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Fer Kinase Limits Neutrophil Chemotaxis toward End Target
Chemoattractants

Maitham Khajah,* Graciela Andonegui,* Ronald Chan,* Andrew W. Craig,’
Peter A. Greer,” and Donna-Marie McCafferty*

Neutrophil recruitment and directional movement toward chemotactic stimuli are important processes in innate immune responses.
This study examines the role of Fer kinase in neutrophil recruitment and chemotaxis to various chemoattractants in vitro and
in vivo. Mice targeted with a kinase-inactivating mutation (Fer”™”P®) or wild type (WT) were studied using time-lapse intravital
microscopy to examine leukocyte recruitment and chemotaxis in vivo. In response to keratinocyte-derived cytokine, no difference
in leukocyte chemotaxis was observed between WT and Fer®®P® mice. However, in response to the chemotactic peptide
WKYMVm, a selective agonist of the formyl peptide receptor, a 2-fold increase in leukocyte emigration was noted in Fer®?®PR
mice (p < 0.05). To determine whether these defects were due to Fer signaling in the endothelium or other nonhematopoietic cells,
bone marrow chimeras were generated. WKYMVm-induced leukocyte recruitment in chimeric mice (WT bone marrow to Fer”®PR
recipients or vice versa) was similar to WT mice, suggesting that Fer kinase signaling in both leukocytes and endothelial cells serves
to limit chemotaxis. Purified Fer®”PR peutrophils demonstrated enhanced chemotaxis toward end target chemoattractants
(WKYMVm and C5a) compared with WT using an under-agarose gel chemotaxis assay. These defects were not observed in response
to intermediate chemoattractants (keratinocyte-derived cytokine, MIP-2, or LTB,). Increased WKYMVm-induced chemotaxis of
FerPR/PR neutrophils correlated with sustained PI3K activity and reduced reliance on the p38 MAPK pathway compared with WT

neutrophils. Together, these data identify Fer as a novel inhibitory kinase for neutrophil chemotaxis toward end target chemo-

attractants through modulation of PI3K activity. The Journal of Immunology, 2013, 190: 2208-2216.

eutrophil recruitment to the site of inflammation or in-

fection is a key characteristic of innate immune defense.

To be recruited from the bloodstream and move to the site
of inflammation or infection, a neutrophil must be able to recognize
and prioritize various chemoattractant stimuli. Bacterial formylated
peptides (fMLP) and complement factors (C5a) are regarded as
dominant chemoattractants. However, to reach these end targets,
neutrophils must follow concentration gradients of intermediate
chemoattractants such as IL-8 or leukotriene B4 (LTBy) (1).
Neutrophil movement is mediated by activation of intracellular
signaling pathways, including MAPKSs (p38 MAPK) and the lipid
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kinase PI3K pathway that are activated variably in response to
different chemoattractants (1). Whereas most neutrophil chemo-
attractants signal via G protein-coupled receptors, recent studies
have identified protein—tyrosine kinases (PTK) as key regulators
of chemoattractant-induced neutrophil chemotaxis (2-5).

Fer is a widely expressed member of the group IV family of
nonreceptor PTK whose only other member Fes (also called Fps)
displays a more tissue-restricted expression pattern (6-9). Fer is
composed of an N-terminal F-BAR (Fer/CIP4 homology-Bin/
Amphiphysin/Rvs) domain, an extended F-BAR (FX) domain, a
central Src homology 2 (SH2) domain, followed by a PTK do-
main. In addition to promoting oligomerization of Fer (6, 10), the
N-terminal F-BAR and FX domains in Fer have recently been
linked to membrane targeting Fer via binding of phosphoinositides
(4,5-bis-phosphate) and phosphatidic acid (PA), respectively (11,
12). The latter study identified a contribution of phospholipase D
and its product PA to Fer activation in vitro, and Fer-induced
lamellipodia formation and chemotaxis of polarized epithelial
NRKS2E cells. Fer also promotes chemotaxis of fibroblasts
downstream of integrins and the production of reactive oxygen
species (13). The SH2 domain of Fer promotes its recruitment to
activated receptor PTKs and phosphorylation of adaptor proteins
such as Gabl and insulin receptor substrate-1 that recruit and
activate PI3K (14-16). Recently, the SH2 domain of Fes kinase
was shown to positively regulate Fes kinase activity through a
SH2-kinase domain interface (17). It is worth noting that these
interface residues are conserved in Fer, and suggest that both Fer
and Fes PTK activities may be restricted specially and temporally
by the presence of their SH2 domain ligands (18).

Understanding the physiological roles of Fer PTK has been
greatly advanced by studies of mice with knock-in of a kinase-
inactivating mutation in the Fer locus (FerDR/ DR mice) (19). Al-
though these mice are viable and overtly normal, we have dem-
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onstrated enhanced leukocyte recruitment in response to LPS
challenge in vivo (20, 21). These studies suggest that Fer plays
a role in limiting leukocyte recruitment across endothelial and
epithelial barriers in response to bacterial Ag. In this study, we
demonstrate, in vitro and in vivo, that Fer plays a role in leukocyte
chemotaxis toward the fMLP-like peptide, WKYMVm, but not
toward keratinocyte-derived cytokine (KC). Bone marrow chi-
meras were used to determine the role of leukocyte and endo-
thelial Fer in WKYMVm-induced chemotaxis. Furthermore, using
purified neutrophils from wild-type (WT) and Fer®®PR mice, we
observed a role for Fer in limiting neutrophil chemotaxis toward
WKYMVm or C5a, but not to intermediate chemoattractants. This
correlated with skewed signaling in Fer-deficient neutrophils away
from p38 MAPK-based chemotaxis to PI3K-driven chemotaxis.
Our data suggest that Fer kinase is a stimulus-specific inhibitory
kinase for leukocyte recruitment in vivo and for neutrophil che-
motaxis in vitro by modulating PI3K activity.

Materials and Methods

Mice devoid of Fer kinase activity (Fe ) (19) and compound mutant
mice lacking Fer, and Fes kinase activities (Fes“®KR/FerPRORy were
previously described (22). WT 129Sv/]J, FerDRfDR, and FesKR/KR/pePR/DR
mice were bred and housed at the University of Calgary in specific
pathogen-free environment on standard chow diet. Mice were used be-
tween 6 and 10 wk of age and weighed between 20 and 35 g. Mice had
access to food and water ad libitum. All experimental procedures were
approved by the Animal Care Committee of the University of Calgary and
conform to the guidelines established by the Canadian Council for animal
care.

IDR/DR

Leukocyte recruitment and chemotaxis in vivo

Leukocyte recruitment and chemotaxis in vivo were visualized using in-
travital microscopy of the cremaster microvasculature, as described pre-
viously (23, 24). This thin skeletal muscle preparation can be trans-
illuminated and allows for clear viewing of the extravascular space and
behavior of emigrated leukocytes. Mice were anesthetized by i.p. injection
of xylazine (MTC Pharmaceuticals, Cambridge, ON, Canada) and keta-
mine hydrochloride (Rogar/STB, Montreal, QC, Canada) in a 10:200 mg/
kg ratio. The left jugular vein was cannulated to administer further anes-
thetic, as required, and the cremaster muscle was exposed with vasculature
intact and spread over an optically clear viewing pedestal and secured
along the edges with 5-0 suture. The exposed tissue was suffused with
bicarbonate-buffered saline (pH 7.4, temperature 37°C). The microvascu-
lature and surrounding tissue were observed through an intravital micro-
scope with a 10X eyepiece (Axioskop 2 Mat Mot; Carl Zeiss Canada, Don
Mills, ON, Canada) and a 20X objective lens. A video camera (Hitachi
KP-D50 digital color) was used to project the images onto a monitor, and
the images were recorded for playback analysis using a time-lapse vid-
eocassette recorder (Panasonic AG-TL950).

Recruitment and chemotaxis were induced using fMLP-like chemotactic
peptide WKYMVm (Phoenix Pharmaceuticals) at 0.1 uM or KC (R&D
Systems), the murine homolog of IL-8/growth-related oncogene-a at a fi-
nal concentration of 5.2 puM. A chemotactic gradient was created by
placing the chemotactic agent, in a 1-mm? piece of 4% agarose gel, on
a preselected avascular area of tissue 350 wm (two monitor screens wide)
from a postcapillary venule and superfusing buffer at a very slow rate
(<0.2 ml/min) over the gel toward the vessel (23, 24). The agarose gel
(4%) was prepared in HBSS:dH,0O (50:50). A 100-wl aliquot of this so-
lution was removed, and the chemoattractant was added to this aliquot to
achieve the desired final concentration. A small amount of india ink was
added to the gel to enable visualization on the cremaster muscle, and the
gel was held in place with a cover slip.

Single unbranched venules (25-40 wm in diameter) were selected for
study, and intravascular leukocyte kinetics was observed in the same
section of venule in 5-min periods at intervals (zero; before gel placement,
30- and 60-min postgel placement) during the experiment. The number of
rolling and adherent leukocytes was determined off-line during video
playback analysis. Rolling leukocytes were defined as those cells moving
at a velocity less than that of erythrocytes within a given vessel. Leukocyte
rolling velocity was determined by measuring the time required for a leu-
kocyte to roll along a 100-pwm length of venule. Rolling velocity was
determined for 20 leukocytes at each time interval. Leukocytes were
considered adherent to the venular endothelium if they remained stationary
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for 30 s or longer. Leukocyte emigration was defined as the number of
extravascular leukocytes in the microscopic field of view between the
vessel and the gel (a region of ~200 X 300 mm). Venular diameter was
measured on-line using a video caliper (Microcirculation Research Insti-
tute, Texas A&M University, College Station, TX). Centerline RBC ve-
locity (Vrpc) was also measured on-line using an optical Doppler velo-
cimeter (Microcirculation Research Institute), and mean RBC velocity was
determined as Vgrpc/1.6. Extravascular leukocyte chemotaxis was time-
lapse recorded over 1 h. Leukocyte chemotaxis was determined in WT or
Fer®®PR mice or in bone marrow chimeric mice described below.

Bone marrow chimeras

To determine whether Fer kinase activity within the endothelium contributes
to emigration and chemotaxis in vivo, bone marrow chimeras were gen-
erated, as previously described (25). Chimeric mice were generated in
Fer®®PR recipients with WT (129Sv/J) donor bone marrow to generate
a mouse with Fer-competent hematopoietic cells and Fer-deficient endo-
thelial cells (endothelium-Fer®?PR). Chimeric mice with Fer deficiency in
hematopoietic cells were generated in WT mice receiving Fer®*P® donor
bone marrow (leukocyte-Fer®™PR). Briefly, bone marrow was isolated
from mice euthanized by spinal cord displacement. Recipient mice were
irradiated with 2 doses of 5 Gy (Gammacell 40 [37Cs] gamma-irradiation
source; Nordion International, Kanata, ON, Canada) with a 3-h interval
between the first and second irradiations. Next, 8 X 10° donor bone
marrow cells were injected into the tail vein of recipient irradiated mice.
Mice were kept in microisolator cages for 8 wk to allow full humoral re-
constitution before use. This protocol previously confirmed that ~99% of
leukocytes in recipient mice were from donor bone marrow (25).

Isolation of bone marrow—derived neutrophils

Neutrophils were isolated from mouse bone marrow, as described in
details by Lieber et al. (26). Briefly, femurs and tibias of WT, FerDR/DR,
or FesKR/KR/pePR/DR hice were dissected, and the marrow was flushed
with PBS and then centrifuged at 1300 rpm for 6 min. The marrow was
layered on a three-step Percoll (Amersham Bioscience) gradient (72, 64,
and 52%) and centrifuged at 2600 rpm for 30 min. Neutrophils were taken
from the layer between the 64 and 72% Percoll and washed once with PBS
before being suspended in RPMI 1640 culture media plus 20% FBS (Life
Technologies) at a concentration of 1.0 X 107 cells/ml.

In vitro under-agarose gel assay for neutrophil chemotaxis

The under-agarose assay was performed as described in detail by Heit et al.
(1). In brief, three horizontal equidistant wells were formed in 35 X 10-mm
culture dishes filled with 1.2% agarose solution. The center well was loaded
with different chemoattractants of varying concentration, and the outer
wells were loaded with neutrophils. Once loaded, the gels were incubated
for 4 h in a 37°C/5% CO, incubator, to allow sufficient time for neutrophils
to migrate the entire distance between the wells. The results were analyzed
and recorded by using a video camera attached to a Zeiss Axiovert 135
microscope. Neutrophil chemotaxis was determined as the number of cells
migrating toward the source of chemoattractant minus the number of cells
migrating away from center well. The following chemoattractants were
studied: WKYMVm (Phoenix Pharmaceuticals) 0.01-100 uM; KC (R&D
Systems) 0.0125-125 uM; MIP-2 (R&D Systems) 1.25 uwM; LTB, (Cal-
biochem) 0.01-100 wM; and C5a (Calbiochem) 1 wM. Negative controls
were studied by adding 10 nl PBS (vehicle) instead of the chemoattractants
in the center well. Chemotaxis in the presence of p38 MAPK inhibitors
(SB239063, 10 wM; SB203580, 10 wM; or SKF86002, 30 uM) or PI3K
inhibitors (wortmannin, 100 nM; or LY294002, 50 uM) was studied by
incubating the neutrophils with the inhibitor or vehicle on ice for 30 min
prior to loading them in the agarose gel. These concentrations have been
previously shown to be optimal inhibitory concentrations for neutrophil
chemotaxis (1, 27).

Western blots

p38 MAPK and Akt phosphorylation was determined in WT and Fer®®/PR
neutrophils in response to WKYMVm (1 wM) stimulation by immunoblot.
Bone marrow—derived neutrophils (5 X 10%condition) were stimulated
with WKYMVm at 37°C for 0-15 min or left untreated, and the reaction
was stopped with an equal volume of 2X SDS buffer (Sigma-Aldrich) plus
100 uM PMSE, 100 pM Naz;VO,, 10 pg/ml aprotinin, 10 p.g/ml leupeptin,
and 10 uM pepstatin. The samples were boiled at 90°C for 10 min, and
lysates were loaded onto 10% SDS-PAGE gel and run at 50 V overnight.
Proteins were transferred to a nitrocellulose membranes and blocked with
2% BSA for 1 h before being incubated overnight at 4°C with 1/1000
dilution of phospho- or total p38 MAPK Ab or pAkt Ab (Ser*’®) (Cell
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Signaling) prepared in 2% BSA. The membrane was washed and incubated
with 1/10,000 dilution of anti-rabbit HRP-conjugated secondary Ab (Santa
Cruz Biotechnology) for 1 h, developed with super signal ECL, and vi-
sualized with Kodak x-ray film.

Statistical analysis

Data are expressed as the mean = SEM. Groups of data were compared
using nonparametric Mann-Whitney U test or Kruskal-Wallis one-way
ANOVA, followed by a Dunns multiple comparison test. The p values
=0.05 were considered statistically significant.

Results
Absence of Fer kinase does not alter basal intravascular
leukocyte kinetics

Our previous studies have implicated Fer in limiting leukocyte
recruitment in response to LPS challenge in cremaster muscle and
the gut epithelium (20, 21). In the latter study, mice devoid of Fer
kinase activity (Fer®®PR) displayed defects that were partly at-
tributable to altered neutrophil function. To further define the role
of Fer within neutrophils, we compared leukocyte recruitment
kinetics between WT and Fer®™P® mice in cremaster muscle
exposed to neutrophil chemoattractants. As Fer is expressed in
both the endothelium and leukocytes, we also compared responses
of chimeric Fer®VPR mice (see Materials and Methods). Table 1
illustrates the mean RBC velocity and vessel diameter in WT,
Fer®®PRand chimeric mice under baseline conditions with no
chemoattractant present. Chimeric mice had similar RBC velocity,
vessel diameter, and basal leukocyte behavior to WT or Fer®?/PR
at time O (Table I) and these remained constant throughout the
experiment (data not shown). Basal leukocyte kinetics (rolling
flux, and velocity and adhesion) are indicated in Table II (0 time).
As previously shown, circulating WBC counts were similar be-
tween WT and Fer°®PR mice (20), and no significant differences
in baseline hemodynamics or leukocyte kinetics were observed
between WT and Fer mutant mice (Table II) (20).

Fer kinase within leukocytes and nonhematopoietic cells
contributes to recruitment and chemotaxis toward WKYMVm
in vivo
Table II illustrates leukocyte kinetics within the cremaster mi-
crocirculation over 60 min following placement of a gel con-
taining WKYMVm in the extravascular space. In WT mice,
WKYMVm induced a significant increase (p < 0.05) in leukocyte
adhesion within the microvasculature after 60 min. An increase in
leukocyte adhesion was also observed in Fer mutant (Fer®V/PR or
chimeric mice) groups 60 min post-WKYMVm. WKYMVm-
induced leukocyte rolling velocity and flux did not differ signifi-
cantly from data generated in WT mice (Table II). Interestingly,
adhesion in chimeric mice with Fer-deficient leukocytes was
significantly greater than in whole animal Fer mutants. This
suggests that Fer plays a suppressive role on cell adhesion in vivo
within leukocytes. A similar trend occurred with Fer-deficient
endothelium in mice, but did not reach statistical significance.
Fig. 1A illustrates the total leukocyte emigration from the
blood vessel 60 min after gels containing WKYMVm were placed

Table I. Hemodynamic parameters in WT, Fer mutant (Fer

DR/DR DR/DR
/ ), and Fer

in the extravascular tissue space. In WT mice, ~40 cells/field
of view are observed in the extravascular space. Interestingly,
WKYMVm-induced leukocyte extravasation was significantly
enhanced in Fer®VPR mice (Fig. 1A; >2-fold increase; p < 0.05).
The enhanced leukocyte recruitment observed in whole animal
Fer mutants was reversed in chimeric mice where leukocytes
were restored to Fer WT genotype, while retaining Fer deficiency
in nonhematopoietic tissues (endothelium-Fer®YPR). Thus, Fer
deficiency within nonhematopoietic tissues alone, including en-
dothelial cells, does not account for the enhanced leukocyte ex-
travasation observed in Fer-deficient mice. Similarly, in chimeras
where Fer deficiency was present only in leukocytes (leukocyte
Fer®®PR) WT levels of transendothelial migration were ob-
served. These data demonstrate that exacerbation of transmigra-
tion toward WKYMVm is only observed with the combined Fer
deficiency within both leukocytes and the endothelium. Once
cells had extravasated, we tracked the distance leukocytes mi-
grated from the venules toward the WKYMVm-containing gel
(Fig. 1B). These data demonstrated that cells in all groups were
able to chemotax considerable distances (>100 wm) from the
vessel within 60 min. However, we observed a significant increase
in Fer-deficient mice, compared with WT. Neither chimeric
mouse model with partial Fer deficiency phenocopied the Fer-
deficient mice, suggesting that Fer limits leukocyte emigration
and chemotaxis toward WKYMVm within multiple cell com-
partments.

Fer kinase regulates leukocyte adhesion and transmigration
in vivo in a stimulus-specific manner

To determine whether Fer kinase suppresses leukocyte recruitment
toward all neutrophil chemoattractants, we performed similar ex-
periments using KC protein, which signals via CXCR2 in leuko-
cytes. Within 60 min of placement of a gel containing KC (5.2 uM)
or vehicle control in the extravascular space, leukocyte adhesion
and emigration in the cremaster were recorded (Fig. 2). As ex-
pected, there was a significant increase in adhesion, and leukocyte
emigration was noted in response to KC gel versus vehicle control
gel in WT mice (Fig. 2). In contrast to results for WKYMVm, we
observed no difference in leukocyte adhesion or recruitment be-
tween WT and Fer®®PR mice responding to KC. These data sug-
gest that the role of Fer kinase in leukocyte recruitment is stimulus
specific, with a potential role in suppressing responses to dominant,
but not intermediate chemoattractants.

Fer kinase modulates neutrophil chemotaxis in vitro in
a stimulus-specific manner

To better define the cell-autonomous role of Fer in regulating
leukocyte chemotaxis, we moved to an in vitro under-agarose
chemotaxis assay. Bone marrow—derived neutrophils were iso-
lated from WT or FerP?/PR mice, and a dose-response curve for
WKYMVm-induced chemotaxis was established. Fig. 3A illus-
trates the number of neutrophils moving toward 0.01-100 pM
WKYMVm, and a classical bell-shape curve was observed in re-
sponse to increasing concentrations of the chemoattractant using

chimeric mice under control conditions

WT FerPR/PR Endo-Fer®?PR Chimeras Leuk-Fer”®PR Chimeras
Vessel diameter (pm) 32.0 £ 0.8 30.8 £ 1.5 33.1 £23 320 = 1.0
RBC velocity (mms~ ) 50=*05 33 *02 32 *04 35+203

Data are expressed as the mean = SEM. n=4 (WT),n=5 (Fer®?PR) ;7 = 4 (endothelium-Fer®VPR), n =4 (leukocyte-Fer). For each group, values
were taken immediately prior to agarose gel placement on the extravascular tissue. Data were not significantly different immediately postgel placement

(data not shown).
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Table II.  WKYMVm-induced intravascular leukocyte kinetics is not altered in the absence of Fer kinase
Rolling Flux (cells/min) Rolling Velocity (um/s) Adhesion (cells/100 wm/5 min)
0 time 60 min 0 time 60 min 0 time 60 min
Wild type 455 * 1.7 53.0 £ 17.0 43.1 £ 54 65.0 = 8.0 2.0+ 04 10.5 = 0.5%
FerPR/PR 70.0 = 12.5 622 * 9.7 60.7 = 5.8 434 =170 02 =02 11.0 + 1.3%
Endo-Fer™®PR chimeras 544 * 83 552 + 11.9 51.5 = 4.4 64.9 = 7.0 0.8 = 0.4 16.0 + 2.4%
Leuk-Fer®VPR chimeras 61.8 = 9.4 503 + 17.2 418 =56 437 + 6.0 0.8 0.5 21.0 + 1.8+*

Leukocyte rolling velocity (wm/s), rolling flux (cells/min), and adhesion (cells/100 wm/5 min) within postcapillary venules of the cremaster were determined using in vivo

microscopy. Data are shown for wild-type, Fer-deficient (Fer®%/PR

), or chimeric (endothelium [Endo]—FerDR/DR and leukocyte [Leuk]-Fer®YPR) mice. Intravascular leukocyte

recruitment was induced by setting up a chemotactic gradient using WKYMVm (1 mM) in an agarose gel in the extravascular tissue space 350 wm from the vessel. Leukocyte
Kinetics were observed immediately following gel placement (0 time) and 60 min later. Data are expressed as mean + SEM; WT, n = 4; Fer®¥PR ; = 5. Endo-Fer®PR, n = 4;

Leuk-Fer®¥PR ;; = 4.

#p < 0.05 significant difference from zero time point within each group, *p < 0.05 significant difference from Fer'

both WT and Fer®VPR neutrophils. The optimal dose of WKYMVm
for neutrophil chemotaxis in vitro was observed at 1 uM in both
groups. Significantly more Fer®®PR neutrophils moved toward
WKYMVm at all concentrations relative to the WT cells. These
data demonstrate enhanced leukocyte chemotaxis in vitro, dem-
onstrating the importance of Fer kinase within the leukocyte as
a negative regulator of chemotaxis.

To determine whether Fer kinase modulation of neutrophil
chemotaxis was specific to WKYMVm, we studied neutrophil
chemotaxis toward various known chemoattractants. Using KC
(0.0125-125 pM) as the chemoattractant, a significant increase in
chemotaxis over vehicle control was observed for both WT and
Fer®®PR neutrophils (Fig. 3B) with a maximal response observed
at 1.25 wM. No significant differences were observed between WT
and Fer®®PR neutrophils, which recapitulates our results from in
vivo chemotaxis assays. Furthermore, no significant differences
were observed in chemotaxis of WT or Fer®®PR neutrophils to-
ward LTB, over 0.01-100 wM range (Fig. 3C). MIP-2 at 1.25 pM
induced similar chemotactic response in WT (25.0 = 5.0 cells) or
Fer®®PR (30.0 * 4.0 cells) neutrophils. These chemoattractants
(KC, LTBy4, and MIP-2) have been described previously as inter-
mediary chemotactic agents because they direct neutrophils to-
ward the end target chemoattractants (bacterial peptides, com-
plement products). Interestingly, in the absence of Fer kinase,
neutrophils exhibit enhanced C5a-induced chemotaxis compared
with WT neutrophils (33.0 = 3.0 versus 17.0 = 2.0 cells, re-
spectively, p < 0.05). Complement products such as C5a, along
with bacterial products (WKYMVm), are considered end target
chemoattractants, suggesting that Fer modulates neutrophil che-
motaxis toward end target chemoattractants and not toward in-
termediary chemoattractants.

Fes kinase does not compensate for Fer in neutrophil
chemotaxis toward LTB,

The possibility exists that, in the absence of Fer kinase, the closely
related group IV PTK Fes (18) compensates for Fer by modu-
lating neutrophil chemotaxis toward intermediate chemoat-
tractants such as LTB,. In separate experiments, we compared
LTB4-induced chemotaxis in bone marrow neutrophils from WT,
Fer®®PR and Fes®® R/Fer®PR compound mutant mice (lacking
both Fes and Fer kinase activities). In Table III, we show that
LTB,-induced chemotaxis of neutrophils from Fes<®/XR/Fer®*PR
mice was similar to that observed for neutrophils from WT and
Fer®*PR mice. Although WKYMVm-induced chemotaxis in
neutrophils from Fes®?*®/Fer®"PR compound mutant mice tren-
ded higher than that of FerP?PR mutant mice, the differences
were not statistically significant. These data suggest that Fes ki-
nase does not compensate for Fer kinase in modulating neutrophil
chemotaxis.

DR/DR mice.

Fer-deficient neutrophils have skewed intracellular signaling
pathways driving chemotaxis toward WKYMVm

The intracellular signaling pathways used by neutrophils to che-
motaxis toward various chemoattractants have been identified
previously (1). Neutrophils predominately use the p38 MAPK
pathway to chemotaxis toward end target chemoattractants like
fMLP peptide (WKYMVm) and the PI3K pathway to move to-
ward intermediate chemoattractants like LTB,4 and KC (1). In this
study, we used inhibitors to determine whether the intracellular
pathways used by neutrophils were altered in the absence of Fer
kinase. In WT neutrophils, we observed that WKYMVm-induced
chemotaxis was strongly inhibited (>85%) by treatment with the
p38 MAPK inhibitor SB203580 (Fig. 4A). In contrast, chemotaxis
of WT neutrophils was unchanged by treatment with the PI3K

A 120
* awT
£ E 1004 FerDRfDR
E < 80 £ EndotheliumFer OR
= ; ol = LeukocyteFerDQ"Dr"
g2
=
g 5 401
=3 201
0  —
PBS WKYMVm
B B,
304
8% 2
§53
BB G 201
53
§ E é 154
"85 10
54
&
ol i b
0-25 25-50 50-75 75-100 >100
Distance from the venule (pm)
FIGURE 1. WKYMVm-induced leukocyte transmigration and chemo-

taxis are enhanced in the absence of Fer kinase in vivo. Leukocyte emi-
gration and chemotaxis were induced in vivo by placing WKYMVm
(1 mM) in an agarose gel 350 wm from the vessel in the extravascular
space. Data were observed in WT mice (open bars), Fer®?PR mice (solid
bars), and bone marrow chimeric mice (WT donors into FerPR/PR recipi-
ents [EndotheliumFer®VPR hatched bars] or Fer®?/PR leukocytes into WT
recipients [LeukocyteFerDR/ DR vertical hatched bars]). (A) lllustrates total
number of emigrated leukocytes observed in the extravascular space (cells/
field of view) under control conditions (vehicle), or 60 min after
WKYMVm gel placement. (B) Illustrates the number of extravasated cells
in each 25-pm increment segment from the blood vessel toward the gel
containing WKYMVm. Data are expressed as mean = SEM, n =4 (WT),
n =5 (Fer®PR) = 4 (Endothelium-Fer®?PR and Lt:ukocyte—Fc:rDR/DR
chimeras), *p < 0.05 significant difference from WT mice group.
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FIGURE 2. Fer kinase does not contribute to KC-induced recruitment
in vivo. Leukocyte recruitment was induced by placing KC (5.2 uM) in an
agarose gel in the extravascular tissue space 350 wm from the vessel. Data
are shown during control conditions (vehicle) and at 60-min postgel
placement in WT and Fer®¥PR mice. (A) Illustrates leukocyte adhesion to
the endothelium within the postcapillary venule (cells/100 wm/5 min). (B)
Tllustrates the total number of emigrated leukocytes (cells/field of view).
Data are expressed as mean = SEM, n =4 (WT) and n = 5 (FerPR/PRy,
*p < 0.05 significant difference from vehicle group for each strain.

inhibitor LY294022 (Fig. 4A), demonstrating dominance for the
p38 MAPK pathway in WKYMVm-induced chemotaxis in WT
neutrophils. Interestingly, in the absence of Fer kinase, minimal
inhibition of WKYMVm-induced chemotaxis was observed in the
presence of SB203580 and no inhibition was observed with two
alternative p38 MAPK inhibitors (SKF86002 and SB239063) (Fig.
4A). In contrast, PI3K inhibitors LY294002 and wortmannin
inhibited WKYMVm-induced chemotaxis by 53 and 76%, re-
spectively, in Fer®®PR neutrophils, and complete inhibition was
induced by a combination of a p38 MAPK inhibitor and a PI3K
inhibitor (Fig. 4A). These data suggest that Fer kinase can mod-
ulate the intracellular signaling pathways used by neutrophils to
chemotax toward WKYMVm. In contrast, WT neutrophils pre-
dominately use the PI3K pathway to chemotaxis toward KC, and
the dependence on this pathway was unaltered in Fer®VPR neu-
trophils (Fig. 4B). Together, these results implicate Fer in sup-
pressing a PI3K-dependent pathway of chemotaxis downstream of
the WKYMVm/FPR pathway, but not the KC/CXCR2 pathway.

Absence of Fer kinase does not alter WKYMVm-induced p38
MAPK phosphorylation in neutrophils

Next, we examined whether p38 MAPK activity is altered in the
absence of Fer after WKYMVm stimulation in neutrophils. Fig. 5A
illustrates the degree of p38 phosphorylation in WT and Fer®®/PR
neutrophils in response to WKYMVm (Pep; 1 uM) stimulation
over a 15-min time course. WKYMVm stimulation induced an
increase in p38 phosphorylation significantly within 5 min in WT
neutrophils, which was maximal at 10 min and back to control
levels within 15 min (Fig. 5B). A similar pattern of p38 phos-
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FIGURE 3. Absence of Fer kinase enhances chemotaxis toward end
target, but not intermediate chemoattractants in vitro. In vitro neutrophil
chemotaxis, determined using the under-agarose gel assay using bone
marrow—derived neutrophils from WT (open bars) and Fer mutant mice
(Fer®?PR: solid bars). (A) Illustrates the number of chemotactic cells in
response to increasing concentrations of WKYMVm (0.01-100 uM). Data
are expressed as mean = SEM, 10-24 plates (n = 5 mice). (B) Illustrates
the number of chemotactic cells in response to increasing concentrations of
KC (0.0125-125 nM). Data are expressed as mean * SEM, 9-12 plates
(n =3 mice). (C) Illustrates the number of chemotactic cells in response to
increasing concentrations of LTB,4 (0.01-100 wM). Data are expressed as
mean = SEM, 9-12 plates (n = 3 mice). *p < 0.05 significant increase
over WT neutrophils.

phorylation was observed in Fer®®PR neutrophils. These data

suggest that p38 MAPK activity is not altered in the absence of
Fer kinase in neutrophils in response to WKYMVm stimulation.

Table III.  Fes kinase does not contribute to LTB,-induced chemotaxis

Number of Chemotactic Cells

WKYMVm LTB,
Wild type 489 * 83 519 + 6.1
FerPR/PR 102.7 * 15.1% 63.1 + 7.4
FesXR/KR/EePR/DR 159.0 + 33.4%* 72.1 £ 9.6

Neutrophil chemotaxis was determined in vitro using the under-agarose gel assay.
Chemotaxis was determined in response to WKYMVm (1 uM) or LTB, (1 pM)
using bone marrow—derived neutrophils from wild-type, Fer mutant (Fer®®PR), or
Fps/Fer double-mutant mice (Fes®?VER/FerPRPR)  Data are expressed as mean *
SEM, 23-24 plates (n = 3 mice).

*p < 0.05 significantly different from WT neutrophils.
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FIGURE 4. Absence of Fer kinase alters the intracellular signaling
pathways used by neutrophils to chemotax toward WKYMVm. In vitro
neutrophil chemotaxis was determined using bone marrow—derived neu-
trophils from WT and Fer mutant (Fer®YPR) mice in the under-agarose gel
assay. Chemotaxis was induced toward 1 uM WKYMVm (A) or 1.25 uM
KC (B) and expressed as a percentage of the total number of cells moving
toward the chemoattractants in untreated (UT) WT groups (taken as 100%;
solid bars). The role of p38 MAPK or PI3K pathways in stimulus-induced
chemotaxis was determined by pretreating the neutrophils with SB203580
(10 uM), SKF86002 (30 uM), SB239063 (10 pM), LY294002 (50 pM),
wortmannin (100 nM), or a combination of wortmannin and SKF86002.
Data are expressed as mean = SEM, 10-16 plates (n = 9 mice). *p < 0.05
significant difference from untreated WT or Fer®®PR neutrophils.

PI3K activation is more sustained in Fer-deficient neutrophils
stimulated with WKYMVm

To survey PI3K signaling in WT and Fer®®P® neutrophils,

immunoblots were performed using pAkt and total Akt antisera
following WKYMVm stimulation (Fig. 6A). In WT neutrophils,
a significant increase in Akt phosphorylation was observed within
2 min, and this returned to control levels within 15 min (Fig. 6). In
Fer-deficient neutrophils, Akt phosphorylation was increased
within 2 min, and this was sustained for the entire time of
WKYMVm treatment (Fig. 6). Phosphoinositide-dependent pro-
tein kinase 1 (PDK1) is a 63-kDa serine—threonine kinase up-
stream of Akt, which has been proposed to be involved in cell
chemotaxis and migration (28, 29). PDK1 phosphorylation was
constitutively expressed in both WT and Fer®PR neutrophils and
was not significantly enhanced after WKYMVm stimulation in
either cell type (data not shown). Lastly, we examined pAkt levels
in neutrophils after KC stimulation and confirmed that, in the ab-
sence of Fer kinase, pAkt levels were similar to those observed in
Fer-competent cells (data not shown), confirming that Fer does not
participate in PI3K pathway modulation downstream of KC.
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FIGURE 5. WKYMVm-induced p38 MAPK phosphorylation in neu-
trophils is not altered in the absence of Fer kinase. Bone marrow—derived
neutrophils from WT and Fer®®PR mice were stimulated with WKYMVm
(Pep; 1 uM) for 2, 5, 10, and 15 min. Lysates were prepared in triplicate,
resolved by SDS-PAGE, immunoblotted with anti-pp38 Ab, stripped, and
reprobed with anti-p38 Ab. (A) Representative immunoblot of pp38
MAPK and total p38 in each condition. (B) Semiquantitative analysis of
p38 MAPK phosphorylation determined by densitometric analysis of n =3
immunoblots. Data from WT and Fer®VPR neutrophils are shown in open
or solid bars, respectively. *p < 0.05 significant difference from control
(Ct) for each strain.

Taken together, these results suggest that Fer kinase blocks sus-
tained activation of the PI3K pathway within neutrophils activated
by end target chemoattractants.

Discussion

Previously, we have demonstrated a role for the group IV non-
receptor PTKs, Fer (20, 21) and Fes (30, 31), in leukocyte re-
cruitment in vivo in response to local LPS injection. LPS induces
recruitment through the induction of many different chemo-
attractants. In this study, we wanted to determine whether Fer
kinase played a universal role in neutrophil chemotaxis. We
demonstrated a unique stimulus-specific role for Fer in modulating
leukocyte chemotaxis both in vitro and in vivo toward bacterial-
derived chemoattractants. In addition, intracellular signaling path-
ways used by neutrophils to chemotax are modified by Fer kinase
in a stimulus-specific manner.

Using intravital microscopy, we have shown that leukocyte
transmigration and chemotaxis toward WKYMVm (but not toward
KC) in vivo are significantly increased in Fer mutant mice,
compared with WT mice. This enhanced recruitment was only
observed with Fer deficiency within whole animal mutants and not
observed in chimeric mice (either WT mice transplanted with Fer-
deficient leukocytes or vice versa). These results suggest that Fer
signaling within both endothelial and hematopoietic cells con-
tributes to leukocyte recruitment in vivo. Diapedesis requires se-
quential engagement of adhesion/transmigration molecules on
both leukocytes and endothelial cells, including integrins and en-
dothelial cell junction adhesion molecules such as PECAM-1. Fer
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FIGURE 6. WKYMVm-induced PI3K activation is prolonged in neu-
trophils in the absence of Fer kinase. Bone marrow—derived neutrophils
from WT and Fer®*PR mice were isolated and stimulated with WKYMVm
(Pep; 1 wM) for 2—15 min. Lysates were prepared in triplicate, resolved by
SDS-PAGE, immunoblotted with anti-pAkt Ab (Ser473), stripped, and
reprobed with anti-Akt Ab. (A) Representative immunoblot of phosphor-
ylated and total Akt in each condition. (B) Semiquantitative analysis of Akt
phosphorylation determined by densitometric analysis of n = 4 immuno-
blots. Data are expressed as the mean + SEM. Data from WT and FerP®/PR
neutrophils are shown in open or solid bars, respectively. *p < 0.05 sig-
nificant difference from control (Ct) of each strain, *p < 0.05 significant
difference from WT neutrophils at same stimulation time condition.

kinase can regulate chemotaxis through integrin engagement and
actin-microtubule rearrangement in fibroblasts (13) and can phos-
phorylate PECAM-1 in endothelial cells (16). Interestingly, chi-
meric mice deficient in either endothelial or hematopoietic cell
PECAM-1 demonstrate a deficiency in neutrophil diapedesis in
response to IL-1 (32). Furthermore, the involvement of PECAM-1
in leukocyte transmigration is stimulus dependent and is not in-
volved in IL-8— or LTB4-induced diapedesis (33). Taken together,
these data suggest that Fer kinase potentially regulates diape-
desis in a stimulus-specific manner in vivo through modulation
of homophilic PECAM-1 signaling between leukocytes and en-
dothelial cells.

We were able to replicate this stimulus-specific response in vitro
using bone marrow—derived neutrophils and the under-agarose gel
assay. We demonstrate a specific role for Fer kinase in chemotaxis
toward end target chemoattractants (WKYMVm and C5a), but not
toward the intermediate targets (LTB,4, KC, and MIP-2). Further-
more, we have presented novel data demonstrating an important
role for Fer in modulating the intracellular signaling pathways
used by neutrophils in their chemotactic behavior. In this study,
we confirmed previously published data that neutrophils use p38
MAPK to chemotax toward the end target chemoattractant
WKYMVm, and that the PI3K pathway dominates in chemotaxis
toward the intermediate chemoattractant KC (1). Interestingly, in
the absence of Fer kinase, the PI3K pathway becomes the domi-
nant pathway used by neutrophils to migrate toward WKYMVm,
which enhances chemotaxis efficiency. It has previously been
suggested that a crosstalk exists between activated PI3K and p38
MAPK pathways during chemotaxis of neutrophils in a competi-
tive environment. Heit et al. (1) showed that pharmacological in-
hibition of the p38 MAPK pathway resulted in enhanced PI3K
activation and neutrophil chemotaxis. Furthermore, in activated
mast cells, Fer kinase was required for sustained p38 MAPK ac-

tivation and maximal chemotaxis (34). However, the switch in
pathway dominance observed in our Fer mutant WKYMVm-
stimulated neutrophils is not due to an inhibition of p38 MAPK
activation as pp38 levels were similar between WT and Fer-
deficient neutrophils. This does not exclude, however, a role for
Fer kinase downstream of p38 MAPK on MK2 or its substrate
Lsp-1. MK2 deficiency and F-actin polymerization are associated
with a lack of PTEN localization to the cell membrane (35).
Localization of PTEN, a PIP3 phosphatase, within the cell is re-
quired for polarization of PIP3 in the cell pseudopod, which is
required for prioritization of chemotactic signals. PTEN redistri-
bution in response to fMLP is p38 dependent (36) and is p38 in-
dependent in response to IL-8. In the absence of p38 MAPK or
its downstream substrate MK?2, Akt levels are increased in re-
sponse to fMLP. The augmented Akt activation observed in our
Fer mutant mice in response to fMLP may be in part due to lack
of appropriate p38-dependent PTEN redistribution, with the cell
leading to an enhanced chemotactic sensitivity (Fer mutant cells
respond to fTMLP at lower concentrations).

Alternatively, Fer kinase could act to inhibit or limit PI3K ac-
tivation in neutrophils upstream of Akt. One possible candidate is
PDKI1, a 63-kDa protein serine—threonine kinase that consists of
N-terminal kinase domain and C-terminal pleckstrin homology
domain. PDKI1 can be activated by phosphorylation in response to
many agonists, including insulin and oxidative stress (37, 38), and
several studies have implicated PDKI1 in F-actin polymerization
and endothelial cell migration (28, 29). In our study, PDK1
phosphorylation was similar in both WT and Fer®®PR neutrophils
in response to WKYMVm (data not shown), suggesting that Fer
kinase modulates PI3K activity through upstream targets other
than PDK1. Studies have shown that Fer kinase can tyrosine
phosphorylate the Rac GTPase chaperone protein RhoGDI « (39)
and bind to PA (11), increasing its ability to phosphorylate
cortactin and Vav2, which promote actin polymerization and
cell motility. In fMLP-stimulated neutrophils, PA generated via
phospholipase D (PLD) has been implicated in activation of the
integrin receptor CDIIb/CD18 (Mac-1), which promotes cell ad-
hesion (40). Thus, Fer kinase may be activated by WKYMVm/
FPR and C5a/C5aR pathways due to PLD-induced production of
PA that is expected to promote Fer localization to the membrane.
The PLD/PA axis also leads to activation of CD11b/CD18 integrin
receptors, and Fer may signal downstream to regulate the extent of
PI3K activation, which promotes Rac activation and actin poly-
merization during neutrophil chemotaxis (41, 42). A potential
mechanism for a suppressive role of Fer in this pathway may
involve Fer-induced phosphorylation of ITIMs. In mast cells, Fer
and Fes phosphorylate PECAM-1 ITIMs to promote recruitment
of protein—tyrosine phosphatase Src homology region 2 domain-
containing phosphatase 1 (SHP-1) (43). Directional chemotaxis of
neutrophils requires PECAM-1 for recruitment and activation of
SHP-1 (44). SHP-1-deficient neutrophils from motheaten mice
also displayed increased adhesion, but reduced chemotaxis (45).
Future studies will be required to elucidate whether Fer signaling
in neutrophils involves signaling to ITIMs, SHP-1, or other sub-
strates that impact on the PI3K pathway of chemotaxis.

Structural similarities between Fer and Fes kinases suggest that
they might have similar or even redundant roles in the body. In fact,
previous data suggest a redundancy between these two kinases in
regulating hematopoiesis, STAT3 activation in macrophages, and
signaling pathways downstream of IgE cross-linking and collagen
stimulation in mast cells and platelets, respectively (46). Our
results suggests that Fes kinase does not compensate for Fer in
modulating neutrophil chemotaxis in vitro because LTBy4-induced
chemotaxis was similar in neutrophils from Fes/Fer compound



The Journal of Immunology

mutant, Fer mutant, and WT mice. These data suggest that group
IV PTK do not participate in LTB4-induced chemotaxis.

In summary, we present novel data, in vitro and in vivo, dem-

onstrating an important role for Fer kinase in leukocyte chemotaxis
toward end target chemoattractants, but not toward intermediary
chemoattractants. Surprisingly, Fer inhibits PI3K signaling to Akt
in neutrophils in response to end target chemoattractants like
WKYMVm without inhibiting p38 MAPK activity, although an
effect downstream of p38MAPK cannot be ruled out. Inappropriate
control of intracellular signaling pathways involved in chemotaxis
could lead to a failure to clear bacterial infections. Future studies
will be required to determine whether Fer influences the resolution
of bacterial infections in mice, due to altered recruitment or
function of neutrophils during the immune response.
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