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Abstract

Proline-rich tyrosine kinase 2 (Pyk2) is a member of the focal
adhesion kinase (FAK) family and is mainly expressed in neu-
ronal and hematopoietic cells. As FAK family members are
involved in signaling connections downstream of integrins,
we studied the role of Pyk2 in complement-receptor 3 (CR3,
also known as Mac-1, integrin ay3,, CD11b/CD18)-mediat-
ed phagocytosis, a key process in innate immunity. Using 3
independent approaches, we observed that Pyk2 contrib-
utes to CR3-dependent phagocytosis by RAW 264.7 macro-
phages, but is dispensable for Fcy receptor (FcyR)-mediated
uptake. Reduction of Pyk2 expression levels via siRNA, the
pharmacological inhibition of Pyk2 kinase activity as well as
macrophage treatment with a cell permeable TAT fusion
protein containing the C-terminus of Pyk2 (TAT-PRNK) sig-
nificantly impaired CR3-mediated phagocytosis without af-
fecting FcyR-mediated uptake. In addition, Pyk2 was strong-
ly recruited to complement opsonized Escherichia coli and
the pharmacological inhibition of Pyk2 significantly de-
creased uptake of the bacteria. Finally, CRISPR/Cas-mediat-

ed disruption of the pyk2 gene in RAW 264.7 macrophages
confirmed the role of this protein tyrosine kinase in CR3-
mediated phagocytosis. Together, our data demonstrate
that Pyk2 selectively contributes to the coordination of
phagocytosis-promoting signals downstream of CR3, but is
dispensable for FcyR-mediated phagocytosis.

© 2016 S. Karger AG, Basel

Introduction

Phagocytosis is an important process for both unicel-
lular and multicellular eukaryotes. In Metazoa, internal-
ization of apoptotic bodies contributes to tissue homeo-
stasis. Moreover, the phagocytosis of microorganisms
like fungi or bacteria limits infections [1]. Therefore,
phagocytosis is a major part of the first-line defense
against pathogens and plays a pivotal role in the innate
immune response. Moreover, phagocytosis is linked to
the release of proinflammatory cytokines and is a prereq-
uisite for antigen presentation. It is thus also instrumental
in orchestrating the adaptive immunity [2].

Professional phagocytes, namely granulocytes, macro-
phages and dendritic cells, are able to recognize and in-
gest pathogenic microorganisms via specific phagocytic
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receptors. Some phagocytic receptors, such as Dectinl or
CEACAM3, directly recognize characteristic structures
on bacterial or fungal cells [3-5] whereas other phago-
cytic receptors require prior opsonization of the particles.
For example, Fc receptors (FcRs) mediate the uptake of
pathogens decorated by specific immunoglobulins via
recognition of the Fc part of antibodies (Abs) [6]. A fur-
ther mechanism, which does not require specific Abs, is
the opsonization of pathogens with factors of the comple-
ment system, mainly iC3b. Phagocytosis of complement-
opsonized particles occurs via binding and signaling
through complement receptors (CRs) [7]. The 2 main
complement receptors, CR3 (also known as Mac-1,
CD11b/CD18, integrin ayp,) and CR4 (also known as
gp150/95,CD11c/CD18, integrin axf3,), are integrin fam-
ily members with a common B, subunit. While CR4 is
mainly expressed in tissue macrophages, CR3 expression
is predominant in blood monocytes and granulocytes [8].

A family of cytoplasmic nonreceptor protein tyrosine
kinases (PTKs), which is connected to integrin signaling
in many cell types, is the focal adhesion kinase (FAK)
family, consisting of FAK and proline-rich kinase 2 (Pyk2,
also known as FAKB, CAK beta, RAFTK or FAK2). Pyk2
and FAK have a common domain structure with the cen-
tral kinase showing a sequence similarity of 60% [9-12].
However, while FAK is ubiquitously expressed, Pyk2 ex-
pression is restricted to cells of the central nervous system
and hematopoietic cells. Both kinases have been linked to
integrin-mediated cell adhesion and migration [13]. For
example, macrophages with decreased Pyk2 expression
or genetic deficiency in Pyk2 are significantly impaired in
their migratory potential [14-16]. In line with this func-
tional impairment, Pyk2-deficient macrophages show a
reduced contractile activity of lamellipodia and dimin-
ished membrane ruffling [16]. Importantly, the stimula-
tion of integrins, such as ayf; or ayp, (CR3), results in
the activation of Pyk2 and its colocalization with inte-
grins [14, 17-19]. The functional connection between in-
tegrins and Pyk2 in hematopoietic cells is in line with the
observed functional role of Pyk2 in migration and the
spreading of phagocytes. These observations also raise
the question, if additional integrin-dependent processes
in phagocytic cells, such as complement receptor-medi-
ated phagocytosis, might be influenced by Pyk2. Interest-
ingly, Pyk2-deficient mice show an impaired immune re-
sponse to Staphylococcus aureus infection in vivo [20].
However, in vitro experiments with serum-opsonized
bacteria or polystyrene beads do not reveal an altered up-
take or reduced bacterial killing in the case of Pyk2-defi-
cient murine granulocytes [20].
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To resolve these apparent discrepancies, we have di-
rectly addressed the function of Pyk2 in CR3-mediat-
ed phagocytosis. By using pharmacological inhibition,
protein transduction with dominant-negative mutants,
siRNA-mediated knockdown as well as CRISPR/Cas-me-
diated knockout of Pyk2, we observe a significant contri-
bution of Pyk2 to CR3-mediated but not FcR-mediated
phagocytosis. In murine macrophages, Pyk2 is recruited
to complement-opsonized but not to IgG-opsonized par-
ticles, and bacteria opsonized by IgG-depleted serum are
internalized in a Pyk2-dependent manner. Together, our
results demonstrate that Pyk2 positively contributes to
integrin-mediated phagocytosis in macrophages.

Materials and Methods

Cell Culture and Transfection

RAW 264.7 macrophages were cultured in DMEM/10% heat-
inactivated fetal bovine serum (hiFBS) at 37°C, 5% CO,. Pyk2
siRNA or siGLO control siRNA (Dharmacon, Lafayette, Colo.,
USA) were delivered using INTERFERIn® transfection reagent
(Polyplus-Transfection, Illkirch, France) according to the manu-
facturer’s recommendations.

Reagents, Antibodies and Coupling of Polystyrene Beads

Pyk2/FAK inhibitor PF431396 was purchased from Tocris Bio-
science (Wiesbaden-Nordenstadt, Germany). Pervanadate (PV)
was freshly prepared by incubation of 50 mM H,0, and 10 mM so-
dium orthovanadate for 5 min and the subsequent addition of 1 mg
catalase. Carboxylated polystyrene microbeads (Polysciences, Ep-
pelheim, Germany) were covalently coupled to proteins according
to the manufacturer’s protocol. Beads were coupled to 400 pg mu-
rine IgG1, ovalbumin or recombinant protein G (Sigma Aldrich,
Hamburg, Germany). Protein G-coupled beads were incubated
with rat monoclonal Ab against CD11b, purified from hybridoma
cell supernatants (Clone M1/70.15.11.5.2, Developmental Studies
Hybridoma Bank, University of lowa) or the isotype-matched con-
trol rat Ab (IgG2b, ImmunoTools, Friesoythe, Germany). During
protein coupling, the beads were also biotin-labeled with 0.5 mg/ml
sulfo-NHS-LC Biotin (Thermo Fisher Scientific, Bonn, Germany).
For Western blot analysis, rabbit polyclonal Pyk2 Ab (H-102, San-
ta Cruz Biotechnology, Heidelberg, Germany), rabbit polyclonal
phospho-Pyk2 [pY402] Ab (17HCLC, Life Technologies, Darm-
stadt, Germany), monoclonal tubulin Ab (clone E7), polyclonal C3
Ab (MP Biomedicals, Eschwege, Germany) were used.

Cloning and Purification of TAT-GST Fusion Proteins

The sequence of the transactivator protein (TAT) was inserted
via complementary oligonucleotides (5-TACCGCGGCGGCGCT-
GGCGGCGTTTCTTGCGGCCGTACAT-3" and 5'-TAATGTA-
CGGCCGCAAGAAACGCCGCCAGCGCCGCCGCGG-3') in the
Ndel site of pET-42a(+) (Merck Millipore, Darmstadt, Germany)
resulting in pET-42-TAT. The C-terminal part of human Pyk2,
hPRNK, or the fluorescent protein EGFP were amplified by PCR
(PRNK sense: 5'-TGCATGACTAGTAGTGACGTTTATCAGAT-
GG-3',PRNK antisense: 5'-TGACAGGTCGACTCACTCTGCAG-
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GTGG-3'; EGFP sense: 5'-ATGCTGACTAGTAGCAAGGGCGA-
GGAG-3', EGFP antisense: 5'-ACTGCTGTCGACGTTAATTAA-
GTTTGTGCCCCAG-3") and inserted via Sall and Spel restriction
sites in pET-42-TAT. The TAT-fusion proteins were expressed in
Escherichia coli BL-21 DE3 and purified using a GSTrapFF column
(GE Healthcare, Freiburg, Germany). TAT-GST fusion proteins
were applied 30 min before the actual start of the experiment.

Microbead Phagocytosis Assay

1 x 10° RAW 264.7 macrophages were seeded on gelatine-coat-
ed coverslips in 24-well plates and then serum-starved for 16 h
(0.5% BSA in DMEM). The cells were stimulated for 10 min with
DMEM/10% hiFBS prior to the addition of the biotinylated, pro-
tein-coupled beads. In some cases, the Pyk2 inhibitor PF431396 or
DMSO were added 10 min before bead addition. Protein-coupled
and biotinylated beads [30 beads/cell; multiplicity of infection
(MOI) 30] were centrifuged onto the cells (for 3 min at 500 g). Af-
ter 2 h, the cells were fixed and extracellular beads were stained
using rhodamine-streptavidin (Jackson ImmunoResearch Labora-
tories, Newmarket, UK). Samples were analyzed using wide-field
microscopy (Leica AF6000 LX) and the ratio of intracellular versus
total cell-associated beads was determined.

Pyk2 Immunostaining

For immunostaining of Pyk2, 1 x 10° cells were seeded as in-
dicated on coverslips coated with gelatine (0.1%) or poly-L-lysine
(10 pg/ml) in 24-well plates, and then serum-starved for 16 h. The
cells were activated with growth medium or growth medium con-
taining 200 ng/ml PMA 10 min before infection with protein-cou-
pled microbeads or E. coli for the indicated times and at the indi-
cated MOI. Microbeads and bacteria were labeled with 0.05 mg/ml
fluorescein isothiocyanat (FITC; Sigma Aldrich, Hamburg, Ger-
many) in PBS for 1 h at 37°C prior to infection. After fixation and
permeabilization, samples were stained with polyclonal anti-Pyk2
Ab and fluorescently labeled secondary anti-rabbit IgG Ab (Jack-
son ImmunoResearch Laboratories). If indicated, cells were addi-
tionally stained with Phalloidin-Cy5 (Life Technologies). For fluo-
rescence intensity profiles, line plots with the same distances were
created for each fluorescence channel at sites of bead or bacteria
attachment using Image] software. Intensities of Pyk2-Cy3 and
Phalloidin-Cy5 (when indicated) were normalized to the maximal
fluorescence intensity of beads or bacteria, respectively. Mean val-
ues of normalized data of 7-10 attachment sites in different cells
were combined.

Scanning Electron Microscopy

1 x 10° cells were seeded and treated as indicated. After incuba-
tion with microbeads or bacteria, fixation buffer (3% formalde-
hyde, 3% glutaraldehyde in sodium cacodylate buffer containing
0.09 M sucrose, 0.01 M CaCl, and 0.01 M MgCl,, pH 6.9) was added.
After 5 min, the fixation buffer, together with the medium, was as-
pirated, fresh buffer was then added and incubation took place for
30 min. Subsequently, the fixation buffer was changed again and
incubated overnight at 4°C before the cells were washed 3 times
with sodium cacodylate buffer. After stepwise dehydration to 70%,
critical-point drying with CO, was performed, and the samples
were sputter-coated with 5 nm gold-palladium in a BAL-TEC SCD
030. The preparations were analyzed on a Zeiss Auriga CrossBeam
Workstation at 15 kV, using the secondary electron detector at the
Electron Microscopy Center, of the University of Konstanz.

Pyk2 in CR3-Mediated Phagocytosis

Serum Preparation and Opsonization of E. coli

Fresh murine blood samples were allowed to clot at room tem-
perature for at least 30 min. The clotted material was removed by
centrifugation for 15 min at 3,000 rpm and the serum was snap-
frozen in liquid N, and stored at -80°C. IgG depletion of the serum
was accomplished by incubating 500 pul serum with 2 ml formalde-
hyde-fixed Streptococcus dysgalactiae suspension in PBS for 16 h at
4°C. IgG depletion was confirmed via Western blot. For heat-inac-
tivation, the IgG-depleted serum was incubated for 30 min at 65°C.
Opsonization of E. coli with serum samples was achieved by incuba-
tion of 1 x 108 bacteria with 30% serum in PBS for 30 min at 37°C.

Flow Cytometry-Based Phagocytosis Assay

1 x 10° RAW 264.7 macrophages were seeded in 6-well plates
and serum-starved for 16 h. Cells were activated with 200 ng/ml
PMA 10 min prior to infection with FITC-labeled and opsonized
E. coli at a MOI of 100 in presence or absence of 10 uM PF431396.
Bacteria were gently centrifuged onto the cells and samples were
incubated for 1 h at 37°C. Cells were washed 3 times with PBS,
detached, resuspended in PBS and analyzed via flow cytometry.
Overall FITC fluorescence of cell-associated bacteria was mea-
sured before extracellular signals were quenched with trypan blue
to selectively detect fluorescence from internalized bacteria. The
uptake index was calculated by multiplication of the percentage of
FITC-positive cells with the mean fluorescence.

CRISPR/Cas-Mediated Knockout of Pyk2 in RAW 264.7 Cells

Transfection of RAW 264.7 macrophages was performed using
the Nucleofector™ kit V for the Nucleofector device (Lonza Group
Ltd, Basel, Switzerland) according to the manufacturer’s protocol.
Cells were cotransfected with plasmids containing gRNAs target-
ing exon 1 (gRNA sequence: 5-GGGCCCCCCAGAGCCCAT-
GG-3') and exon 2 (gRNA sequence: 5'-GCTGCACCCACAGAT-
GACCG-3') of the pyk2 gene; and a plasmid encoding for the Cas9
enzyme together with a puromycin resistance cassette (pX459 pro-
vided by Feng Zhang via www.addgene.org; plasmid No. 48139).
Two days after transfection, cells harboring the Cas9-encoding
vector were selected, using 1.5 pg/ml puromycin for 3 days, and
single-cell clones were propagated. Complete knockout of Pyk2 in
selected clonal lines was verified via immunoblotting against Pyk2
protein.

Statistical Analysis

For microbead phagocytosis assays, data are shown as medians,
with boxes representing the 25th to 75th percentiles and error bars
the 10th to 90th percentiles of 3 independent experiments. For the
flow cytometry-based invasion assay, data are shown as means +
SD. Differences between sample means were assessed using the
Mann-Whitney U test (* p < 0.05; ** p < 0.01; *** p < 0.001).

Results

CD11b Ab-Coated Beads Trigger CR3-Mediated

Phagocytosis

To analyze the function of Pyk2 during opsono-phago-
cytosis, we used Ab-coupled microbeads, which selective-
ly address either CR3-mediated or FcyR-mediated uptake.
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Brightfield Beads
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Fig. 1. Pyk2 is recruited to cell-associated anti-CR3 beads. a Se-
rum-starved RAW 264.7 cells were activated with DMEM/10%
hiFBS for 10 min and infected with CFSE-labeled beads coupled to
albumin, rat IgG2b (control), a-CD11b Ab (anti-CR3) or IgG

Thus, carboxylated polystyrene microbeads were first co-
valently coupled with protein G and then incubated with
a rat monoclonal Ab directed against the murine CD11b
subunit of CR3 (anti-CR3 beads) or with an isotype-
matched rat control Ab (rat IgG beads), respectively. In
addition, some beads were directly coupled to murine IgG
(Fc beads) to trigger phagocytic processes via FcyR, and a
further batch of beads was coated with ovalbumin (albu-
min beads) to serve as an additional control. During cou-
pling, the beads were also biotinylated by the addition of
sulfo-NHS-LC-biotin. The different protein-coated, bio-
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(MOI 15) for 30 min. After infection, the cells were fixed and im-
munostained with a-Pyk2 (1:50) and a-rabbit-Cy3 Ab. In addi-
tion, actin was stained using Phalloidin-Cy5. The regarded beads
are indicated with arrows. Scale bars: 10 pm.

tinylated bead preparations were incubated for 120 min
with RAW 264.7 macrophages. Following fixation, strep-
tavidin-rhodamine was added to selectively stain extracel-
lular beads. Microscopic evaluation by phase-contrast and
fluorescence microscopy allowed the visualization and
quantification of extra- and intracellular beads (online
suppl. fig. 1A; for all online suppl. material, see www.
karger.com/doi/10.1159/000442944). Albumin bead in-
ternalization occurred, albeit at a low percentage of ap-
proximately 10%. A slightly greater uptake of rat IgG
beads, around 20%, was observed; in contrast, 40-50% of
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the cell-associated particles were intracellular for Fc or an-
ti-CR3 beads (online suppl. fig. 1A, C). To demonstrate
the selective uptake of anti-CR3 beads via CR3, parallel
samples were incubated with beads in the presence of a
CR3-blocking Ab (online suppl. fig. 1B). Clearly, blocking
of CR3 by Abs reduced the internalization of anti-CR3
beads down to the background level of control Ab uptake
whereas blocking of the CR3 receptor had no effect on the
uptake of Fc, control or albumin beads (online suppl.
fig. 1B, C). These results demonstrate that the microbead
phagocytosis assay is able to discriminate between FcyR-
and CR3-mediated phagocytosis, and this allowed us to
analyze the role of Pyk2 during these processes.

Pyk2 Is Recruited to Sites of CR3-Mediated

Phagocytosis

In the podosomes of migrating macrophages, a colo-
calization of Pyk2 with integrin oyp, has been observed
[14]. To elucidate whether Pyk2 localizes to sites of CR3-
mediated phagocytosis, RAW 264.7 cells were incubated
with anti-CR3, control, Fc or albumin beads for 60 min
and Pyk2 was visualized by immunostaining (fig. 1a). The
additional staining of F-actin revealed a ring-like accu-
mulation of actin at the sites of internalization for Fc and
anti-CR3 beads confirming the involvement of the actin

Pyk2 in CR3-Mediated Phagocytosis

cytoskeleton in both processes [21]. A comparable F-ac-
tin accumulation could not be observed in the isotype
control or albumin beads (fig. 1a). Despite an equivalent
uptake of Fc and anti-CR3 beads by the macrophages (on-
line suppl. fig. 1), a clear enrichment of Pyk2 at sites of
internalization could only be observed for anti-CR3-cou-
pled beads (fig. 1a). The recruitment of Pyk2 to CR3 was
clearly visible in intensity profiles through attachment
sites of beads coated with anti-CR3 Ab whereas control,
albumin or Fc beads did not exhibit a local enrichment of
Pyk2 staining (fig. 1b). The selective recruitment of Pyk2
during the uptake of anti-CR3 beads suggests a function
of Pyk2 during integrin ayf,-mediated phagocytosis.

Knockdown and Inhibition of Pyk2 Impairs

CR3-Mediated Phagocytosis

To specifically interfere with Pyk2 function in CR3-
mediated phagocytosis, we used 3 independent experi-
mental approaches for the microbead phagocytosis assay.
First, the expression level of Pyk2 in macrophages was re-
duced via siRNA treatment. Western blot analysis re-
vealed an efficient knockdown of Pyk2 in RAW 264.7 cells
compared to scrambled siRNA or untreated cells (fig. 2a).
Macrophages with a decreased level of Pyk2 were further
used in microbead phagocytosis assays to analyze their
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Fig. 2. Pyk2 expression and activity are essential for CR3-mediated
phagocytosis. a Whole-cell lysates of RAW 264.7 macrophages
treated with 100 nM Pyk2 siRNA or 100 nM scrambled siRNA were
analyzed by Western blot using a-Pyk2 Ab (1:400) and compared
with untreated cells. b Pyk2 siRNA- or scrambled siRNA-treated
and -untreated RAW 264.7 macrophages were seeded on gelatine-
coated coverslips and serum-starved before activation with
DMEM/10% hiFBS and infection (for 2 h at MOI 30) with biotinyl-
ated polystyrene beads coupled to albumin, rat IgG2b (control),
a-CD11b Ab (anti-CR3) or IgG. After infection, cells were fixed
and extracellular beads were stained with streptavidin-rhodamine.

phagocytic potential. For control and albumin beads, the
percentages of internalized beads, 30 and 20%, respective-
ly, were not altered by treatment with scrambled or Pyk2
siRNA (fig. 2b). For Fc beads, the ratio of approximately
70% intracellular beads was also not affected in cells treat-
ed with siRNA. However, Pyk2 siRNA significantly re-
duced the uptake of anti-CR3 beads to the levels of the rat
IgG control beads (fig. 2b). Thus, the decrease of Pyk2 ex-
pression selectively interfered with the uptake of anti-CR3
beads, suggesting a specific functional role for Pyk2 dur-
ing complement-mediated phagocytosis.
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The ratio of internalized beads was calculated by counting extra-
and intracellular beads per cell. ¢ Cells were treated for 10 min with
either 200 ng/ml PMA or 100 puM pervanadate (PV) or PMA + PV
together in the presence or absence of PF431396 (10 um). After
incubation, whole-cell lysates were immunoblotted with a-pY402-
Pyk2 specific Ab (1:100). Tubulin served as a loading control.
d Serum-starved macrophages were incubated with polystyrene
beads (as in b) in the presence or absence of PF431396 (10 um).
b, d Whisker plots are derived from 150 cells/sample from 3 inde-
pendent experiments. Groups were compared by Mann-Whitney
U test. * p < 0.05; ** p < 0.01; *** p < 0.001.

In a second approach, we analyzed whether Pyk2 ki-
nase activity is relevant for complement-mediated phago-
cytosis. To this end, we interfered with Pyk2 function by
pharmacological inhibition of its kinase activity, using
the Pyk2/FAK inhibitor PF431396 [22]. To analyze the
potency of the inhibitor, macrophages were treated either
with PMA to stimulate Pyk2 autophosphorylation or
with pervanadate (PV) to maintain the phosphorylation
state, or with both PMA and PV for 30 min. Western blot
analysis of Pyk2 autophosphorylation revealed enhanced
phosphorylation of Pyk2 in macrophages treated with
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Fig. 3. PRNK blocks CR3-mediated phagocytosis. a Serum-starved
RAW 264.7 macrophages seeded on gelatine-coated coverslips
were incubated for 90 min with DMEM/10% hiFBS medium con-
taining 100 uM of TAT-EGFP or buffer. After washing with acetic
wash buffer (0.5% acetic acid and 0.5% NaCl in PBS), cells were
analyzed by flow cytometry to measure efficiency of protein trans-
duction. b Cells were incubated (as in a) with TAT-EGFP or TAT-
PRNK. After incubation, the cells were washed once with acetic
wash buffer prior to fixation and analyzed on fluorescence micros-
copy. Scale bars: 10 um. ¢ Serum-starved cells were incubated (as
in a) with 100 uM TAT-EGFP or TAT-PRNK. Next, polystyrene
beads coupled to albumin, rat IgG2b (control), a-CD11b Ab (anti-
CR3) or IgG were added (MOI 30). After 2 h, cells were fixed and
extracellular beads were stained with streptavidin-rhodamine. The
ratio of internalized beads was calculated by counting extra- and
intracellular beads per cell. Microscopic quantification was
achieved by counting nonstained intracellular and rhodamine-
stained extracellular beads. The whisker plots are derived from 3
independent experiments (150 cells/sample). Groups were com-
pared with the Mann-Whitney U test. *** p < 0.001.

PV, which increased slightly in the cells cotreated with
PMA (fig. 2c). However, when cells were treated with
PMA and PV together with PF431396, Pyk2 autophos-
phorylation strongly decreased (fig. 2c), confirming the
ability of the inhibitor to efficiently block Pyk2 kinase ac-
tivity. Next, macrophages were treated or not treated with
PF431396 and microbead phagocytosis assays were per-
formed. In line with the previous Pyk2 siRNA results,
phagocytosis of Fc beads was not influenced by the Pyk2
inhibitor and resulted in about 70% intracellular beads,
both in the presence and absence of PF431396 (fig. 2d).

Pyk2 in CR3-Mediated Phagocytosis
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In contrast, the treatment with PF431396 led to a strong
decrease (approx. 40%) in the internalization of anti-CR3
beads (fig. 2d). Furthermore, the uptake of control or al-
bumin beads was slightly, but significantly, affected by
PF431396 treatment (fig. 2d). Together, these data show
that the inhibition of Pyk2 kinase activity or the specific
reduction of its expression level significantly reduce the
phagocytosis of anti-CR3 beads, suggesting an important
role for Pyk2 in the process of complement-mediated
phagocytosis.
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Fig. 4. Pyk2 is not involved in the for-
mation of membrane protrusions during
phagocytosis. SEM analysis of macro-
phages incubated with albumin, anti-CR3
or Fc beads. RAW 264.7 macrophages
were seeded on gelatine-coated coverslips
and serum-starved before the addition of
DMEM/10% hiFBS containing albumin,
anti-CR3 or Fc beads, respectively (20
beads/cell). In the case of the anti-CR3
beads, cells were preincubated with DMSO
(control) or 10 um of PF431396 as indicat-
ed for 10 min before addition of beads. Af-
ter incubation for 2 h, the samples were
fixed, dehydrated and analyzed via SEM.
Images show overviews of whole cells with
insets highlighting magnified details.

TAT-PRNK Reduces CR3-Mediated Phagocytosis

In a third approach, we used the Pyk2 related non-ki-
nase (PRNK), resembling the C-terminus of Pyk2, which
is known to interfere with the subcellular localization of
Pyk2 [23, 24] (online suppl. fig. 2E). To apply PRNK dur-
ing CR3-mediated phagocytosis, we fused PRNK with a
short peptide taken from the HIV transactivator protein
(TAT-peptide). A recombinant TAT-EGFP fusion pro-
tein was used to establish the efficient protein transduc-
tion into murine macrophages. Incubation of macro-
phages with 100 uM of purified TAT-EGFP resulted in
significant intracellular EGFP fluorescence, as confirmed
via flow cytometry and microscopy (fig. 3a, b). Next, mac-
rophages were preincubated for 30 min with TAT-PRNK
or the TAT-EGFP control protein, and were subsequent-
ly incubated with microbeads for 2 h. The basal uptake of
albumin or control beads as well as the internalization of
Fc beads was not altered in the presence of TAT-PRNK
compared to TAT-EGFP (fig. 3c). However, the internal-
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Anti-CR3 + DMSO

Anti-CR3 + PF431396

ization of anti-CR3 beads was significantly reduced, and
only about 10% of the anti-CR3 beads were intracellular
in TAT-PRNK-treated cells (fig. 3b). As PRNK interferes
with the proper subcellular localization of Pyk2, this re-
sult indicates that the localization of Pyk2 to sites of infec-
tion is required for CR3-mediated uptake. Together, our
combined results suggest an important role for Pyk2 in
complement-dependent phagocytosis in macrophages.

Inhibition of Pyk2 Does Not Alter the Formation of

Membrane Protrusions

The impaired uptake of anti-CR3 beads upon Pyk2 in-
hibition might be due to a role of Pyk2 in the formation
of membrane protrusions. To test this hypothesis, we an-
alyzed the morphology of macrophages incubated with
microbeads using scanning electron microscopy (SEM).
SEM analysis revealed the formation of distinct mem-
brane protrusions upon incubation with Fc and anti-CR3
beads, while the incubation with albumin beads did not
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induce membrane ruffles (fig. 4). Interestingly, the inhi-
bition of Pyk2 with PF431396 did not prevent the forma-
tion of membrane ruffles in macrophages incubated with
anti-CR3 beads. This observation indicates that Pyk2 is
not involved in the formation of membrane protrusions.

Pyk2 Is Essential for Efficient Phagocytosis of

Complement-Opsonized Bacteria

Analyzing phagocytosis by means of Ab-coated mi-
crobeads affords precise control over the phagocytic re-
ceptors involved. However, it might not reflect the phys-
iological situation, where multiple receptors, having both
particulate and soluble ligands, might be stimulated si-
multaneously. To analyze the role of Pyk2 in a more rel-
evant context, E. coli bacteria were opsonized with either
normal or IgG-depleted mouse serum. IgG was removed
through the incubation of serum samples with an excess
of inactivated, protein G-expressing S. dysgalactiae. Im-
munoblotting of the resulting serum with an anti-IgG/
IgM Ab demonstrated the successful depletion of IgG by
S. dysgalactiae (online suppl. fig. 2A). Importantly, the se-
rum levels of C3 were only marginally affected by the IgG
depletion (online suppl. fig. 2B). When E. coli was incu-
bated with IgG-depleted serum, immunoblotting with
anti-IgG Ab revealed the lack of IgG opsonization by the
IgG-depleted serum whereas the normal serum led to IgG
deposition on the bacteria (online suppl. fig. 2C). There-
fore, to selectively opsonize bacteria with complement,
we further used the IgG-depleted serum. As controls, bac-
teria were incubated in PBS or heat-inactivated serum.
Western blot analysis of bacterial pellets showed a strong
opsonization of bacteria with C3-derived peptides, when
incubated with IgG-depleted serum (fig. 5a). In contrast,
incubation with PBS or the heat-inactivated serum result-
ed in no/very poor opsonization (fig. 5a).

Complement-opsonized E. coli bacteria were labeled
with FITC and then used to study the phagocytosis of
bacteria via CR3. For this, macrophages were infected for

Fig. 5. Inhibition of Pyk2 reduces CR3-mediated phagocytosis of
E. coli. a E. coli were incubated with PBS, IgG-depleted or heat-
inactivated serum for 30 min at 37°C and analyzed for efficient
opsonization via Western blot with an anti-C3 Ab (iC3b). b Se-
rum-starved macrophages were activated with 200 ng/ml PMA
and infected with FITC-labeled E. coli for 60 min (MOI 100) in the
presence or absence of 10 uM PF431396. Cells were resuspendend
and analyzed via flow cytometry. Uptake indices (% positive cells
x mean fluorescence) were measured in the presence of trypan
blue and are presented as relative values (normalized to mean of
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60 min with FITC-labeled E. coli, which were either op-
sonized with complement via the IgG-depleted serum, or
incubated with PBS or the heat-inactivated serum, re-
spectively. There was only a moderate uptake of bacteria
preincubated with heat-inactivated serum or with PBS,
and the low levels of internalization were not influenced
by the presence of the Pyk2 inhibitor PF431396 (fig. 5b).
As expected, complement opsonization of E. coli allowed
increased uptake by the macrophages compared to the
control samples (fig. 5b). Strikingly, the internalization of
complement-opsonized E. coli by macrophages was sig-
nificantly reduced in the presence of PF431396, demon-
strating the importance of Pyk2 kinase activity during
this process (fig. 5b). To rule out that the reduced cell up-
take of complement-opsonized bacteria is based on an
altered surface expression of CR3 upon treatment with
the Pyk2 inhibitor, we analyzed the surface levels of CR3
by Ab staining and flow cytometry. Clearly, treatment
with PF431396 did not cause any alterations in CR3 sur-
face expression (online suppl. fig. 2D). In contrast to
complement-opsonized bacteria, only a few microbes,
which had been incubated with PBS or heat-inactivated
serum, were associated with macrophages 1 h after infec-
tion. Moreover, immunostaining of Pyk2 showed no co-
localization of these macrophage-bound bacteria with the
kinase (fig. 5¢). However, when E. coli were opsonized
with complement containing IgG-depleted serum, a
strong recruitment of Pyk2 to the cell-associated bacteria
could be observed (fig. 5¢). Intensity profiles through at-
tachment sites of complement-opsonized E. coli highlight
the local enrichment of Pyk2 around bacteria-engaged
CR3 whereas bacteria incubated with the heat-inactivat-
ed, IgG-depleted serum do not induce recruitment of
Pyk2 (fig. 5d). These findings confirm the positive contri-
bution of Pyk2 to the complement-mediated phagocyto-
sis of bacteria and suggest that, in macrophages, efficient
integrin-mediated uptake of bacteria requires the activity
of this nonreceptor tyrosine kinase.

DMSO-treated control). Groups were compared by the Mann-
Whitney U test. * p < 0.05. ¢ Serum-starved RAW 264.7 cells seed-
ed on poly-L-lysine-coated coverslips were activated with 200 ng/
ml PMA and incubated for 30 min with FITC-labeled E. coli in-
cubated with PBS, IgG-depleted or heat-inactivated serum. Cells
were fixed and stained for Pyk2. Scale bars: 10 pm. d Normalized
fluorescence intensity profiles of sites of E. coli infection over a
3-pm distance in samples of c. Intensities were normalized to max-
imal FITC fluorescence of bacteria and mean values of 7-10 inten-
sity profiles are shown with error bars representing SEM.
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Fig. 6. CRISPR/Cas-mediated knockout of
Pyk2 impairs CR3-mediated phagocytosis
of E. coli. a Whole-cell lysates of wild-type
and Pyk2 KO RAW 264.7 macrophages
were used for Western blot analysis against
Pyk2, talin, paxillin and FAK. Tubulin
served as a loading control. b Surface local-
ization of CR3 in wild-type (solid black
line) or Pyk2 KO (gray line) macrophages
was detected by staining with anti-CD11b
Ab followed by flow cytometry. The signal
derived from cells stained with an isotype-
matched control Ab is indicated by the gray
shaded area. ¢ Serum-starved RAW 264.7
cells seeded on gelatine-coated coverslips
were infected (MOI 100) for 30 min with
FITC-labeled E. coli opsonized with IgG-
depleted serum. After incubation, samples
were fixed, dehydrated and analyzed via
SEM. Images show overviews of whole
cells, with insets highlighting details of
phagocytic processes. Scale bars: 2 um.
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Knockout of Pyk2 Impairs CR3-Mediated

Phagocytosis without Affecting Binding Affinity to

Opsonized E. coli

To provide unambiguous confirmation of Pyk2’s con-
tribution to CR3-mediated phagocytosis, we established
a Pyk2-deficient RAW 264.7 cell line (Pyk2 knockout,
KO) using the CRISPR/Cas system. Lack of Pyk2 expres-
sion in the obtained clonal cell line was confirmed by
Western blot analysis (fig. 6a). To rule out that genetic
deletion of Pyk2 alters the expression of the Pyk2-associ-
ated proteins paxillin and talin, or the expression of the
second family member FAK, we tested Pyk2 KO cells for
the expression of these proteins (fig. 6a). Inmunoblotting
against paxillin, talin and FAK revealed no change in their
expression in Pyk2 KO in comparison to wild-type cells.
Furthermore, flow cytometry measurements confirmed
that the expression of the CR3 receptor is not reduced
upon genetic deletion of Pyk2 but is rather slightly in-
creased (fig. 6b). We next employed the Pyk2 KO macro-
phages to analyze their ability to form membrane protru-
sions upon infection with opsonized E. coli. Accordingly,
cells were infected for 30 min with E. coli, which had been
preincubated with IgG-depleted serum and processed for
SEM. No difference in the formation of membrane pro-
trusions at sites of infection could be observed between
Pyk2 KO and wild-type cells (fig. 6¢). In line with the ob-
servation that the surface expression of CR3 is slight-
ly increased following disruption of the pyk2 gene, flow
cytometry-based measurements also showed a minor
increase in total cell-associated, opsonized E. coli after
30 min of infection of Pyk2 KO when compared to wild-
type cells (fig. 6d). There was, however, an approximate
40% decrease in intracellular bacteria in Pyk2 KO cells,
again pointing to an important contribution of Pyk2 to
CR3-mediated phagocytosis (fig. 6e). The combined re-
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sults obtained with Pyk2 KO cells demonstrate that Pyk2
is not necessary for the initial binding of complement-
opsonized bacteria or for the formation of membrane
protrusions at the sites of infection. However, Pyk2 clear-
ly contributes to the downstream signaling upon CR3 en-
gagement to promote the phagocytic process.

Discussion

In this work, we studied the contribution of Pyk2 to
complement-mediated phagocytosis by murine macro-
phages. Our results show that Pyk2 is recruited to sites of
complement-mediated internalization. Furthermore, we
observed that the loss of proper Pyk2 function strongly
interferes with complement receptor-mediated uptake of
opsonized particles.

We employed a microscope-based assay that enabled
discrimination between FcyR- and CR3-mediated phago-
cytosis. With this assay, we first analyzed the localization
of Pyk2 during phagocytosis via immunofluorescence
staining. Staining of the actin cytoskeleton revealed a
ring-like actin organization at the sites of internalization
for IgG and anti-CR3 beads, confirming that, in both pro-
cesses, an active actin assembly occurs [21]. Such an ac-
tive actin reorganization was absent in the macrophages
in contact with control or albumin beads. Interestingly,
despite the similarity in actin rearrangements induced by
IgG and anti-CR3 beads, we could observe a selective re-
cruitment of Pyk2 to anti-CR3 beads only. In addition,
Pyk2 was selectively recruited to sites of internalization of
complement-opsonized E. coli and was not recruited in
cells incubated with nonopsonized bacteria. The associa-
tion of Pyk2 with sites of CR3-mediated phagocytosis is
in line with studies showing a colocalization of Pyk2 with
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integrin B, in the podosomes of migrating macrophages
[14]. Our novel findings extend the functional association
of Pyk2 and integrin [, to the process of phagocytosis.

The siRNA-mediated knockdown of Pyk2 resulted in
a significant reduction of internalized anti-CR3 beads,
with no influence on the phagocytosis of control, albumin
or IgG beads. However, the pharmacological inhibition
also affected the uptake of the control and albumin beads,
albeit to a much lesser extent than the anti-CR3 beads. In
addition, the internalization of IgG beads was not influ-
enced at all by the pharmacological Pyk2 inhibitor. The
effect on the uptake of control beads could be due to the
blockage of additional kinases by PF431396 [25]. Indeed,
the Pyk2-related kinase FAK is also inhibited by this com-
pound [22]. Background levels of control bead uptake
might be due to serum components, such as fibronectin
or vitronectin, sticking to the microbeads. These plasma
proteins are recognized and endocytosed by integrins
asP; or a,f; via FAK-dependent pathways, explaining the
reduced uptake of control beads in the presence of
PF431396 [26-28].

For competitive inhibition of Pyk2 localization and
function, we used PRNK. To enable transport of recom-
binant PRNK into the cytosol of macrophages, PRNK was
fused to the TAT-peptide derived from HIV. The pres-
ence of TAT-PRNK resulted in a significant decrease in
CR3-mediated phagocytosis, which is consistent with the
results obtained after treatment with the Pyk2 siRNA or
with the Pyk2 kinase inhibitor. TAT-PRNK only had a
negative effect on the internalization of anti-CR3 beads,
without affecting the uptake of IgG-coupled beads or the
background uptake observed in the negative controls. To-
gether, our combined results hint at an important and
selective role of Pyk2 in complement-mediated phagocy-
tosis in macrophages. In line with our results for the CR3-
dependent uptake, previous reports indicate a role for
both Pyk2 and FAK in the integrin p1-dependent uptake
of Yersinia pseudotuberculosis. In this regard, Pyk2 is
mainly important for the uptake of Yersinia via YadA,
an extracellular matrix- and complement factor-binding
protein [29, 30]. However, which of the known YadA li-
gands triggers uptake in this scenario has not been ana-
lyzed in detail.

In addition to the microbead assay, we also analyzed
complement-mediated phagocytosis in a more physio-
logical context. We analyzed the phagocytosis of comple-
ment-opsonized E. coli in the presence or absence of the
Pyk2 inhibitor PF431396. This analysis revealed a signif-
icant decrease in the uptake of complement-opsonized
bacteria when Pyk2 is inhibited. Importantly, the surface

Pyk2 in CR3-Mediated Phagocytosis

expression of CR3 was not influenced upon treatment
with PF431396. Again, these findings strongly argue for
an involvement of Pyk2 in the CR3-mediated phagocyto-
sis of microorganisms.

SEM analysis of macrophages revealed no difference
in the formation of membrane protrusions around mac-
rophage-associated Fc- or anti-CR3 beads. This observa-
tion confirms recent data that CR3-mediated phagocyto-
sis also involves membrane ruffling [31, 32]. Strikingly,
the inhibition of Pyk2 had no effect on the formation of
membrane protrusions during CR3-mediated phagocy-
tosis. This might indicate that Pyk2 is not involved in the
actin reorganization occurring in CR3-dependent phago-
cytosis. This suggestion is further supported by the analy-
sis of Pyk2 KO macrophages with respect to their as-
sociation with complement-opsonized E. coli. Flow cy-
tometry and SEM analysis of infected Pyk2 KO versus
wild-type cells showed no difference in their ability to
bind the bacteria and form membrane protrusions at the
sites of infection. Although the Pyk2 KO macrophages
are able to bind complement-opsonized bacteria in a
manner comparable to wild-type cells, they show defects
in CR3-mediated phagocytosis. These effects are unlikely
to be a result of altered expression of proteins that might
be involved in the same signaling pathway because the
expression pattern of FAK, talin, paxillin and CR3 in
Pyk2 KO cells is unchanged. In summary, interfering
with Pyk2 signaling via its inhibition, knockdown or ge-
netic deletion consistently leads to a clear reduction in
phagocytosis of anti-CR3 beads or complement-opson-
ized E. coli. These findings place Pyk2 downstream of the
integrin-initiated signals necessary for efficient CR3-
phagocytosis.

There are several possibilities as to how Pyk2 could
be integrated in the CR3-initiated signaling cascade. Al-
though the inhibition of Pyk2 does not impair the forma-
tion of membrane protrusions at sites of CR3-mediat-
ed uptake, Pyk2 could contribute in other ways to CR3
downstream signaling. For example, Pyk2 was shown to
associate with phosphatidylinositol-3' kinase (PI13K) and
to get activated upon integrin ; engagement and PI3K
activation [33]. PI3K catalyzes the production of phos-
phatidylinositol(3,4,5)trisphosphate, which is necessary
for the closure of phagosomes [34, 35]. As Pyk2-deficient
macrophages and platelets are impaired in the activa-
tion of PI3K [16, 36], this could explain the observed re-
duction of CR3-mediated uptake. Besides several com-
mon downstream signaling molecules, such as the small
GTPase RhoG [37] and the protein tyrosine kinase Syk
[38-40], FcyR- and CR3-mediated phagocytosis triggers
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distinct molecular mechanisms of uptake. For example,
FcyR-mediated phagocytosis depends on the small
GTPases Rac2 and Cdc42 whereas phagocytosis via CR3
involves RhoA [41]. Our study further emphasizes that
these two opsonin-dependent routes of phagocytosis rely
on distinct signaling modules to mediate the internaliza-
tion of particles. It could be speculated that these different
uptake routes also dictate the distinct fates of the internal-
ized microbes, an area of research that warrants further
exploration.

Taken together, we could show that Pyk2 activity and
its localization at sites of internalization are crucial for ef-
ficient CR3-mediated phagocytosis. These results high-
light an additional function of Pyk2 in phagocytic cells. It
remains to be seen how Pyk2 is linked to the CR3 upon
receptor engagement. Given the known interaction of
Pyk2 with several integrin-associated proteins such as
paxillin and Hic-5, Pyk2 might be closely connected to
the integrin 3, subunit. Further analysis of the spatial and
temporal regulation of this kinase in CR3-mediated sig-
naling will clarify the contribution of Pyk2 to this impor-
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