Molecular Probes) at 37°C for 30 minutes. Cells were washed twice with RPMI 1640 without
FCS and kept at 37°C till measurement. Ca®* flux was induced with the indicated mAb

(10 pg/ml) and measured for additional 360 seconds using FACSVantage SE (BD Biosciences).



Supplemental table

Table S1: Clinical and molecular information about the XL A patients

Patient | Age| Mutation IgG trough Treatment PBMCs B cells

levels (1g) [countsx10%ml] | [%]
[9/1] [mg/kd]

1 8 R562W 8.4 125/week sc 1.21 0

2 2 | C.776+5delG 7.9 500/3 weeks iv 1.75 0

3 20 Intron 7: 6.8 100/week sc 0.59 0

72141 G ->C

4 16 H519N 10.9 150/week sc 1.29 0

5 31 R28C 8.1 75/week sc 0.96 0.2

6 12 V626G 11 174/week sc 1.35 0

7 11 H519R 94 700/month iv 1.10 0

8 38 W421X 7.7 93/week sc 0.76 0.1

sc indicates subcutaneous; iv, intravenous.




Supplemental data

Figurelegends

Figure S1: Cytokine production upon TREM-1 and TLR4 engagement is impaired in Btk
knock-down cells. U937-TD-derived cells were incubated with plate-bound anti-FLAG with or
without LPS (1 pg/ml) or isotype-matched anti-HLA class | mAbs, LPS (1 pg/ml) or PMA
(5 ng/ml) for 16 hours. Production of TNF-a (upper panel) and IL-8 (lower panel) was measured
by ELISA. Data are displayed as mean + SD of at least duplicates of ELISA from duplicate

cultures. n.d: not detectable.

Figure S2: Similar Erk phosphorylation is induced after TREM-1 engagement by
anti-FLAG and anti-FLAG (Fab’), cross-linking. U937-TD-VC cells were incubated with the
indicated stimuli for 5 min. Postnuclear supernatants were analyzed by immunoblotting with
anti-pErk1/2 and anti-Erk1 Abs.
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