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Abstract
The acute inflammatory response involves neutrophils wherein recognition of bacterial products,
such as lipopolysaccharide (LPS), activates intracellular signaling pathways. We have shown that
the mitogen activated protein kinase (MAPK) c-Jun NH2 terminal kinase (JNK) is activated by LPS
in neutrophils and plays a critical role in monocyte chemoattractant protein (MCP)-1 expression and
actin assembly. As the Tec family kinases are expressed in neutrophils and regulate activation of the
MAPKs in other cell systems, we hypothesized that the Tec kinases are an upstream component of
the signaling pathway leading to LPS-induced MAPKs activation in neutrophils. Herein, we show
that the Tec kinases are activated in LPS stimulated human neutrophils and that inhibition of the Tec
kinases, with leflunomide metabolite analog (LFM-A13), decreased LPS-induced JNK, but not p38,
activity. Furthermore, LPS-induced actin polymerization as well as MCP-1, tumor necrosis factor-
α, interleukin-6, and interleukin-1β expression are dependent on Tec kinase activity.
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INTRODUCTION
Polymorphonuclear leukocytes (neutrophils) migrate to sites of infection, where bacterial
products such as LPS trigger the activation of signaling cascades resulting in effector functions
that lead ultimately to eradication of the invading microorganisms. We previously have shown
that the mitogen-activated protein kinases (MAPK) p38 [1] and JNK [2] are activated by LPS
in human neutrophils, with each regulating specific effector functions. Whereas p38 regulates
activation of nuclear factor (NF)-κB [3], the expression of tumor necrosis factor (TNF)-α [3],
and IL-8 [4], as well as cell adhesion [3] after LPS stimulation, JNK regulates LPS-induced
actin polymerization and the expression of MCP-1 and TNF-α [2]. In addition, we showed that
spleen tyrosine kinase (Syk) and phosphatidylinositol 3-kinase (PI3K) were upstream in the
pathway leading to LPS-induced JNK activation in neutrophils [2]. The lack of complete

Address correspondence to: Patrick Arndt, Department of Medicine, Division of Pulmonary, Allergy, and Critical Care Medicine,
University of Minnesota, Minneapolis, MN 55455. Phone: 612-626-4871. Fax: 612-625-2174. Email: E-mail: arndt108@umn.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Cell Immunol. Author manuscript; available in PMC 2010 January 1.

Published in final edited form as:
Cell Immunol. 2009 ; 258(1): 90–97. doi:10.1016/j.cellimm.2009.03.017.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



inhibition of JNK activation with either Syk or PI3K inhibition, however, suggested the
presence of additional signaling pathways that lead to JNK activation after exposure to LPS
[2]. Recently the Tec kinases were shown to be present in human neutrophils and have been
suggested to regulate JNK and p38 activity in other cell systems. Accordingly, we hypothesized
that they may be involved in the LPS-induced signaling pathway leading to MAPK activation
in neutrophils.

The Tec kinases are a family of nonreceptor tyrosine kinases that includes Tec, Btk, Itk, Bmx,
and Txk. They reside in an inactive form in the cytoplasm, are translocated to the membrane
fraction upon cell stimulation, wherein they are activated by phosphorylation, and initiate
downstream signaling cascades [5–7]. The Tec kinases play an important role in both the innate
and adaptive immune systems. Naturally occurring mutations in Btk result in X-linked
agammaglobulinemia (XLA), a clinical immunodeficiency syndrome characterized by a virtual
absence of circulating mature B cells and drastically reduced levels of immunoglobulins [7].
In addition, immature B cells from X-linked immunodeficiency (Xid) mice, which express an
inactive form of Btk, do not respond to LPS normally [8] with Btk-deficient mice showing
increased mortality after LPS exposure [9]. In the innate immune system, LPS stimulated
macrophages activate both Btk and Tec [10], with Btk co-immunoprecipitating with Toll-like
receptor (TLR) 4 and some of its adapter molecules [11]. Similarly the Tec kinases play a role
in LPS-induced cytokine production and MAPK activation in mononuclear cells. Mononuclear
cells from XLA patients produce decreased levels of TNF-α [10] and IL-1β [12] when exposed
to LPS and LPS stimulated macrophages from Btk-deficient mice display impaired TNF-α,
IL-1β [13], and IL-10 [14] production, impaired AP-1 [14] and NF-κB activation [11,14,15],
as well as diminished reactive oxygen intermediates (ROI) release [16,17]. In contrast,
although the Tec kinases are suggested to regulate the LPS response in macrophages, the role
of the Tec kinases in the response of neutrophils to LPS, cells critical to the innate immune
system, has not previously been examined.

One pathway through which the Tec kinases have been suggested to regulate their effects on
cells of the innate and adaptive immune systems is via activation of the MAPK. In B cells, Btk
activity is critical for MAPK activation as Btk regulates both JNK [18,19] and extracellular
signal-regulated kinase (ERK) [19] activation after B cell receptor (BCR) cross-linking as well
as Gαq-mediated p38 activation [20]. Similarly, in response to T cell receptor (TCR)
stimulation, T cells deficient in the Tec kinases display impaired activation of the MAPKs
[21] as well as the activator protein-1 (AP-1) family of transcription factors [5], which are
dependent on ERK and JNK activation. Finally in mononuclear cells, LPS-induced TNF-α
synthesis has been suggested to be regulated by Btk through a p38-dependent pathway [12].

Recently, the Tec kinases Tec and Btk were shown to be expressed and functional in human
neutrophils [22]. Tec was activated upon stimulation with fMLP [22] or upon crosslinking of
the FcγRIIIB receptor [23]. Inhibition of the Tec kinases downregulated fMLP-induced
superoxide production, adhesion, and chemotaxis through its effects on p38 and ERK activation
[24] and inhibited intracellular calcium mobilization, phosphorylation of phospholipase C
(PLC) γ2, and degranulation after FcγRIIIB receptor crosslinking [23]. Since the Tec kinases
are critical components of LPS-induced signaling pathways in macrophages and regulate the
functional response after exposure to fMLP or upon FcγRIIIB receptor crosslinking in
neutrophils, we investigated the role of the Tec kinases in LPS-induced human neutrophil
signaling. Specifically, as the Tec kinases regulate MAPK activity in other cell types, and LPS
activates p38 and JNK in human neutrophils, we asked whether MAPK activation in LPS-
stimulated human neutrophils is dependent on Tec kinase activity and if so if the Tec kinases
regulate LPS-induced actin assembly and cytokine expression. We show here that both Tec
and Btk are activated in human neutrophils stimulated with LPS, that Tec kinases are upstream
in the LPS-induced pathway regulating JNK, but not p38, activity, and that actin assembly and
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cytokine production in LPS-stimulated human neutrophils is dependent on activation of the
Tec kinases.

MATERIALS AND METHODS
Materials

All reagents and plasticware used in these experiments were endotoxin-free.
Phenylmethylsulfonyl fluoride (PMSF), sodium orthovanadate, aprotinin, leupeptin, sodium
fluoride, Protein A-Sepharose, Triton X-100, 3-aminopropyltriethoxysilane, β-
glycerophosphate, p-nitrophenyl phosphate, dithiothreitol, sodium pyrophosphate, and
RedTaq polymerase were purchased from Sigma (St. Louis, MO). LPS (E. coli 0111:B4) was
from List Biological Laboratories (Campbell, CA). TRIzol, Moloney murine leukemia virus-
reverse transcriptase, NBD-phallacidin, and rhodamine phalloidin were purchased from
Invitrogen (Grand Island, NY). LFM-A13, LFM-A11, and the JNK inhibitor II (SP600125)
were from Calbiochem Biochemicals (La Jolla, CA). Antibodies to JNK-1 (C-17) and Tec
(M20) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The Btk antibody was
purchased from Cell Signaling Technology (Beverly, MA). The anti-P-Tyr antibody (4G10)
and anti-P-Tyr (4G10) agarose conjugate were from Upstate Biotechnology (Lake Placid, NY).
The substrate c-Jun1–79 was generated as previously described [25].

Human Neutrophil Isolation
Human neutrophils were isolated from healthy donors as previously described (26), a method
which achieves >98% cell viability as assessed by trypan blue staining and yields < 5%
contaminating monocytes. After isolation, neutrophils were resuspended at 20 × 106/ml in
Krebs-Ringers phosphate buffer with 0.2% dextrose (KRPD) at pH 7.2 and 1% heat-inactivated
platelet poor plasma (HIPPP) with or without protease inhibitors (leupeptin 10 μg/ml, aprotinin
10 μg/ml, and PMSF 10 μg/ml) or in RPMI 1640 (BioWhittaker, Walkersville, MD) with 1%
HEPES and 1% HIPPP, where indicated.

Cell Membrane Isolation
Neutrophils were resuspended in complete KRPD supplemented with aprotinin (10 μg/ml),
leupeptin (10 μg/ml), and 1% HIPPP and incubated at 37°C under non-suspended conditions
for 55 minutes as previously described [2,25]. Cells were stimulated with LPS (100 ng/ml) for
various lengths of time. At the end of the stimulation period, PMSF (2.5 mM) and
orthovanadate (1 mM) were quickly added and cells were lysed by sonication for 20 seconds
(SLPt Sonifier, Branson Ultrasonics, Danbury, CT). Membrane fractions were prepared from
cell lysates as previously described [22]. Proteins were separated on an 8% SDS-
polyacrylamide gel, transferred to nitrocellulose, and immunoblotted for Tec.

Immunoprecipitation
Neutrophils were resuspended in complete KRPD with 1% HIPPP and protease inhibitors and
incubated under non-suspended conditions at 37°C for 55 minutes. In experiments examining
the role of the Tec kinases in LPS-induced JNK activation, neutrophils were pre-treated with
LFM-A13 (25 or 100 μM), LFM-A11 (25 or 100 μM), or DMSO (0.1%) for 55 minutes. The
cells were then stimulated with LPS (100 ng/ml) or left unstimulated at 37°C for the indicated
lengths of time. After stimulation, the cells were centrifuged (15,000 RPM, 30 seconds) and
lysed in 500 μl of ice-cold JNK lysis buffer as previously described [2,25] for JNK
immunoprecipitation or native lysis buffer as previously described [22] for Tec
immunoprecipitation. Cell lysates were centrifuged at 15,000 rpm for 10 minutes at 4 °C and
the lysate supernatants were then pre-cleared with Protein-A or G Sepharose beads. To the
lysates 2 μg of either anti-JNK1 antibody or anti-Tec antibody along with 20 μl of Protein-A-
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Sepharose, or 10 μl of the anti-P-Tyr agarose conjugate, was added followed by incubation for
2 hours at 4°C with rotation. After incubation, the beads were collected and washed three times
in native lysis buffer for experiments examining activation of the Tec kinases. After washing
the beads, 2x Laemmli sample buffer was added, samples were boiled at 100°C for 8 minutes,
and proteins were separated on 8–10% SDS-polyacrylamide gels by electrophoresis. After
transfer to nitrocellulose, immunoblotting for P-Tyr, Tec, or Btk was performed.

JNK Kinase Assay
After immunoprecipitation of JNK-1, the beads were washed once in JNK lysis buffer and
twice in JNK kinase buffer (20 mM HEPES (pH 7.5), 20 mM β-glycerophosphate, 10 mM p-
nitrophenyl phosphate, 10 mM MgCl2, 1 mM dithiothreitol, and 50 mM sodium
orthovanadate), and a JNK kinase assay was performed as previously described [2,25].

Phosphorylated p38 ELISA
Neutrophils were resuspended in complete KRPD with 1% HIPPP and protease and
phosphatase inhibitors, aliquoted into microcentrifuge tubes, and then incubated with LFM-
A13 (25 or 100 μM), LFM-A11 (25 or 100 μM), or DMSO (0.1%) for 55 minutes at 37°C with
rotation. The cells were then stimulated with LPS (100 ng/ml) for the indicated times or left
unstimulated. At each time point, 25 μl of cells were removed and added to 75 μl of ice-cold
lysis buffer (50 mM HEPES (pH 7.6), 100 mM NaCl, 2 mM EDTA, 5 mM sodium
pyrophosphate, 1 mM sodium orthovanadate, and 1% Triton X-100), vortexed briefly, and
snap frozen in an EtOH/dry ice bath, and stored at −20°C until assayed. Concentrations of
phospho-p38 were measured using a phospho-p38 enzyme-linked immunosorbent assay
(ELISA) kit (BioSource International, Camarillo, CA) per the manufacturer’s instructions.

RT-PCR and ELISAs
Neutrophils were resuspended in RPMI 1640 supplemented with 1% HIPPP and 1% HEPES,
and incubated under nonsuspended conditions at 37°C with LFM-A13 (25 or 100 μM), LFM-
A11 (25 or 100 μM), SP600125 (2–10 μM), or DMSO (0.1%) for 55 minutes. Cells were then
stimulated with LPS (100 ng/ml) for 4 hours. RNA extraction and RT-PCR from the cell pellet
was performed as previously described [2]. PCR primers utilized were as previously described
[2] except for IL-6: 5′-AAAGAGGCACTGGCAGAAAA-3′, 5′-
CCTTAAAGCTGCGCAGAATG-3′; and IL-1β: 5′-GCTGAGGAAGATGCTGGTTC-3′, 5′-
AGTTATATCCTGGCCGCCTT-3′. Concentrations of MCP-1, TNF-α, IL-6, and IL-1β in the
cell culture supernatants were determined by ELISA (ELISA Tech, Aurora, CO) per the
manufacturer’s instructions.

Actin polymerization and localization
Human neutrophils were resuspended in KRPD with 1% HIPPP and incubated with LFM-A13
(25 or 100 μM), LFM-A11 (25 or 100 μM), or DMSO (0.1%) for 40 minutes under
nonsuspended conditions. Cells were then stimulated with LPS (1 μg/ml) for 40 minutes, and
actin polymerization and localization were assessed as previously described [27].

Statistical Analysis
Data are expressed as means ± S.E.M. Multiple comparisons were performed by one-way
analysis of variance (ANOVA) with Tukey (post hoc) test for determination of differences
between groups. Statistical analysis was also performed by Student’s paired t test where
indicated. A p value less than 0.05 was considered significant. GraphPad PRISM software (San
Diego, CA) was used for all statistical calculations.
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RESULTS
LPS induces both Tec and Btk phosphorylation and the translocation of Tec to the plasma
membrane

Since Tec and Btk are expressed and functional in human neutrophils [22,23] and are activated
by LPS in macrophages [10,14], we examined whether the Tec kinases are activated after LPS
stimulation in neutrophils. Human neutrophils (20 × 106/condition) in KRPD with 1% HIPPP
were incubated under non-suspended conditions for 55 minutes at 37°C and then stimulated
with LPS. After LPS stimulation, cell membrane fractions were isolated, as per the methods
of Lachance, et al [22], separated on SDS-PAGE gels, and then immunoblotted for Tec. As
seen in Figure 1A, stimulation with LPS results in recruitment of Tec to the membrane fraction.
Increased levels of Tec are detected in the plasma membrane within 5 minutes after LPS
stimulation, peak at 15 minutes, and returns to baseline by 60 minutes. To measure Tec kinase
activation after LPS stimulation in human neutrophils, tyrosine phosphorylation was assessed,
which correlates with Tec kinase activity [7]. Exposure to LPS results in an increase in the
phosphorylation of both Tec and Btk in human neutrophils with the kinetics of Tec activation
similar to that of its translocation to the plasma membrane (Figure 1B & C).

Inhibition of the Tec kinases decreases LPS-induced JNK, but not p38, activation
We have previously shown that JNK [2] and p38 [1] are activated by LPS in human neutrophils.
Activation of the MAPK in several cell systems requires Tec kinase activity [10,12,14,19,21,
28–30], although the role of Tec kinases in LPS-induced MAPK activation is incompletely
understood, particularly in neutrophils. We hypothesized that the Tec kinases may regulate
MAPK activation in human neutrophils stimulated with LPS. To examine this possibility, we
utilized LFM-A13, a potent (IC50 = 17.2 μM) and specific inhibitor of the Tec kinases [23,
31] and its inactive structural homolog, LFM-A11. Human neutrophils were preincubated with
LFM-A13, or LFM-A11 as control, for 55 minutes, stimulated with LPS, with JNK and p38
activity assessed. Inhibition of the Tec kinases with LFM-A13 decreased LPS-induced JNK
activation in a dose dependent manner (Figure 2A), an effect that was not observed with the
inactive homolog LFM-A11. In contrast, although it has been proposed that p38 activation is
also dependent on Tec kinase activity in other cell systems [10,20,29], preincubation of human
neutrophils with LFM-A13 prior to LPS stimulation did not alter phosphorylation of p38 as
assessed with a phospho-p38 specific ELISA (Figure 2B).

Inhibition of the Tec kinases decreases LPS-induced actin assembly
The Tec kinases regulate actin reorganization in lymphocytes and mast cells [32,33], although
their role in regulating actin assembly in cells of the innate immune system remain unexplored.
As JNK activation is critical for LPS-induced actin assembly in neutrophils [34] and we show
here that the Tec kinases regulate LPS-induced JNK activation (Fig. 2A), we examined the
role of the Tec kinases in LPS-induced actin assembly in neutrophils. Neutrophils were
preincubated with LFM-A13, or LFM-A11 as a negative control, stimulated with LPS, with
actin reorganization assessed. LFM-A13 dose dependently decreased both actin
polymerization and actin localization after exposure to LPS (Figure 3).

Inhibition of the Tec kinases decreases LPS-induced cytokine and chemokine expression
LPS stimulation of neutrophils results in the upregulation of both transcription and protein
synthesis of several pro-inflammatory cytokines and chemokines [35–37]. Previously we have
shown that JNK activity is necessary to the LPS-induced upregulation of MCP-1 and TNF-α
expression in human neutrophils [2]. Since we show here that the Tec kinases are upstream of
JNK activation in neutrophils stimulated with LPS (Figure 2A), we hypothesized that the Tec
kinases may therefore also regulate the increase in cytokine and chemokine expression after
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exposure to LPS. Inhibition of the Tec kinases with LFM-A13 resulted in a reduction in both
gene expression, as assessed by RT-PCR, of TNF-α, IL-6, and IL-1β (Figure 4A) and protein
synthesis, as determined by ELISA, of MCP-1, TNF-α, IL-6, and IL-1β (Figure 4B). As a role
for JNK activation in the LPS-induced expression of IL-6 in neutrophils has not been previously
described [2], we investigated further whether the activation of JNK regulates the expression
of IL-6 after exposure to LPS. Neutrophils were pretreated with the JNK inhibitor SP600125,
exposed to LPS, with IL-6 expression assessed. Inhibition of JNK decreased IL-6 mRNA
expression in LPS-stimulated neutrophils in a dose-dependent fashion (Figure 4C).

DISCUSSION
We have shown here that the Tec kinases are activated by LPS and are an integral component
of the LPS-induced signaling pathway in neutrophils leading to JNK activation, actin
polymerization, and cytokine expression. Previously it has been shown that the Tec kinases
are important in the response of macrophages [10–14] and B cells [8] to LPS, as well as
neutrophil signaling after stimulation with fMLP [22,24] or upon crosslinking of the FcγRIIIB
receptor [23]. The present study now confirms and extends these findings by showing here that
the Tec kinases are activated in response to LPS and regulate several downstream effector
functions in LPS stimulated human neutrophils.

The principal objective of this study was to determine the role of the Tec kinases in both the
LPS-induced MAPK signaling pathway and effector functions in human neutrophils.
Previously, we have shown that both p38 and JNK are activated in LPS-stimulated neutrophils
and that they regulate distinct downstream events [2–4]. As MAPK activation depends on Tec
family kinase activity in various other cell systems, including LPS-stimulated macrophages
[10,12,14], we hypothesized that the Tec kinases might be a constituent of the signaling
pathway leading to MAPK activation in LPS-stimulated neutrophils. Based on our data, we
conclude that activity of the Tec kinases is critical to the activation of JNK, but not p38, in
neutrophils exposed to LPS (Figure 2). Although the Tec kinases have been shown to play a
role in ERK activation in several other cell systems [5,14,19,21,24], we did not examine this
relationship here, as we have previously been unable to detect ERK activation in LPS-
stimulated human neutrophils [1].

Our findings of the dependence of JNK activation on Tec kinase activity in neutrophils exposed
to LPS is similar to that seen in lymphocytes [18,19] and mast cells [28]. In contrast, however,
macrophages isolated from either XLA patients [16] or Btk-deficient mice [14] show normal
levels of JNK phosphorylation after LPS stimulation, suggesting that either other, non-Btk,
Tec kinases regulate LPS-induced JNK activation in macrophages or that LPS-induced JNK
activation in macrophages is independent of the Tec kinases. Our finding that the Tec kinases
did not regulate LPS-induced p38 activation in neutrophils are consistent with previous reports
that the Tec kinases are not involved in p38 activation in BCR signaling [18,19] and that LPS-
induced p38 activation in macrophages is Btk independent [14,16]. In contrast, the Tec kinases
do appear to reside upstream of p38 in mast cells [29], fMLP-stimulated neutrophils [24], and
in G-protein-mediated B cell signaling [20]. Regardless of the results in other cell systems,
while p38 is a critical mediator of LPS-induced NF-κB activation and cytokine production in
neutrophils [3], the evidence presented here suggests that the Tec kinases are not required for
p38 activation in human neutrophils stimulated with LPS. The mechanisms for the differential
role of the Tec kinase in fMLP or LPS-induced p38 activation is unexplained and requires
further study.

The differences in the role of the Tec kinases in LPS-induced JNK and p38 activation seen in
this study may be related to the differences in conditions necessary for their activation. Whereas
JNK is activated by LPS [2] and TNF-α [25] only in non-suspended adherent cells, likely due
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to the requirement for β2 integrin ligation [25], LPS- [1] and TNF-α-induced [38] p38 activation
is present in suspended neutrophils. Since we established here that the Tec kinases are upstream
of JNK, but not p38, we hypothesize that LPS-induced activation of the Tec kinases may be
dependent on β2 integrin ligation. Such a role for the Tec kinases downstream of integrin
signaling has been described in epithelial and endothelial cells [39] as well as platelets [40,
41]. Alternatively, the Tec kinases may play a role in inside-out integrin signaling, with integrin
activation dependent on Tec activity, as is the case in TCR [42,43], BCR [44], and FcεRI
[45] signaling. Although beyond the focus of the current study, the interrelationship between
the Tec kinases and integrin signaling is currently being examined in our laboratory. Finally,
further study is warranted to define the relationship of PI3K and Syk to the Tec kinases in the
pathway leading to LPS-induced JNK activation in neutrophils, since PI3K and Syk reside
upstream of JNK in this pathway [2] and are upstream of the Tec kinases in other cell systems
[5,23].

JNK activity has been shown to be critical to LPS-induced actin assembly in neutrophils and
this has been proposed as one mechanism by which JNK inhibition decreased neutrophil influx
into the lungs in an in vivo model of lung inflammation induced by LPS [34]. Therefore, we
investigated whether the Tec kinases might regulate LPS-induced actin assembly in human
neutrophils. Indeed, inhibition of Tec kinase activity resulted in diminished actin
polymerization and localization in response to LPS stimulation (Figure 3). These findings are
consistent with the previously established role of the Tec kinases in the regulation of actin
reorganization in B cells, T cells, and mast cells [32,33]. Since neutrophil migration to an
inflammatory site requires actin assembly and neutrophil recruitment to the site of
inflammation was decreased in Xid mice [17], taken together this suggests that pharmacologic
manipulation of the Tec kinases may be a potential therapeutic strategy for LPS-mediated
disease states.

In addition to the effect on LPS-induced JNK activation and actin assembly, our results suggest
that the Tec kinases regulate the expression of TNF-α, IL-6, MCP-1, and IL-1β in human
neutrophils after exposure to LPS (Figure 4A & B). While JNK activity has been shown to be
critical to the upregulation of MCP-1 [2], and as we show here IL-6 (Figure 4C), expression
after LPS stimulation in human neutrophils, it plays only a minor role in LPS-induced TNF-
α expression [2] and no role in IL-1β expression (P.G. Arndt, unpublished observations).
Therefore, while the Tec kinases likely regulate LPS-induced MCP-1 and IL-6 expression in
human neutrophils by way of their effect on JNK kinase activity, the mechanisms by which
the Tec kinases regulate TNF- α and IL-1β expression appears to proceed via an alternative
pathway that is dependent on neither JNK or p38 activity. Nevertheless, our findings of the
role of the Tec kinases in mediating the expression of cytokines and chemokines, and in
particular those regulated by JNK activation, in LPS-stimulated human neutrophils are
consistent with those shown in other cell systems. Specifically, FcεRI crosslinking in mast
cells triggers a signaling pathway in which Btk activity leads to JNK activation and c-Jun
phosphorylation, resulting in cytokine production [28, 46]. In addition, macrophages from both
XLA patients [10, 12] and Xid mice [13] display impaired TNF-α and IL-1β upregulation in
response to LPS and in LPS-stimulated murine macrophages, Btk was shown to regulate AP-1
activity [14], which is known to regulate expression of MCP-1 [47], TNF-α, and IL-6 [48]. In
contrast, however, the upregulation of IL-6 expression after LPS stimulation is normal in
macrophages from XLA patients [12, 16] and is actually increased in macrophages from Xid
mice [14]. Taken together, this suggests that the LPS-induced upregulation of IL-6 expression
in macrophages proceeds via a pathway independent of the Tec kinases or that there is
redundancy in the signaling pathways involving the Tec kinases. Finally, although not
examined herein, as neutrophil apoptosis involves JNK [25], and the Tec kinases regulate
apoptosis in mast cells [29], B cells [49], and macrophages [17], taken together this suggests
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that the Tec kinases may play a role in neutrophil apoptosis. This possibility is being actively
investigated in our laboratory.

As neutrophils are terminally differentiated and have a shortened ex vivo lifespan, attempts at
genetic modification have been largely unsuccessful. Accordingly, the use of chemical
inhibitors is inevitable in the study of neutrophil signaling. Although chemical inhibitors can
have nonspecific effects, we have used concentrations of LFM-A13 [31] and SP600125 [50,
51] that have been shown to be specific for the kinases in question and have previously been
used in neutrophils [23,52]. In particular, Heo and colleagues demonstrated a specificity of
SP600125 for the inhibition of JNK based on its observed binding with JNK via crystallography
[51], whereas LFM-A13 has been shown not to affect the enzymatic activity of a variety of
other kinases, including Janus kinases JAK1 and JAK3, Src family kinase Hck, epidermal
growth factor receptor kinase, and insulin receptor kinase [31]. In addition, to exclude a
chemical effect of LFM-A13, we have included its inactive chemical homolog LFM-A11 as a
negative control in all experiments. Since LFM-A13 inhibits the activation of three of the Tec
kinases expressed in neutrophils [24], we cannot herein draw any conclusions as to which
member of the Tec family regulates the LPS-induced signaling pathway leading to JNK
activation in human neutrophils in our study. Alternatively, the Tec kinases may play
compensatory roles in the regulation of neutrophil signaling, such that inhibition of all three
kinases is necessary to observe the effects described herein. Existing evidence suggests that
the Tec kinases may play compensatory roles in the innate immune system. First, the impaired
survival and clearance of LPS observed in Btk-deficient mice is prevented by pretreatment
with immunoglobulins, suggesting that isolated Btk deficiency may not be sufficient to impair
the neutrophil response to LPS [9]. Second, there is no defect in neutrophil influx into the lungs
or in cytokine and chemokine levels in the serum or bronchoalveolar lavage fluid of Btk-
deficient mice treated with inhaled LPS (P.G. Arndt, unpublished observations). We are
currently investigating the roles of the individual members of the Tec family in LPS-induced
neutrophil signaling.

In conclusion, we have demonstrated here that the Tec kinases are activated and play an integral
role in the LPS-induced signaling pathway in human neutrophils leading to JNK activation,
actin polymerization, and the upregulation of cytokine and chemokine expression (Figure 5).
Although p38 plays an important role in LPS-induced effector functions, including NF-κB
activation, cell adhesion, and IL-8 expression, evidence presented here suggests that its
activation is independent of Tec kinase activation. Since JNK regulates neutrophil recruitment
in a model of acute lung inflammation induced by LPS [34] and tyrosine kinase inhibitors
improve survival in murine models of LPS-induced septic shock [53], the role of the Tec
kinases may be clinically relevant in LPS-mediated diseases such as acute lung injury and
septic shock. We anticipate that an improved understanding of the mechanisms by which the
Tec kinases become activated and lead to upregulation of neutrophil effector functions may
lead to the development of novel therapies.
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Figure 1.
LPS induces the translocation of Tec to the membrane fraction and the phosphorylation of Tec
and Btk. Human neutrophils were preincubated at 37°C under nonsuspended conditions for 55
minutes followed by stimulation with LPS (100 ng/ml) for the time indicated. A. Membrane
fractions were isolated from cell lysates as per Material and Methods, with proteins separated
by SDS-PAGE and immunoblotted (IB) for Tec. B. P-Tyr was immunoprecipitated (IP) from
cell lysates with immunoprecipitated proteins separated by SDS-PAGE, transferred to
nitrocellulose, and immunoblotted for Tec or Btk. C. Tec was immunoprecipitated from cell
lysates, proteins were separated by SDS-PAGE, and immunoblotting for P-Tyr was performed.
Membranes were then immunoblotted for Tec to show that equal amounts of Tec were
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immunoprecipitated from each sample. Blots shown are representative of at least three
experiments, all with similar results.
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Figure 2.
Inhibition of the Tec kinases decreases LPS-induced JNK, but not p38, activation. Human
neutrophils were preincubated with LFM-A13 (25 or 100 μM), LFM-A11 (25 or 100 μM), or
DMSO (0.1%) at 37°C under nonsuspended conditions for 55 minutes followed by stimulation
with LPS (100 ng/ml) for the indicated times. A. JNK-1 was immunoprecipitated (IP) from
cell lysates, followed by an in vitro kinase assay utilizing c-Jun1–79 as an exogenous substrate.
Proteins were separated by SDS-PAGE and transferred to nitrocellulose. Radiolabeled proteins
were identified by autoradiography (upper panel). To ensure that equal amounts of JNK-1 were
immunoprecipitated from each sample, membranes were immunoblotted (IB) for JNK-1 (lower
panel). Blots shown are representative of three experiments, all with similar results. B. Levels
of phosphorylated p38 were measured from cell lysates by ELISA. Results shown are mean ±
S.E.M. from two separate experiments.
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Figure 3.
Inhibition of the Tec kinases decreases LPS-induced actin polymerization and localization.
Human neutrophils were preincubated with LFM-A13 (25 or 100 μM), LFM-A11 (25 or 100
μM), or DMSO (0.1%) at 37°C under nonsuspended conditions for 40 minutes followed by
stimulation with LPS (1 μg/ml) for 40 minutes. A. After stimulation, cells were labeled with
NBD-phallacidin with F-actin polymerization assessed by flow cytometry as previously
described [27]. Results are shown with the LPS-stimulated responses normalized to control
resulting in a Relative Fluorescent Index (RFI). *p < 0.05 LPS versus LPS + LFM-A13 100
μM; #p < 0.05 LPS + LFM-A13 25 μM versus LPS + LFM-A13 100 μM. B. After stimulation,
cells were stained with rhodamine phalloidin and then examined microscopically. a:
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unstimulated control; b: LPS-stimulated; c: LPS-stimulated, treated with LFM-A13 25 μM; d:
LPS-stimulated, treated with LFM-A13 100 μM; e: LPS-stimulated, treated with LFM-A11
25 μM; f: LPS-stimulated, treated with LFM-A11 100 μM. Images shown represent one of
three experiments all with similar results. Images are at 400x original magnification.
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Figure 4.
Inhibition of the Tec kinases decreases LPS-induced cytokine and chemokine expression.
Human neutrophils were preincubated with LFM-A13 (25 or 100 μM), LFM-A11 (25 or 100
μM), or DMSO (0.1%) at 37°C under nonsuspended conditions for 55 minutes followed by
stimulation with LPS (100 ng/ml) for 4 hours. A. RT-PCR for IL-1β, IL-6, TNF-α, and GAPDH
was performed. PCR products were resolved on 1% agarose gels followed by staining with
ethidium bromide. B. Protein levels of IL-1β, IL-6, TNF-α, and MCP-1 in the cell supernatants
were measured by ELISA. C. Human neutrophils were preincubated with SP600125 (2–10
μM) or DMSO (0.1%) at 37°C under nonsuspended conditions for 55 minutes followed by
stimulation with LPS (100 ng/ml) for 4 hours. RT-PCR for IL-6 and GAPDH was performed.

Zemans and Arndt Page 17

Cell Immunol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PCR products were resolved on 1% agarose gels followed by staining with ethidium bromide.
Results shown are the mean ± S.E.M. of three separate experiments. * p < 0.05 for that condition
versus LPS by one-way ANOVA.
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Figure 5.
Schematic of proposed signaling pathways by which the Tec kinases regulate JNK activation,
actin polymerization, and cytokine expression in LPS-stimulated neutrophils. Exposure to LPS
results in Tec kinase translocation to the plasma membrane and activation, which is in turn
critical for JNK activation. The Tec kinases regulate actin assembly as well as MCP-1, IL-6,
and partially TNF-α upregulation in response to LPS stimulation in a JNK-dependent manner.
The Tec kinases also play a role in IL-1β and TNF-α synthesis in response to LPS stimulation
via a JNK-independent pathway. Notably, although p38 plays an important role in LPS-induced
neutrophil functions, including NF-κB activation, cell adhesion, and IL-8 synthesis, its
activation is independent of Tec kinase activity.
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