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Summary
Neutrophils play a critical role in antimicrobial host defense, but their improper
activation also contributes to inflammation-induced tissue damage. Therefore, understanding neutrophil biology is important for the understanding, diagnosis, and therapy
of both infectious and inflammatory diseases. Neutrophils express a large number
of cell-surface receptors that sense extracellular cues and trigger various functional
responses through complex intracellular signaling pathways. During the last several
years, we and others have shown that tyrosine kinases play a critical role in those
processes. In particular, Src-family and Syk tyrosine kinases couple Fc-receptors and
adhesion receptors (integrins and selectins) to various neutrophil effector functions.
This pathway shows surprising similarity to lymphocyte antigen receptor signaling
and involves various other enzymes (e.g. PLCγ2), exchange factors (e.g. Vav-family
members) and adapter proteins (such as ITAM-containing adapters, SLP-76, and
CARD9). Those mediators trigger various antimicrobial functions and play a critical
role in coordinating the inflammatory response through the release of inflammatory
mediators, such as chemokines and LTB4. Interestingly, however, tyrosine kinases

have a limited direct role in the migration of neutrophils to the site of inflammation.

Here, we review the role of tyrosine kinase signaling pathways in neutrophils and
how those pathways contribute to neutrophil activation in health and disease.
KEYWORDS

neutrophils, Fc-receptors, integrins, protein kinases/phosphatases, inflammation, signal
transduction

1 | INTRODUCTION

Neutrophils express a diverse set of cell-surface receptors that
are involved in sensing microbial invasion, as well as the inflamma-

Neutrophils (also known as neutrophilic granulocytes, polymorpho-

tory environment.5 Neutrophil cell-surface receptors include various

nuclear cells, or PMN) are the most abundant circulating leukocytes

G-protein-coupled receptors (e.g. chemokine, formyl peptide, C5a and

that constitute a critical component of the antimicrobial immune

LTB4 receptors), Fc-receptors (mainly low-affinity Fcγ-receptors, and,

response, mainly as part of the innate arm of the immune system.

1–3

Neutrophils are short-lived, terminally differentiated myeloid

in the case of human neutrophils, Fcα-receptors), integrins (primarily
the β2 integrins LFA-1 and Mac-1), selectins, cytokine receptors, and

cells that are transcriptionally mostly inactive and function primarily

innate immune receptors (e.g. Toll-like receptors, C-type lectins, and

as suicide effector cells of the immune response. However, recent

intracellular pattern recognition receptors).5 Those receptors ensure

studies indicate that neutrophils also participate in the organization

that neutrophils sense, and respond to, signs of microbial invasion and

of the immune and inflammatory reaction, including coordination

other inflammatory changes in the extracellular environment.

of adaptive immunity.2,4

Extracellular cues trigger an array of functional responses of

This article is part of a series of reviews covering Neutrophils appearing in Volume 273 of
Immunological Reviews.
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neutrophils (Fig. 1). Those responses ensure that neutrophils accumulate at the site of infection/inflammation, mount a proper and
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F I G U R E 1 Overview of neutrophil activation. At the site of inflammation, neutrophils become activated and then adhere to and migrate
through the inflamed endothelium. Within the tissues, neutrophils use their diverse effector functions to eliminate the invading pathogens and
to coordinate the inflammatory reaction. At the end of their life cycle, neutrophils die by apoptosis or a specific form of cell death, NETosis. ROS,
reactive oxygen species
pathogen-specific antimicrobial response, and participate in the

kinase pathways triggered by the cooperative activation of Src-family

coordination of the inflammatory reaction. Neutrophil recruitment

tyrosine kinases and the Syk tyrosine kinase. Analysis of that path-

proceeds through a complex and multi-step process that is initiated

way in neutrophils allowed the characterization of the role of Src-

by enhanced selectin-mediated interactions followed by integrin-

family kinases in integrin signaling in primary cells,14,18 one of the first

mediated firm adhesion and transendothelial migration.

6,7

Antimicro-

descriptions of the now widely accepted functional overlap between

bial functions of neutrophils recruited to the site of infection include

different members of the same protein family,8,14 the identification

phagocytosis of the pathogens (mostly after opsonization with specific

of a novel integrin signaling pathway reminiscent of immunorecep-

immunoglobulins or complement fragments), entrapment within neu-

tor signal transduction,16,17,19 dissection of the signaling pathways

trophil extracellular traps (NETs), and biochemical processes including

leading from β2 integrins to cell migration and adhesion-dependent

oxidative damage and proteolytic cleavage, through the activation of

cellular activation,8,16,17,20 characterization of the receptors and sig-

2,3

naling pathway triggered by neutrophil Fcγ-receptors,8,20,21 mapping

Furthermore, a number of recent studies indicate that neutrophils

intracellular signaling during neutrophil mediated in vivo inflammatory

are not just mere effector cells of the immune response, but strongly

reactions,8,9,20,22–24 and the first direct demonstration of an in vivo

contribute to the organization of the immune and inflammatory reac-

functional importance of neutrophil gene expression and neutrophil-

tions,1–3 including the amplification of their own recruitment and acti-

derived chemokine/cytokine release.9

the NADPH oxidase and the release of diverse granule proteins.

8–10

11

and even directing

We have contributed to many of the above studies, primarily by

the adaptive immune response.1,4 The latter functions are mech-

testing neutrophil functions and neutrophil-mediated in vivo disease

anistically mediated by the release of a number of proinflammatory

processes in genetically modified experimental mice. Here, we provide

mediators (chemokines, cytokines, and lipid mediators) from activated

an overview of the role of tyrosine kinase signaling pathways in neu-

neutrophils.9,12

trophils with some additional personal insight into the development of

vation,

cooperation with other immune cells,

Neutrophil cell-surface receptors are coupled to antimicrobial

the field during the last several years.

responses through very complex intracellular signal transduction pathways.5,13 While many of those pathways are reminiscent of similar pathways in other cells, there are a number of unique characteristics specific for neutrophils, and a number of pathways were identified, or first
characterized in primary cells, within the neutrophil compartment.14–17

2 | TYROSINE KINASE PATHWAYS IN
NEUTROPHIL ADHESION AND ADHESION-
DEPENDENT ACTIVATION

Among the signaling pathways activated and functioning within
neutrophils, tyrosine phosphorylation pathways have received partic-

Recruitment of neutrophils to the site of infection or tissue dam-

ularly much attention. This is especially true for non-receptor tyrosine

age and their activation in the inflamed tissues are critical steps
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of host defense and the overall inflammatory process. At the site

adhesion deficiency, characterized by severe bacterial infections and

of inflammation, various inflammatory stimuli direct the transen-

other pathologies.26

dothelial migration of neutrophils from the intravascular space to

Binding of extracellular ligands (e.g. ICAM-1 or extracellular matrix

the surrounding tissues. Integrins and integrin-mediated adhesive

molecules) to β2 integrins results in integrin clustering and outside-in

processes are critically involved in that transmigration, as well as

signaling that leads to cell spreading and firm adhesion, followed by

in the activation of neutrophils bound to extracellular matrix pro-

several additional steps eventually leading to transmigration through

teins within the inflamed interstitium.

the endothelium (Fig. 2). In addition to supporting transendothelial
migration, β2 integrin-dependent outside-in signaling also results in

2.1 | Integrins and integrin activation in neutrophils
Integrins are ubiquitously expressed adhesion receptors critically

other effector cell responses such as respiratory burst or exocytosis of
intracellular granules, e.g. during locomotion of the cells in the extravascular space.27

involved in cell–cell and cell–extracellular–matrix interactions.

Here, we discuss tyrosine kinase signaling pathways involved in

Integrins are transmembrane heterodimers consisting of α- and

outside-in signaling triggered by ligand binding of β2 integrins (Fig. 2

β-subunits (Fig. 2). In case of neutrophils, the most critical integrins belong to the β2 integrin family and consist of a common

and Table 1). Mechanisms of inside-out signaling will be discussed later
during this review.

β2-subunit (CD18) and a unique α-subunit (one of three CD11

molecules). Those integrins include LFA-1 (αLβ2; CD11a/CD18),
Mac-1 (αMβ2; CD11b/CD18), and likely less important on neu-

trophils, gp150/95 (αXβ2; CD11c/CD18).13 While LFA-1 and

2.2 | Tyrosine kinases in neutrophil integrin signaling
Src-family kinases were the first tyrosine kinases to be identified28

gp150/95 are constitutively expressed, the cell-surface expression

and their discovery revolutionized several fields including cancer

of Mac-1 is upregulated during neutrophil activation. Both LFA-1

pathogenesis and cell survival.29–31 Based on heterologous expres-

and Mac-1 bind to ICAM-1 on the endothelial surface and medi-

sion studies in long-propagated cell lines, it has long been thought

ate the later phases of neutrophil adhesion and transmigration.13,25

that Src-family kinases play an important role in integrin signal

Integrins have three distinct conformations: (i) the inactive bent

transduction in fibroblasts and likely also in other cell types.32,33

form; (ii) the extended form with a closed headpiece that has

However, direct in vivo evidence for such a role had long been

intermediate affinity; and (iii) the extended form with open head-

missing. This was not changed by the first publication of Src

piece that has high affinity for its endothelial ligand ICAM-1

knockout mice either since those mice had an unexpectedly nar-

(Fig. 2). The critical role of those molecules in antimicrobial host

row range of phenotypes, namely osteopetrosis due to dysfunctional

defense is indicated by the severe bacterial and fungal infections

osteoclasts.34 Few years after the publication of the Src knockouts,

of human patients suffering from type I leukocyte adhesion defi-

targeted deletion of several other members of the Src kinase family

ciency (LAD I) due to genetic defects of the β2-subunit CD18.26

has also been reported.35 In a seminal early article, Lowell et al.36

Integrins are bidirectional signaling molecules, participating in

reported the deletion of Hck and Fgr, two major tyrosine kinases

both signaling initiated from the cytoplasm of the cell (inside-out

present in neutrophils and other myeloid cells. The most striking

signaling) and from the extracellular environment (outside-in signal-

observation was that although Hck−/− and Fgr−/− single knockouts

ing)

27

(Fig. 2). During inside-out signaling, intracellular signals trigger

did not show signs of increased susceptibility to Listeria infection,

affinity changes and other events leading to increased ligand bind-

Hck−/− Fgr−/− double knockouts failed to clear the Listeria pathogens

ing of the integrins. Typical examples of inside-out signaling include

and succumbed to a fatal Listeria infection. Those studies provided

the changes triggered by proinflammatory mediators such as selec-

the first direct genetic evidence for an in vivo role of myeloid-

tin ligands, chemokines, classical chemoattractants, or proinflam-

specific Src-family kinases, and they were one of the first reports

matory cytokines leading to increased surface expression, as well as

indicating functional overlap between members of the same protein

increased affinity and avidity of β2 integrins on the neutrophil cell

family in vivo.

surface. Indeed, the transition from normal (‘fast’) rolling of neutro-

In a few seminal early articles, Nathan et al.37,38 showed that

phils over the resting endothelium to a deceleration phase (‘slow

neutrophil adhesion to integrin-ligand surfaces in the presence of

rolling’) is mediated by inside-out signaling triggered by engagement

additional proinflammatory stimuli triggers robust activation of the

of neutrophil PSGL-1 (and, possibly, CD44 and ESL-1) by endothelial

cells characterized by cytoskeletal changes, cell spreading, release

E-selectins, triggering inside-out signaling leading to transition from a

of superoxide anions and exocytosis of their granule content. In the

low to intermediate affinity conformation of β2 integrins.13 In a next

mid 1990s, it became evident that such adherent activation leads to

step, chemokines expressed on the inflamed endothelium result in an

tyrosine phosphorylation of a number of molecules.39,40 Among oth-

additional inside-out signal leading to full extension of β2 integrins

ers, Src-family kinases including Hck, Fgr, and Lyn were shown to be

with high affinity for ICAM-1. The important role for leukocyte inside-

present in neutrophils41–43 and at least some of them became phos-

out signaling is indicated by the fact that human patients lacking the

phorylated upon integrin-mediated adherent activation of human

inside-out signaling molecule kindlin-3 suffer from type III leukocyte

neutrophils.40 Those studies prompted the analysis of the effect of
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F I G U R E 2 Integrin-dependent inside-out and outside-in signaling in neutrophils. Inside-out signaling through selectin ligands and other cell-
surface receptors triggers increased affinity and avidity of integrins (inside-out signaling). However, integrin ligation initiates outside-in signaling
leading to various effector functions of the cells. Both platelet-selectin glycoprotein ligand 1 (PSGL-1) mediated inside-out signaling and β2
integrin outside-in signaling utilize an immunoreceptor tyrosine-based activation motif (ITAM) mediated tyrosine kinase signaling pathway
Src-family kinase deficiency on integrin-mediated mouse neutrophil
14

of human neutrophils.52 Those studies suggested that Syk is a cen-

showed that the combined deficiency

tral component of a novel integrin signal transduction pathway.50,51

of Hck and Fgr strongly reduce adhesion and spreading of neutro-

However, direct evidence for a functional role for Syk in integrin sig-

phils on integrin-ligand-coated surfaces and adhesion-dependent

naling in primary cells was still lacking.

function. Lowell and Berton

ROS production. Similar to the in vivo Listeria infection models,36 the

Given the proposed role of Syk in integrin signal transduction,

Hck−/− or Fgr−/− single mutations did not affect adherent activation of

we became very interested in testing integrin-mediated functional

neutrophils.14 We have extended those first studies to degranulation

responses in Syk−/− neutrophils. Unfortunately, Syk−/− mice die soon

−/−

by showing that Hck

−/−

or Src-inhibitor-treated neutrophils fail

after birth, supposedly because of a lymphatic vascular developmen-

to release their secondary granules in response to adherent activa-

tal defect due to the lack of Syk in platelets.47,53 To overcome that

tion.

18

Fgr

Taken together, those studies have revealed a critical role for

difficulty, we set up an approach to generate chimeric mice with Syk-

the Src-family kinases Hck and Fgr in integrin-mediated neutrophil

deficient hematopoietic systems by transplanting Syk−/− fetal liver

activation. Those were also the first studies providing direct genetic

cells into lethally irradiated wildtype recipients.16 Syk−/− neutrophils

evidence for the role of Src-family kinases in integrin signal transduc-

isolated from such bone marrow chimeras failed to respond to various

tion in primary cells. In later studies, an even more severe defect was

proinflammatory stimuli when plated on β2 integrin-ligand surfaces

found in Hck−/− Fgr−/− Lyn−/− triple knockout neutrophils, indicating
44

an additional role for the Lyn tyrosine kinase

such as fibrinogen or recombinant ICAM-1.16 Defective functional

(and M. Kovács and A.

responses included spreading, firm adhesion, respiratory burst, and

Mócsai, unpublished observations). More recently, we found that the

granule release. Those defects were similar to the ones observed in

Src/Abl-family kinase inhibitor dasatinib completely blocks adhesion-

CD18-deficient neutrophils.16 Further studies revealed that Syk was

dependent functional responses of human neutrophils.45

activated by upstream mechanisms through CD18 and Src-family

Besides Src-family kinases, the Syk tyrosine kinase is also pres-

kinases. Those results together provided direct genetic evidence for

ent in neutrophils.46 Syk is an SH2 domain-containing non-receptor

a critical role for Syk in β2 integrin signal transduction in neutrophils.

tyrosine kinase that is a central element of immunoreceptor signaling including signal transduction through B-cell receptors and

Interestingly, however, β2 integrin-mediated chemotactic migration

was not affected by the Syk deletion (see below).

Fc-receptors.47 Syk has been shown to become phosphorylated

We and others have also tested downstream components of the

upon αIIbβ3 integrin-mediated platelet activation,48 during β1 and

β2 integrin signaling pathway mediated by Src-family kinases and

integrin-mediated activation of CHO cells heterologously express-

we and others have tested the activation and role of PLCγ isoforms

β2 integrin-mediated activation in a human monocytic cell line,49
ing αIIbβ3 and Syk,

50,51

as well as upon integrin-mediated stimulation

Syk. Since PLCγ isoforms act downstream of Syk in other cell types,

in integrin signaling of neutrophils. The PLCγ2 isoform was activated

|
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T A B L E 1 Integrin-mediated functional responses of neutrophils. Functional responses included adhesion-induced in vitro effector responses
(spreading, respiratory burst, and/or degranulation), in vitro Transwell migration, or thioglycollate-induced peritoneal migration (in mixed bone
marrow chimeras, whenever available). =, not changed; ↓, partially reduced; ↓↓, strongly reduced; ↓↓↓, completely blocked; n. a., data not
available
Genotype
−/−

Transwell migration
(in vitro)

Peritoneal
migration (in vivo)

Reference(s)

↓↓↓

↓↓

↓↓

16, 23

Itgam−/− (CD11b-deficient)

↓↓↓

=

=

95, 96, 166 (and M. Kovács
and A. Mócsai, unpublished)

Tyrobp−/− Fcer1g−/− (DAP12/FcRγ double def.)

↓↓↓

=

=

17

Hck−/− Fgr−/− Lyn−/−

↓↓↓

=

=

8, 16

Itgb2

(CD18-deficient)

Effector responses
(in vitro)

−/−

↓↓↓

=

=

16

Plcg2−/− (PLCγ2-deficient)

↓↓↓

=

=

20, 84

Lcp2−/− (SLP-76-deficient)

↓↓↓

n.a.

=

58

Vav1−/− Vav2−/− Vav3−/−

↓↓↓

=

=

54, 84

=

=

=

23

=

=

=

9 (and T. Németh and A.
Mócsai unpublished)

Syk

Arhgap35

−/−

(p190RhoGAP-deficient)

Card9−/−

through Src-family kinases and Syk upon neutrophil adhesion and

its interaction partner hematopoietic progenitor kinase 1 (HPK1),

PLCγ2-deficient neutrophils failed to perform various integrin-

though differences in assay conditions complicate the interpretation

mediated functional responses, such as spreading, respiratory burst

of those findings.62–64

or granule release.

20,54

The Vav guanine nucleotide exchange factors

It should be mentioned that in agreement with Nathan’s original

for Rho-family small GTPases are also involved in signal transduc-

report,37 integrin-mediated neutrophil activation is usually triggered

tion downstream of Src-family kinases and Syk in various other cell

by the application of a soluble proinflammatory stimulus (such as

types.55 Both the intact Vav-binding site of Syk and Vav itself are

TNF-α, chemokines, or TLR ligands), while the cells are adherent to

involved in membrane polarization and stabilization of the leading

an immobilized integrin-ligand-coated surface (e.g. fibrinogen, FCS, or

edge in neutrophil-like cell lines and primary mouse neutrophils.54,56

ICAM-1). However, Berton et al.65 reported robust integrin-dependent

Two groups have shown that Vav1

−/−

−/−

double knockout or

neutrophil activation by plating neutrophils on immobilized monoclo-

Vav1−/− Vav2−/− Vav3−/− triple knockout neutrophils (but not the

nal antibodies against various integrin chains without any additional

single knockouts) fail to mount integrin-mediated spreading, firm

stimulus. Those experiments were interpreted as evidence that inte-

adhesion, and respiratory burst.54,57 Further downstream signaling

grin cross-linking alone (i.e. without a second proinflammatory signal)

Vav3

is dependent on the SLP-76 adapter since SLP-76-deficient neu-

is capable of triggering maximal activation of neutrophils. We have

trophils had impaired integrin-mediated cellular responses, such as

shown that Syk is indispensable for neutrophil responses triggered by

ROS production, adhesion, and spreading.58 Taken together, PLCγ2,

such direct activation by plate-bound monoclonal antibodies against

Vav-family molecules, and SLP-76 are downstream mediators of

β1, β2, and β3 integrins.16 In addition, anti-CD18-mediated func-

Src-family kinases and Syk during integrin-mediated neutrophil

tional responses of neutrophils were also shown to require Src-family

activation.

kinases, PLCγ2, Vav-family, and SLP-76.44,54,58 Those reports were

In addition to the components of the above signaling pathway,

thought to provide direct evidence for the role of Src-family–Syk–

members of the Tec-family tyrosine kinases have also been proposed

PLCγ2–Vav–SLP-76 pathway in integrin signal transduction in neu-

to participate in integrin-mediated functional responses of neu-

trophils. However, our later studies have revealed that anti-integrin

trophils. Indeed, a recent study has revealed that lack of the Tec-

antibody-mediated neutrophil activation also requires a second signal

family tyrosine kinase Btk blocks neutrophil responses on a polyva-

through the ligation of low-affinity Fcγ-receptors,66 suggesting that

lent integrin-ligand surface and other integrin-mediated functional

integrin cross-linking alone may not be sufficient to trigger full neutro-

responses of the cells.

59

However, interpretation of those findings

phil activation. Indeed, in case of anti-integrin antibody stimulation,

is hindered by the complex phenotypes of the neutrophil compart-

the Fc portion of the antibodies were revealed to provide a second

ment in Btk−/− mice.60,61 Of further possible components of this

signal through Fcγ-receptors, just like TNF and other mediators in the

signaling pathway, the p190RhoGAP (p190-A) protein, a major Src-

classical adherent activation system. Since Fc-receptors are expected

family kinase substrate in other cellular systems, was not required

to signal through the above signaling molecules (see below), it is diffi-

for adhesion-mediated functional responses of neutrophils.23 Addi-

cult to tell whether those molecules are required for signaling by integ-

tional components of the Syk-mediated integrin signaling path-

rins, Fc-receptors, or both during neutrophil activation by immobilized

way may involve the mammalian actin-binding protein mAbp1 and

anti-integrin antibodies.16
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We and others have also tested the role of the above signaling

responses of neutrophils.17 In a parallel study, restoration of integrin-

pathway components in other cell types of hematopoietic origin. Syk

mediated functional responses of Syk−/− neutrophils by retroviral re-

67

expression of Syk also revealed a critical role for both SH2 domains

and for αIIbβ3 integrin-mediated platelet activation and spreading.68 In

of Syk,77 again indicating that Syk activation by neutrophil integrins

was also found to be important for β2 integrin signaling in monocytes

addition, genetic deficiency of PLCγ2 or SLP-76 or the combined dele-

occurs through an immunoreceptor-like manner. Taken together,

tion of Hck, Fgr, Lyn, and Src attenuated platelet spreading and signal-

those studies unexpectedly revealed that integrin signal transduction

ing responses on the αIIbβ3 integrin-ligand fibrinogen.68–70 We pro-

in neutrophils occurs through an ITAM-based mechanism through the

posed and others provided more direct evidence that Syk also plays a

recruitment of Syk to the phosphorylated ITAMs of the DAP12 and

critical role in β3 integrin signal transduction in osteoclasts,71–73 while

FcRγ adapter molecules. Although it is at present unclear how inte-

ing in those cells.73–75

scenario is that DAP12-and/or FcRγ-associated receptors function as

Src and PLCγ2 were also shown to be involved in αVβ3 integrin signal-

grins couple to ITAM-containing adapter molecules, the most likely
signaling co-receptors upon integrin ligation.19
We and others have also tested whether a similar, ITAM-based

2.3 | Immunoreceptor-like signaling by β2 and β3
integrins

pathway is involved in integrin signaling in other cell types. ITAM-

One of the main messages of the above studies was that Syk is

Syk SH2 domains, were required for CD18-mediated ERK activation

critically involved in integrin signaling in neutrophils and several

in macrophages.17 Platelet spreading required both tandem SH2

other cell types. However, the mechanism of integrin-mediated

domains of Syk77 and FcγRIIA has been shown to mediate ITAM-

Syk activation in primary cells was still unclear. Syk activation

based outside-in signaling by αIIbβ3 in human platelets.78 We and oth-

through binding of its tandem SH2 domains to phosphorylated
ITAM motifs is a central component of immunoreceptor (e.g. B-cell
47

containing adapters, as well as the DAP12 ITAM tyrosines and the

ers have shown that DAP12, FcRγ, and Syk are required for osteoclast
development, and likely, αVβ3 integrin functions in osteoclastic lin-

However,

eage cells through an ITAM-based mechanisms involving the DAP12

integrins do not contain ITAM motifs and integrin-mediated Syk

ITAM tyrosines and the Syk SH2 domains.71–73,79 Similar ITAM-based

activation appeared to occur in an ITAM-independent manner, at

integrin activation has later also been shown in dendritic cells80 and

least in heterologous expression systems. Indeed, in CHO cells

microglia.81

receptor and Fc-receptor) signal transduction pathways.

coexpressing Syk and the platelet integrin αIIbβ3, integrin-mediated

Taken together, the above studies unexpectedly revealed a critical

Syk activation did not require functional Syk SH2 domains and

role for ITAM-based signaling steps during integrin signal transduction

was not suppressed by sequestering phosphorylated ITAMs by

in neutrophils (Fig. 2) and in diverse other cellular lineages of hemato-

overexpression of the tandem SH2 domains of Syk.50 Those results

poietic origin.

led to the conclusion that Syk activation through integrins proceeds
through a mechanism that is conceptually different from the ITAM-
based activation of Syk during immunoreceptor signaling.
We have attempted to test the above question in primary cells

3 | TYROSINE KINASES IN NEUTROPHIL
MIGRATION

including neutrophils. Our initial approach was to identify ITAM-
containing molecules in neutrophils and test Syk activation upon their

Similar to other leukocytes, neutrophils migrate to the site of infec-

genetic deletion. Neutrophils express at least two ITAM-containing

tion or inflammation in a multistep cascade directed by a series

transmembrane adapter molecules, DAP12 (an adapter of various

of adhesive interactions between neutrophils and the inflammatory

innate immune receptors in myeloid cells and NK cells), and FcRγ,

endothelium.7,82 We and others have tested the role of tyrosine

76

the common γ-chain of various activating Fc-receptors.

Therefore,

we decided to test integrin-mediated functional responses and Syk

kinase signaling pathway components in in vitro and in vivo migration of neutrophils (Table 1).

activation in single- and double-knockout neutrophils lacking DAP12
and/or FcRγ.17 Although those experiments were initially aimed to
be mere controls, they have unexpectedly revealed practically complete defects of integrin-mediated spreading, adhesion, respiratory
burst, and degranulation of double-knockout neutrophils lacking both
DAP12 and FcRγ, while single knockouts showed an intermediate
phenotype.17 Further biochemical studies have confirmed that adher-

3.1 | The role of integrins in neutrophil migration
One of the most critical and best known function of β2 integrins
is their role in the migration of leukocytes (including neutrophils)

to the site of infection/inflammation. Indeed, the most prominent
consequence of β2 integrin (CD18) deficiency in humans (called

ent activation of neutrophils triggers all critical steps of ITAM-based

type I leukocyte adhesion deficiency) is the development of severe

signaling, including ITAM phosphorylation by Src-family kinases and

bacterial and fungal infections without pus formation, indicating

association of phosphorylated ITAMs with the tandem SH2 domains

defective recruitment of neutrophils to the site of infection.26

of Syk.

17

Furthermore, structure-function studies using a retroviral

Previously mentioned studies have indicated that β2 integrin-

reconstitution approach confirmed that intact Syk SH2 domains and

mediated non-migratory functional responses of neutrophils (such

intact ITAM tyrosines are required for integrin-mediated functional

as adhesion, spreading, respiratory burst, and degranulation) are
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mediated by a tyrosine kinase signaling pathway involving Src-family

signaling. It should nevertheless be mentioned that the varying results

kinases, ITAM-containing adapters, Syk, PLCγ2, Vav exchange fac-

with the Zigmond chamber assay and the CD18-independent nature

tors, and SLP-76.14,16–18,20,54,57,58 The phenotypes seen upon dele-

of neutrophil migration toward CXCL2 (MIP-2) in an in vitro Transwell

tion of those molecules was similar to the ones observed in CD18

assay8 indicate further complexities of this question.

knockout neutrophils

16

(Table 1). In addition, our own experiments

Of other signaling pathway components, although Btk has been

have confirmed a critical role for CD18 in mouse neutrophil migration

shown to be required for neutrophil migration in a Zigmond chamber

both in vitro and in vivo.8,16,23,56 Syk and Vav are also accumulated

assay,59 prior studies did not reveal any major role for Btk in a three-

at the leading edge of polarized neutrophils and/or HL-60 cells

16,56

and disruption of their interaction or function interferes with proper

dimensional (Transwell system-related) chemotaxis assay in human
neutrophils.86

lamellipodium formation.56 Those results led us to hypothesize that
β2 integrin-mediated migratory responses of neutrophils would also

involve components of the above tyrosine kinase signaling pathway.
As shown below, this hypothesis did not prove to be correct.

3.3 | In vivo migration of neutrophils
We have also performed a number of experiments to test the
signaling requirements for neutrophil migration under in vivo inflam-

3.2 | Neutrophil migration in in vitro assay systems

matory conditions. Because of a much more complex environment,
the interpretation of such data are also much more challenging.

As expected from the known role of β2 integrins in neutrophil

To avoid those obstacles, we have developed and utilized complex

migration, the in vitro chemotaxis of CD18-deficient neutrophils

experimental approaches to exclude the effect of different envi-

through a fibrinogen-coated Transwell membrane toward chemoat-

ronments on neutrophil migration in the different mutant mouse

tractants such as fMLP or LTB4 was dramatically reduced.8,16

strains.

Surprisingly, we have found that Hck−/− Fgr−/− Lyn−/−, Syk−/−, Plcg2−/−,

One of the easiest and most widely used approaches to test neu-

and DAP12/FcRγ double-knockout neutrophils migrated normally

trophil migration in vivo is the use of a thioglycollate-induced perito-

under similar conditions.8,16,17,20,83 In addition, Plcg2−/− and

nitis model. One of the issues complicating the interpretation of such

Vav1−/− Vav2−/− Vav3−/− neutrophils migrated normally toward C5a

studies was the controversial data from the literature regarding the

in an in vitro Transwell assay84 (Table 1).

role of CD18 in neutrophil migration in this system. While an initial

CD18-deficient neutrophils also failed to migrate toward fMLP

study reported normal accumulation of CD18-deficient neutrophils

or the CXCL1 chemokine KC in an in vitro Zigmond chamber assay.56

in the inflamed peritoneum,87 another group reported dramatically

−/−

neutrophils showed moderately reduced migration

reduced emigration efficiency of CD18-deficient neutrophils under

under such conditions, that defect was not nearly as severe as the com-

Although Syk

similar conditions.88 The apparent contradiction likely originated from

plete defect seen in CD18 deficiency.56 Neutrophils with an inducible

the fact that CD18-deficient mice show a nearly 10-fold increase in

Syk deletion also migrated normally in a two-dimensional EZ-Taxiscan

circulating neutrophil numbers, leading to strongly different conclu-

assay.85 In addition, Vav1−/− Vav3−/− double-knockout neutrophils

sions depending on whether one normalizes the data on circulating

migrated normally toward fMLP in a Zigmond chamber assay.57

neutrophil numbers. Further complicating this issue, possible subclini-

We have also tested the role of tyrosine kinases in human neu-

cal infections in immunodeficient (e.g. CD18 knockout) mice could also

trophils using a pharmacological approach. Although the Src/Abl-

affect the behavior of neutrophils due to an indirect, environmental

family kinase inhibitor dasatinib blocked various adhesion-induced

effect. Those issues prompted us to develop an in vivo assay system

functional and signaling responses of human neutrophils, it did not

that would allow us to better compare the intrinsic, cell-autonomous

affect migration of the cells toward fMLP or CXCL8 (IL-8) through

migratory capacities of the different mouse strains. To this end, we gen-

fibrinogen-coated Transwell membranes or Transwells filled with a

erated mixed bone marrow chimeras using wildtype and mutant bone

Matrigel matrix.45 Although dasatinib clearly reduced adhesion of

marrow cells (carrying different CD45 alleles to allow identification of

fMLP-treated human neutrophils in a flow migration chamber, it did

the two genotypes by flow cytometry) and tested the efficacy of the

not affect the migration of the adherent cells under such conditions

neutrophils from the two different genotypes to accumulate at the site

either.45 However, dasatinib strongly reduced human neutrophil

of inflammation in a competitive migration assay.16 Since neutrophils

migration toward fMLP or IL-8 in a Zigmond chamber assay,

45

indicat-

from the different genotypes were tested within the same single animal

ing possible mechanistic differences between the different migration

(i.e. under identical conditions) and all data were normalized to the cir-

assays.

culating numbers of neutrophils from each genotype, this assay system

Taken together, the overall picture from the above studies was
that components of the Src-family–ITAM adapter–Syk–PLCγ2–Vav–

allowed a very accurate assessment of the intrinsic migratory capacity
of neutrophils in vivo.

SLP-76 signaling pathway do not play a critical role in various CD18-

Using the above assay system, we have shown that CD18-

dependent in vitro migratory responses of neutrophils (Table 1). Those

deficient neutrophils have a strong cell-autonomous defect of migra-

results suggest that β2 integrins trigger tyrosine kinase-dependent sig-

tion to the inflamed peritoneum,16 confirming that CD18 is a critical

naling to promote various adhesion-dependent effector functions, and

player of neutrophil migration to the site of inflammation (Table 1).

migratory responses that are mostly independent of tyrosine kinase

Using the same competitive migration assay system, however, neither
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Hck−/− Fgr−/− Lyn−/− triple knockout nor Syk−/− neutrophils showed any
16

cell-autonomous defect in peritoneal accumulation.

Taken together, the above in vitro and in vivo experiments sur-

In addition, no

prisingly indicated that the Src-family–ITAM adapter–Syk–PLCγ2–Vav

defect could be observed in the migration of PLCγ2-deficient neutro-

signaling pathway does not play an important cell-autonomous role in

phils to the inflamed peritoneum in a similar competitive migration

the migration of neutrophils toward inflammatory agents, even under

assay either.20 Additional experiments also failed to identify any defects

conditions where β2 integrins had a clear cell-autonomous function

in neutrophil migration in a thioglycollate-induced peritonitis in intact

(Table 1). It should be noted that some experiments in Zigmond cham-

Hck−/− Fgr−/−, Hck−/− Fgr−/− Lyn−/−, Plcg2−/−, Vav1−/− Vav2−/− Vav3−/−,

ber assays45,56 did not fit perfectly into this picture. However, since

or DAP12/FcRγ double-knockout mice or in dasatinib-treated wild-

two-dimensional migration assays such as the Zigmond chamber assay

type animals 17,84,89 (and K. Futosi and A. Mócsai unpublished obser-

tend to overemphasize the role of adhesion94 and we found much

vations) (Table 1). No effect of inducible Syk deletion on neutrophil

better correlation of our in vivo findings with other in vitro migration

accumulation in the peritoneum could be observed either.90 Taken

assays,8,16,20,45,66 we believe that the Zigmond chamber assay is less

together, although β2 integrins are critically involved in neutrophil

accurate than the other in vitro approaches in mimicking in vivo migra-

migration to the inflamed peritoneum in a cell-autonomous manner,
components of the Src-family/Syk-mediated tyrosine kinase pathway

do not play a substantial role in the same process.

tory functions of neutrophils.
The lack of a major role of tyrosine kinase signaling in neutrophil
migration was a rather unexpected and still poorly understood find-

We have also tested aspects of neutrophil migration in other in

ing, especially in the light of the critical role of the same pathway

vivo assays. In agreement with their defective in vitro spreading and

in other β2 integrin-mediated functions and the obvious role of β2

16

−/−

neutrophils showed defective adhesion and spread-

integrins in neutrophil migration in diverse assay systems. However,

ing in fMLP-superfused cremaster muscle venules.91 However, their

it should be noted that even CD18-deficient neutrophils are able to

emigration to the perivascular space under similar conditions was only

migrate under certain conditions in vitro8 and leukocytes are able

adhesion,

Syk

56

partially reduced,

again indicating a limited contribution of Syk to

to migrate in an integrin-independent manner in three-dimensional

transendothelial neutrophil migration in vivo. In addition, PLCγ2 was

environments both in vitro and in vivo.94 Therefore, it would be

also required for neutrophil adhesion and spreading on venous endo-

tempting to speculate that neutrophils lacking critical tyrosine kinase

thelium, but not for the extravasation of the cells in fMLP-superfused

signaling pathway components are able to migrate simply because

cremaster muscles.20 Inducible Syk deletion did not impair neutrophil

the given assay tests integrin-independent migration. However, this

accumulation in the bronchoalveolar lavage under various conditions

is not the case, since CD18-deficient neutrophils are strongly defec-

either.90 Hck−/− Fgr−/− Lyn−/− and Syk−/− neutrophils also accumulated

tive under identical conditions, often even tested parallel to the sig-

normally at the site of tissue damage in the local Shwartzman reac-

naling molecule-deficient cells, and in clearly cell-autonomous assay

tion.92 Therefore, tyrosine kinase signaling components are dispens-

systems.8,16 Instead, it seems that β2 integrins on one hand support

able for neutrophil migration under various in vivo conditions.

adhesion and adhesion-dependent functional responses through a

We and others have also tested accumulation of neutrophils at

tyrosine kinase signaling pathway, and on the other hand, they partic-

the site of inflammation (either tested directly or extrapolated from

ipate in neutrophil migration without the need of tyrosine phosphor-

overall leukocytic infiltration) in immune complex-induced disease

ylation pathways.

models such as the K/B×N serum-transfer arthritis or the reverse pas-

How β2 integrins fulfill these dual functions is at present unclear. It

sive Arthus reaction. Both β2 integrins and FcRγ, the signaling chain

is in theory possible that adhesion requires active outside-in signaling

in such immune complex-induced disease models.8 However, while

only requires minimal adhesion by β2 integrins but no active signal-

of activating Fc-receptors, are required for neutrophil accumulation

β2 integrins play a cell-autonomous role in neutrophil migration,8

by β2 integrins (e.g. to promote cell spreading), whereas cell migration

ing. It is also possible that β2 integrins trigger two different pathways,

Fc-receptors are likely involved in sensing immune complex depo-

one mediated by tyrosine kinases and leading to adhesion, spreading,

sition and generating the inflammatory environment but not in the

and related responses, and the other one mediated by yet unidenti-

intrinsic capacity of neutrophils to migrate to the site of inflamma-

fied mechanisms and leading to cell migration. A third possibility stems

8

tion. Neutrophilic infiltration was strongly reduced in the absence
of Syk22,56,93 or PLCγ2,20,84 or in the Hck−/− Fgr−/− Lyn−/−8 or in the

from the heterogeneity of β2 integrins. Indeed, most functions requir-

ing the Src-family–ITAM adapters–Syk–PLCγ2–Vav–SLP-76 pathway

Vav1−/− Vav2−/− Vav3−/−84 triple-knockout mice in those models.

are mediated by Mac-1, whereas neutrophil migration is primarily

However, it is likely that those defects were due to the lack of overall

mediated by LFA-195,96 (and M. Kovács and A. Mócsai unpublished

inflammation, rather than a direct cell-autonomous role for tyrosine

observations). Therefore, it is possible that the requirement for tyro-

kinase signaling pathway components in neutrophil migration. Indeed,

sine kinase signaling pathway is a unique feature of Mac-1 signaling,

at least in the case of Syk−/−93 and Hck−/− Fgr−/− Lyn−/−8 mutants, it has

whereas LFA-1 is able to signal in a tyrosine kinase-independent man-

been directly shown that mutant neutrophils are able to migrate to the

ner. In this context, it is interesting to note that the Zigmond cham-

site of inflammation in mixed bone marrow chimeras subjected to K/

ber migration assay (which seems to be mediated, at least in part, by

B×N serum-transfer arthritis. Those issues will be discussed in further

Src-family kinases and Syk) appears to be dependent on the Mac-1

detail in a later section of this review.

integrin.59

Futosi and Mócsai

|

129

4 | TYROSINE KINASES IN FC-R ECEPTOR
SIGNALING OF NEUTROPHILS

actual set of receptors expressed by neutrophils from the two species

Leukocytes have characteristic Fc-receptors on their cell surface

FcγRIIA (CD32A), FcγRIIB (CD32B), and FcγRIIIB (CD16B).103 Of

which are essential players in the development of various innate

those receptors, FcγRIIA is a single-chain transmembrane protein con-

and adaptive immune responses against invading pathogens or during

taining an immunoreceptor tyrosine-based activation (ITAM) motif in

autoantibody-induced inflammatory diseases. We have also tested

the cytoplasmic part of its principal ligand-binding transmembrane (‘α’)

signal transduction by Fc-receptors on neutrophils (Fig. 3 and Table 2).

chain, whereas FcγRIIB has an inhibitory ITIM motif in a similar posi-

are quite different103 (Fig. 3).
Human neutrophils primarily express the low-affinity Fcγ-receptors

tion. FcγRIIIB is a GPI-anchored receptor with likely no direct signaling

4.1 | Neutrophil Fc-receptors

function, although it is able to transmit activating signals, suppos-

Fc-receptors expressed on the surface of neutrophils are involved

immune complexes is believed to proceed through initial capture and

in a number of cellular functions, including immune complex-mediated

tethering by FcγRIIIB, followed by the ligation of FcγRIIA which trig-

cellular activation, immune complex clearance, phagocytosis of

gers the effector responses of the cells.21,104 Human neutrophils also

opsonized particles, NET formation, and tumor cell killing, as well

express the Fcα-receptor FcαRI (CD89).103,105 FcαRI is also associated

as in various disease processes including the pathogenesis of arthritis,

with the Fc-receptor γ-chain (FcRγ), the ITAM-bearing transmembrane

dermatitis, glomerulonephritis, or anaphylaxis.97–102
Neutrophils express various types of Fc-receptors which can recognize the Fc portion of IgG (in case of Fcγ-receptors) and IgA (in case

edly through other cell-surface molecules. Indeed, recognition of IgG

adapter protein utilized by a number of activating Fc-receptors. Taken
together, of the above human receptors, FcγRIIA, FcγRIIIB, and FcαRI
transmit activating signals, whereas FcγRIIB is an inhibitory receptor.

of Fcα-receptors). Although the dominant Fc-receptor isoforms are

In contrast to human neutrophils, murine neutrophils express

low-affinity Fcγ-receptors on both human and mouse neutrophils, the

two activating low-affinity Fcγ-receptors, FcγRIII and FcγRIV, both
of which associate with the ITAM-containing FcRγ transmembrane
adapter.103 They also express the ITIM-containing inhibitory FcγRIIB
receptor but not Fcα-receptors.
The ITAM-bearing common γ-chain of Fc-receptors (FcRγ) plays
a dual role in Fc-receptor biology. On one hand, its ITAM tyrosines
become phosphorylated upon receptor cross-linking and are thought
to recruit the Syk tyrosine kinase through its tandem SH2 domains,
leading to Syk activation and downstream signaling.47 This mechanism
is very similar to the ITAM-based signaling by lymphocyte antigen
receptors, such as the B-cell receptors (BCR) and the T-cell receptors
(TCR). On the other hand, since FcRγ primarily associates with Fc-
receptors through intramembrane salt bridges, FcRγ is also required
for the stabilization of the associated receptors in the plasma membrane. Accordingly, neutrophils (and other cell types) lacking FcRγ fail
to express FcRγ-associated receptors (such as the murine FcγRIII and
FcγRIV) on their cell surface. In addition, FcRγ is also associated with,
and required for the expression and/or signaling of, a number of additional molecules that do not recognize immunoglobulin Fc portions.76
Since mice only express FcRγ-associated activating Fc-receptors
(i.e. they lack the ITAM-containing single-chain FcγRIIA and the GPI-
anchored FcγRIIIB proteins), FcRγ-deficient mice are widely used to
test the role of activating Fc-receptors and their ITAM-based signaling in experimental mice. In case of neutrophils, FcRγ-deficient
animals mimic the simultaneous abrogation of the signaling function
of both FcγRIII and FcγRIV. However, care should be taken when
interpreting findings obtained with the use of FcRγ-deficient mice.
Since FcRγ is not only required for the signaling of activating Fc-

F I G U R E 3 Fcγ-receptor signaling in neutrophils. Receptor-
proximal signaling by Fcγ-receptors is mediated by an ITAM-
dependent tyrosine kinase signaling pathway. Further downstream
signaling diverges into CARD9-and NFκB-mediated chemokine and
cytokine release and CARD9/NFκB-independent direct responses

receptors but also for their cell-surface expression, phenotypes seen
in those animals could either be due to a defective ITAM-based signaling capacity of FcRγ-associated receptors or by the mere absence
of those receptors on the cell-surface irrespective of whether they
signal through the ITAM motif or not. In addition, it cannot be
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T A B L E 2 Immune complex-induced functional responses of
neutrophils. Mouse neutrophils were activated by plate-bound IgG
immune complexes. =, not changed; ↓, partially reduced; ↓↓,
strongly reduced; ↓↓↓, completely blocked

activation of mouse neutrophils, human neutrophil activation required
a cooperative activity of two receptors (FcγRIIA and FcγRIIIB) under
such conditions.
It should also be mentioned that Fcγ-receptors strongly interact

Respiratory MIP-2
burst
release

LTB4
release

Reference(s)

with β2 integrins (primarily Mac-1), and therefore, immune complex-

↓↓↓

↓↓↓

↓↓↓

8, 21

in CD18-deficient cells.107–109

Hck−/− Fgr−/− Lyn−/− ↓↓↓

↓↓↓

↓↓↓

8, 9

Syk−/−

↓↓↓

↓↓↓

↓↓↓

9

↓↓↓

↓↓↓

↓↓↓

9, 20

=

↓↓

=

9

Genotype
−/−

Fcer1g (FcRγ-
deficient)

−/−

Plcg2 (PLCγ2-
deficient)
Card9

−/−

induced functional responses are partially reduced (but not abrogated)

4.2 | Signaling by neutrophil Fcγ-receptors
All activating transmembrane Fcγ-receptors contain ITAM motifs
in their intracellular parts of the receptor complex, either within
the ligand-binding α-chain (FcγRIIA) or in the receptor-associated
FcRγ adapter (all other receptors) (Fig. 3). The role of FcRγ in

excluded either that any phenotypes seen in FcRγ-deficient mice

immune complex-induced neutrophil activation21 suggested signal-

are actually due to the absence and/or defective signaling of cell-

ing by ITAM-based activation of Syk. However, given that FcRγ-

surface receptors other than Fc-receptors. Nevertheless, the use of

deficient cells do not even express activating Fcγ-receptors, it

FcRγ-deficient mice provides a very good tool to test the functional

was not entirely clear whether ITAM-based signaling was truly

role of Fc-receptors (in case of neutrophils, mainly Fcγ-receptors) in

required for immune complex-induced neutrophil activation. Using

experimental mice.

an in vivo structure-function analysis, we have found that the

In addition to the above receptors, neutrophils also express Fcε-

FcRγ ITAM motifs were critical for neutrophil activation by immo-

receptors and the structurally unrelated neonatal Fc-receptor FcRn,

bilized immune complexes (T. Németh and A. M., unpublished

and upon stimulation, they can also express the high-affinity Fcγ-

observation), confirming the role of the FcRγ ITAM in Fc-receptor

receptor FcγRI.103 The function of those molecules on neutrophils is

signaling. It has previously been shown that Syk−/− neutrophils

poorly understood, although FcRn has been proposed to modulate the

fail to respond to immune complex-induced activation,110 and we

phagocytic activity of neutrophils.106

have also observed abrogation of various immune complex-induced

We have decided to test the signal transduction pathway utilized

functional responses of Syk−/− mouse neutrophils9 (and Z. Jakus

by Fc-receptors on neutrophils. As a first step, we have set up an in

and A. Mócsai, unpublished observations). We have also shown

vitro assay to stimulate neutrophils by immune complexes. Plating

that PLCγ2, acting downstream of Syk in the pathway, is also

neutrophils on immobilized IgG immune complex-coated surfaces trig-

critically

gered very robust activation of both human and mouse cells, resulting in cell spreading, adhesion, respiratory burst, and degranulation
responses.21

activation.

involved

in

immune

complex-induced

neutrophil

20

The above experiments indicated a critical role for FcRγ ITAM-
mediated Syk activation and downstream pathways in immune

We then attempted to identify the Fc-receptors involved in this

complex-induced neutrophil activation (Fig. 3). However, the mecha-

response, particularly because the functional role of mouse neutro-

nism of FcRγ ITAM phosphorylation was still unclear. In case of TCR

phil Fc-receptors and, particularly, the then recently identified FcγRIV

signal transduction, Src-family kinases are responsible for phosphor-

was mainly unknown. Activation of mouse neutrophils by immobilized

ylation of the TCR-associated ITAM motifs, leading to recruitment

IgG immune complexes was completely abrogated by deletion of the

and activation of ZAP-70.111 Those studies suggested that Src-family

ITAM-containing FcRγ adapter protein,

21

suggesting a role for activat-

kinases may also be involved in ITAM phosphorylation in other cell

ing Fc-receptors. Further studies using genetic deletion and antibody-

types. However, the role of Src-family kinases in ITAM phosphoryla-

mediated blocking revealed no role for FcγRI but indicated a critical

tion during BCR and Fc-receptor signaling was rather controversial.

but overlapping role for FcγRIII and FcγRIV. Indeed, while deleting

For example, the combined genetic deficiency of Lyn, Fyn, and Blk did

FcγRIII or blocking FcγRIV alone did not affect neutrophil responses,

not reduce BCR-induced ITAM phosphorylation112 and Lyn deficiency

blocking FcγRIV on FcγRIII-deficient neutrophils completely abro-

even led to enhanced BCR signaling and B-cell-mediated autoimmu-

gated neutrophil responses.21

nity.113–116 Src-family kinases also played both positive and negative

We have also performed additional studies to identify the Fc-

functions in Fc-receptor signaling in myeloid cells such as macrophages

receptors involved in immune complex-induced activation of human

or mast cells.8,117–120 In case of neutrophils, combined deficiency of

neutrophils. Interestingly, blocking FcγRIIA or FcγRIIIB alone was suf-

Hck and Fgr did not affect soluble immune complex-induced functional

ficient to abrogate the responsiveness of those cells.21

responses.14 It has even been proposed that, in contrast to ZAP-70,

Taken together, low-affinity Fcγ-receptors play a critical role in

Syk is able to directly phosphorylate ITAM tyrosines121; therefore Src-

immune complex-induced neutrophil activation. Interestingly, while

family kinases may not be as critical for Syk-mediated signaling in B

a single receptor (either FcγRIII or FcγRIV) was sufficient to trigger

cells and myeloid cells as in ZAP-70-mediated signaling in T cells.
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The above issues prompted us to test the role of Src-family

131

signal transduction in neutrophils, we and others aimed to reveal

kinases in immune complex-induced functional and signaling

the role of this pathway in neutrophil-mediated in vivo inflamma-

responses in neutrophils. Hck−/− Fgr−/− Lyn−/− triple knockout neutro-

tory processes.

phils were completely defective in their respiratory burst response

Neutrophils are critically involved in a number of in vivo disease

when plated on immobilized IgG immune complexes.8 Analysis of

processes in experimental mice which mimic various aspects of

single and double knockouts have revealed strong functional over-

human diseases and are dependent on integrin and/or Fcγ-receptor

lap between Hck, Fgr, and Lyn since deletion of all three kinases

function.

was required for complete abrogation of this response. The role of
Src-family kinases was not restricted to activation of the NADPH
oxidase since Hck−/− Fgr−/− Lyn−/− neutrophils also failed to release
proinflammatory mediators, such as the IL-1β cytokine, the MIP-1α

5.1 | Neutrophil-mediated in vivo inflammatory
reactions

and MIP-2 chemokines, and the LTB4 lipid mediator.8 Biochemical

One of the neutrophil-dependent in vivo inflammation models is

studies have also indicated complete defect of immune complex-

the localized Shwartzman reaction, a thrombohemorrhagic vasculitis

induced FcRγ ITAM phosphorylation and tyrosine phosphorylation

triggered by consecutive intradermal application of LPS followed

neutrophils. Those results were also

by LPS or TNF-α.92,124 The model mimicks complement-mediated

in line with the dramatic inhibition of immune complex-induced

vasculitis reactions observed in systemic lupus erythematosis

human neutrophil responses (including respiratory burst, spreading,

patients. This reaction is critically dependent on complement acti-

degranulation, and signaling responses such as Syk phosphorylation)

vation and the recognition of C3b fragments by Mac-1 (CD11b/

of Syk in Hck

−/−

Fgr

−/−

Lyn

−/−

8

by the Src/Abl-family tyrosine kinase inhibitor dasatinib.

45

CD18) on the surface of neutrophils.92,124

Taken together, the above experiments indicated that Src-family

Other widely used models of neutrophil-dependent in vivo inflam-

kinases play an indispensable role in neutrophil activation by immobi-

mation include the K/B×N serum-transfer arthritis, autoantibody-

lized IgG immune complexes, primarily by mediating ITAM phosphor-

mediated blistering skin diseases, and the reverse passive Arthus

ylation within the Fc-receptor complex and concomitant activation of

reaction.125–127 These models are triggered by in vivo deposition of

the Syk tyrosine kinase (Fig. 3 and Table 2).

IgG immune complexes, leading to neutrophil infiltration and acti-

Of other tyrosine kinase pathway components, the Vav-family

vation, and concomitant tissue damage. They mimic autoantibody-

members Vav1 and Vav3 were involved in regulating immune complex-

induced pathologies in various human inflammatory diseases, such as

induced respiratory burst and other functional responses of neutro-

the effector phase of rheumatoid arthritis, the blistering skin diseases

phils.122 In addition, SLP-76 deficiency reduced, though did not abro-

such as bullous pemphigoid or epidermolysis bullosa acquisita, or

gate, the respiratory burst and Ca2+ influx of neutrophils stimulated by

autoantibody-mediated glomerulonephritis. These models are thought

58,123

The PI3Kβ and PI3Kδ isoforms

to be mediated by Fcγ-receptors but not by Mac-18,128,129 and are,

of PI3-kinases were also involved in immune complex-induced neutro-

therefore, widely accepted in vivo models of Fc-receptor-mediated

phil activation in an overlapping manner.24 However, similar to integ-

functional responses of neutrophils. It should nevertheless be men-

rin signaling, the p190RhoGAP (p190-A) protein was not required for

tioned that the above models do depend on β2 integrins.23,126,129

aggregated immune complexes.

immune complex-induced functional responses of neutrophils.23 In

However, at least in the case of K/B×N serum-transfer arthritis, that

addition, Btk-deficient neutrophils have been shown to react poorly

requirement is due to the role of LFA-1 in neutrophil migration, not

to stimulation with immune complex stimulation,59 although the inter-

of Mac-1 in neutrophil activation129,130 (though the situation may be

pretation of those findings was complicated by the complex pheno-

different in the case of skin dermatitis, such as experimental bullous

types of Btk

−/−

neutrophils.

60,61

pemphigoid131).

Taken together, neutrophil activation by IgG immune complexes
proceeds through a tyrosine kinase pathway triggered by phosphorylation of ITAM tyrosines within the receptor complex of low-affinity
Fcγ-receptors (e.g. the FcRγ ITAM tyrosine within the FcγRIII/FcγRIV

5.2 | Signaling in neutrophil-mediated in vivo
inflammation

complex), followed by recruitment and activation of Syk and down-

Analysis of the role of tyrosine kinase pathway components in the

stream signaling through PLCγ2, Vav-family members, SLP-76, and

Shwartzman reaction revealed that the myeloid Src-family kinases

PI3-kinases (Fig. 3 and Table 2).

Hck, Fgr, and Lyn, as well as Syk, were critically involved in the

5 | TYROSINE KINASE SIGNALING IN
NEUTROPHIL-D EPENDENT IN VIVO DISEASE
MODELS

local hemorrhage and fibrin deposition.92 In addition, myeloid-specific
deletion of SLP-76 strongly reduced neutrophil-mediated tissue damage in the same model.123,132 Interestingly, however, the accumulation
of neutrophils was not affected by the Hck−/− Fgr−/− Lyn−/− or the
Syk−/− mutation, or by the myeloid-specific deletion of SLP-76, providing further in vivo evidence that the Src-family–Syk–SLP-76

Having established a critical role for the Src-family–ITAM adapter–

pathway

Syk–PLCγ2–Vav–SLP-76 pathway in both integrin and Fc-receptor

migration.92

does

not

play

a

major

direct

role

in

neutrophil
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T A B L E 3 K/B×N serum-transfer arthritis in different mouse
strains. Clinical signs of arthritis development were tested following
arthritogenic K/B×N serum injection. =, not changed; ↓, partially
reduced; ↓↓, strongly reduced; ↓↓↓, completely blocked

those disease models in mice lacking myeloid-specific Src-family kinases.
Hck−/− Fgr−/− Lyn−/− mice were completely protected from K/B×N serum-
transfer arthritis, anti-collagen VII antibody-mediated blistering skin
inflammation, as well as from the reverse passive Arthus reaction.8 In
case of K/B×N serum-transfer arthritis, all single- and double-knockout

Genotype

K/B×N serum-
transfer arthritis

Reference(s)

mutants have also been tested, revealing that all three kinases have to be

Fcer1g−/− (FcRγ deficient)

↓↓↓

8, 128, 167

deleted to obtain complete protection from arthritis, indicating a strong

Itgb2−/− (CD18 deficient)

↓↓

23, 129

functional overlap between Hck, Fgr, and Lyn.8

Itgal−/− (CD11a deficient)

↓↓

129

Itgam−/− (CD11b deficient)

=

129

Hck−/− Fgr−/− Lyn−/−

↓↓↓

8

Syk−/−

↓↓↓

22

↓↓↓

20, 84

Lcp2−/− (SLP-76 deficient)

↓↓

132

Vav1−/− Vav2−/− Vav3−/−

↓↓↓

84

Arhgap35−/− (p190RhoGAP
deficient)

=

23

Card9−/−

↓

9

Plcg2

−/−

(PLCγ2 deficient)

5.3 | How are tyrosine kinases involved in arthritis
development?
Having established a critical role for tyrosine kinase signaling pathway components in autoantibody-induced inflammatory disease
models, we and others attempted to perform additional experiments
to reveal further mechanistic details about the observed findings.
These experiments focused on the role of Src-family kinases and
Syk in the K/B×N serum-transfer arthritis experiments (Fig. 4 and
Table 3).
One of the first questions was which cellular lineage had to
express tyrosine kinases. The fact that bone marrow chimeras with

We and others have also tested the role of various tyrosine kinase

hematopoietic-specific Syk expression was completely protected from

signaling pathway components in autoantibody-induced, immune

arthritis development22 pointed to a hematopoietic lineage. The K/

complex-mediated disease models. As expected from the supposed

B×N serum-transfer arthritis model depends on a number of hemato-

role of Fcγ-receptors, K/B×N serum-transfer arthritis could not

poietic lineages, including neutrophils134,135 and macrophages.136 In

8,128

addition, a role for platelets,137 as well as for mast cells,138,139 have

(Table 3). Using a transgenic structure-function study, we have also

been proposed, although the latter one has later been questioned by

found that the FcRγ ITAM tyrosines were required for K/B×N serum-

other groups.93,140–142 Therefore, we and others tested the role of

transfer arthritis development (T. Németh and A. M., unpublished

Syk in different hematopoietic lineages during K/B×N serum-transfer

observations). Bone marrow chimeras lacking Syk in the hematopoi-

arthritis. Inflammation was completely abrogated by deletion of Syk

etic compartment22 and mice with a conditional deletion of Syk in

either in the entire myeloid compartment or in neutrophils only93

be induced in the absence of the ITAM-bearing FcRγ adapter

the myeloid compartment or in neutrophils

93

were protected from K/

(and T. Németh and A. Mócsai, unpublished observations). However,

B×N serum-transfer arthritis. Similarly, inducible Syk deletion strongly

no defect could be observed in mice lacking Syk in platelets or mast

reduced the development of collagen antibody-induced arthritis,

cells, despite effective deletion of Syk from the respective lineages (T.

another autoantibody-induced arthritis model in mice.85 In addition,

Németh and A. M., unpublished observations). Taken together, those

Syk−/− bone marrow chimeras were also completely protected from

studies suggested that tyrosine kinases expressed within neutrophils

anti-collagen VII antibody-induced skin blistering and inflammation (C.

(and, possibly, macrophages) are critical for autoantibody-induced

Sitaru, T. Németh and A. M., unpublished observations).

arthritis development.

Of further downstream signaling molecules, we and others have

Our next question was how tyrosine kinases within neutrophils

shown that PLCγ2 is critical for K/B×N serum-transfer arthritis devel-

contribute to the disease pathogenesis. Histological and flow cyto-

opment.20,84 Similarly, Vav1−/− Vav2−/− Vav3−/− mice were also shown

metric studies have indicated that neutrophils lacking components

to be completely protected from K/B×N serum-transfer arthritis.

84

In

of the Src-family–FcRγ–Syk–PLCγ2–Vav–SLP-76 pathway fail to

addition, SLP-76-deficient mice showed also nearly complete defect

accumulate at the site of inflammation in the K/B×N serum-transfer

in arthritis development in the same model.132 However, similar to

model.8,20,22,84,93,132 This was similar to what was observed in CD18-

integrin and Fc-receptor signaling, p190RhoGAP was not required for

deficient animals8,129 and suggested that the tyrosine kinase pathway

autoantibody-induced arthritis.23 Interestingly, Btk-deficient mice also

was required for CD18-dependent neutrophil migration. This would

showed normal arthritis development in the K/B×N serum-transfer

have also been in line with the role of those signaling molecules in other

model,133 indicating either that Tec-family kinases are not involved in

CD18-dependent neutrophil functions.16,18,20,54,58 However, given

this process or that another Tec-family member is able to compensate

the normal in vitro migration of Hck−/− Fgr−/− Lyn−/−, Syk−/−, Plcg2−/−,

for the lack of Btk in experimental mice.

and other neutrophils discussed above,8,16,17,20,45,57,83 and the normal

As in the case of Fc-receptor signaling in vitro, a critical further ques-

in vivo migration of some of those mutant neutrophils under certain

tion was whether Src-family kinases are involved in neutrophil-mediated,

conditions, we and others decided to perform more detailed experi-

autoantibody-induced inflammatory reactions. Therefore, we tested

ments to clarify this issue, by combining the above-mentioned mixed

Futosi and Mócsai
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(including the IL-8 homolog MIP-2), the LTB4 lipid chemoattractant,

or ROS species.8 Since an inflammatory (chemoattractant) microenvironment is critical for leukocyte recruitment, those results provided
mechanistic explanation for the defective neutrophil accumulation in
the synovial area of intact Hck−/− Fgr−/− Lyn−/− mice subjected to K/
B×N serum-transfer arthritis (Fig. 4).
We next attempted to identify the source of some of those chemoattractants. To this end, we tested the release of various cytokines,
chemokines, and the LTB4 lipid mediator from myeloid cells plated

on immobilized immune complexes as a surrogate for in vivo immune
complex deposition. Interestingly, we have observed that immune

complex stimulation triggered a robust release of various inflammatory mediators (including MIP-2 and LTB4) from wildtype neutrophils
but no such response could be observed in Hck−/− Fgr−/− Lyn−/− sam-

ples (Table 3). Given the fact that both MIP-2 and LTB4 are strong che-

F I G U R E 4 Molecular regulation of neutrophil recruitment.
Neutrophil migration through the endothelium requires CD18, the
common β chain of β2 integrins. Activated neutrophils at the site
of inflammation participate in the orchestrating of inflammatory
reactions by amplifying neutrophil recruitment through LTB4,
chemokines, and cytokines. Components of a tyrosine kinase
signaling pathway are differentially involved in various aspects of that
feedback amplification loop

moattractants for neutrophils, these results indicated a positive feed-

bone marrow chimeric approach with the K/B×N serum-transfer

both result in abrogation of the entire amplification process, providing

arthritis model.8,93

mechanistic explanation for the similar in vivo arthritis phenotypes of

In a control experiment, mixed bone marrow chimeras with hema-

back loop whereby immune complex-induced activation of neutrophils
at the site of inflammation triggers release of chemoattractants that
attract further neutrophils, providing a feedback amplification pathway for neutrophil recruitment and activation.10 Breaking this amplification loop either by interfering with the intrinsic migratory capacity
of neutrophils by deleting CD18 or by blocking the release of inflammatory mediators from neutrophils encountering immune complexes

the CD18-deficient and Hck−/− Fgr−/− Lyn−/− mice8,23,129 (Fig. 4).

topoietic cells from two different wildtype donors (carrying CD45.1
and CD45.2 markers) showed similar ratios of neutrophils derived
from the two donors in the blood and the synovial infiltrate.8 However,
chimeras having both wildtype and CD18-deficient hematopoietic
tissues showed a much lower percentage of CD18-deficient neutrophils in the synovial infiltrate than in the peripheral blood,8 indicating

6 | GENE EXPRESSION CHANGES IN
NEUTROPHILS – SIGNALING AND IN VIVO
RELEVANCE

strong cell-autonomous defects of CD18-deficient neutrophils in their

The above experiments indicated that Fc-receptor-mediated activa-

accumulation at the site of inflammation. Importantly, however, in chi-

tion of neutrophils triggers the release of chemokines, cytokines,

meras having both wildtype and Hck−/− Fgr−/− Lyn−/− hematopoietic

and lipid mediators through a receptor-proximal tyrosine kinase

tissues, we have observed equal percentages of Hck−/− Fgr−/− Lyn−/−

pathway. However, further downstream components of this pathway

neutrophils in the blood and the synovial infiltrate,8 indicating that

and the divergence point between proteinaceous (chemokines and

−/−

the Hck

−/−

−/−

Fgr

mutation did not affect the accumulation of

Lyn

cytokines) or lipid chemoattractant (LTB4) release were unclear.

neutrophils at the site of inflammation. Similar results were seen when

Similar to Fc-receptors, a number of innate immune receptors signal

comparing the accumulation of wildtype neutrophils with those with

through an ITAM-like signaling pathway involving the Syk tyrosine

a neutrophil-specific deletion of Syk.93 These results indicated that,

kinase.47 In those pathways, NFκB-mediated upregulation of

in contrast to CD18, Src-family kinases and Syk do not play a cell-

chemokine and cytokine expression (but not other responses such

autonomous role in the accumulation of neutrophils at the site of

as phagocytosis or inflammasome activation) are dependent on

inflammation.

the Bcl10/CARD9/MALT1 adapter complex in macrophages and

Given the apparent contradiction between defective accumulation of Hck

−/−

−/−

−/−

dendritic cells.47 Although no function of this complex in neutro-

neutrophils at the site of inflammation in

phils and very limited information of it in non-infectious inflam-

intact Hck−/− Fgr−/− Lyn−/− mice but normal accumulation of the same

mation was then known, we hypothesized that CARD9 may link

cells in the same arthritis model when wildtype neutrophils were also

immune complex recognition to chemokine/cytokine production in

present,8 we speculated that the defect in intact Hck−/− Fgr−/− Lyn−/−

neutrophils and neutrophil-dependent in vivo inflammation (Figs 3

mice could be due to defective generation of the inflammatory, che-

and 4, and Tables 2 and 3).

Fgr

Lyn

motactic environment. Indeed, Hck−/− Fgr−/− Lyn−/− mice subjected to

While CARD9-deficient neutrophils showed normal short-term

K/B×N serum-transfer arthritis failed to develop signs of an inflamma-

functional responses such as respiratory burst or degranulation, they

tory environment such as accumulation of IL-1β, various chemokines

showed robust reduction in NFκB activation, in the upregulation of
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overall gene expression, and in the release of various chemokines and

and the Card9−/− mice.9 In addition, the Card9ΔPMN and Card9−/− mice

cytokines upon stimulation by immobilized IgG immune complexes9

showed similar level of (partial) defect in anti-collagen VII induced skin

(Table 2). Interestingly, Card9−/− neutrophils showed normal immune

inflammation.9

9

complex-induced LTB4 production, indicating dissection of the signal-

Taken together, the above results indicate that the partial defect

ing pathways leading to chemokine/cytokine and LTB4 release at the

of autoantibody-induced arthritis and dermatitis in Card9−/− mice was

level of CARD9 (Fig. 3). It should be noted that Hck−/− Fgr−/− Lyn−/−,

primarily due to CARD9 deficiency in the neutrophil compartment.

Syk−/−, and Plcg2−/− neutrophils were completely defective in all

More importantly, since Card9ΔPMN mice had a specific defect of gene

9

those responses, indicating that Src-family kinases, Syk, and PLCγ2

expression changes and chemokine/cytokine productions specifically

likely act upstream of CARD9 in this pathway. Neutrophils lacking

within the neutrophil compartment, those results provided the most

Bcl10 or MALT1 showed in vitro phenotypes similar to that of the

direct evidence so far for an important role for neutrophil gene expres-

Card9−/− cells.9

sion changes and neutrophil-derived chemokines and cytokines in the

We have also tested the role of CARD9 in autoantibody-induced in

in vivo inflammation process (Fig. 4).

vivo inflammation. Card9−/− mice were partially but significantly protected from K/B×N serum-transfer arthritis and form anti-collagen VII
antibody-induced dermatitis9 (Table 3). Again, in vivo accumulation of
chemokines and cytokines was defective in Card9−/− mice, whereas
the LTB4 levels at the inflammatory site were similar to those in wild-

7 | TYROSINE KINASES IN SIGNALING BY
OTHER RECEPTORS

type mice.9 Those results again indicated that CARD9 acts as a diver-

Besides the best-known integrins and Fc-receptors, tyrosine kinases

gence point between autoantibody-induced chemokine/cytokine and

have also been proposed to participate in signaling by other recep-

LTB4 release (Fig. 3).

tors in neutrophils. However, much less detail is available on those

Taken together, we have identified CARD9 as an important

issues within neutrophils. Here, we provide a brief summary of

molecule linking immunoreceptors to chemokine and cytokine signal-

those other signaling pathways, also highlighting the limited con-

ing both in neutrophils and in in vivo inflammatory disease models.

tributions from our own group. The authors are referred to our

The identification of the role of CARD9 in chemokine and cytokine

recent review on this topic for further detail.5

release but not in other functional responses of neutrophils (such as
respiratory burst, degranulation, migration, or LTB4 release) provided
a unique opportunity to test the role of neutrophil-derived chemok-

7.1 | Tyrosine kinases in GPCR signaling

ines and cytokines in in vivo inflammation. Neutrophils had long been

Neutrophils express and utilize a wide range of G-protein-coupled

thought to be simple effector cells of the immune response. However,

receptors, including receptors for formyl peptides, chemokines,

it later became clear that neutrophils are able to undergo significant

LTB4, complement C5a, and platelet activating factor.5 All those

stimulus-induced gene expression changes and to produce and release

receptors signal through Gi-family heterotrimeric G-proteins. Initial

various chemokines and cytokines.12,143 However, the in vivo func-

pharmacological studies suggested an important role for tyrosine

tion of neutrophil-derived chemokines and cytokines has been diffi-

kinases in neutrophil responses triggered by the formyl peptide

125,135

fMLP15,18,144 and later genetic studies have confirmed an impor-

or neutrophil-specific conditional deletion of genes with wide cellular

tant role by the Src-family kinases Hck, Fgr, and Lyn,15,18,145

cult to test. On one hand, deletion or depletion of neutrophils,
93

provided approaches that were specific for

which was also supported by the partial inhibition of fMLP-induced

neutrophils but abrogated all or most neutrophil functions, not just

function such as Syk,

functional responses by the Src/Abl-family inhibitor dasatinib.45

gene expression changes and chemokine/cytokine production. On the

However, it is still mostly unclear how Src-family kinases fit into

other hand, germline deletion of CARD99 blocked gene expression

GPCR signal transduction and to what extent the role of Src-

changes and chemokine/cytokine production but was not specific for

family kinases can also be extended to other Gi-coupled receptors

neutrophils. We, therefore, aimed to combine those two approached

of neutrophils, especially in light of the apparently negative regu-

and delete CARD9 in a neutrophil-specific manner. That way, we could

lation of chemokine signaling by the Src-family kinases Hck and

test the in vivo effect of abrogating gene expression changes and

Fgr.89 In contrast to Src-family kinases, our detailed study did

chemokine/cytokine release from neutrophils without affecting other

not reveal any role for Syk in GPCR signaling in neutrophils or

neutrophil responses.

mast cells83 and a limited set of experiments also failed to reveal

In order to address the above question, we have generated mice
specifically lacking CARD9 in the neutrophil compartment (termed

such a role for PLCγ2 or p190RhoGAP (p190-A) in neutrophils,20,23
although a role for PI3Kβ in LTB4-mediated amplification of immune

Card9ΔPMN mice) by Cre-lox-mediated conditional gene deletion and

complex-induced neutrophil activation has been proposed.24 The

subjected them to autoantibody-induced in vivo inflammation models

Tec-family kinase Btk has also been shown to participate in signal

along with germline CARD9 knockout (Card9

−/−

9

) mice. Interestingly,

transduction by formyl peptide receptors, in part by coupling

the Card9ΔPMN and the Card9−/− mutations both caused substantial,

GPCR signaling to integrin (Mac-1) inside-out activation.59 Further

though incomplete defect in K/B×N serum-transfer arthritis, and there

aspects of GPCR signal transduction has been reviewed in Futosi

was no difference between the arthritis phenotypes of the Card9ΔPMN

et al.5

Futosi and Mócsai

7.2 | Tyrosine kinases in selectin-mediated signaling
pathways
Selectin–selectin ligand interactions ensure reversible adhesive
interactions between neutrophils and the endothelium.146 Selectin-
mediated signaling also triggers inside-out activation of the β2
integrin LFA-1, leading to deceleration of the rolling neutrophils

and, eventually, to integrin-mediated firm adhesion. One of the
main receptors involved in this process is PSGL-1, a neutrophil
cell-surface receptor primarily recognizing endothelial E-selectins
on the inflamed endothelium. Interestingly, PSGL-1-mediated inside-
out activation of β2 integrins is mediated by a tyrosine kinase pathway

similar to outside-in signaling of β2 integrins. This pathway is trig-

gered by the activation of Src-family kinases (Hck, Fgr and Lyn),
leading to phosphorylation of the ITAM-containing adapter molecules
DAP12 and FcRγ, followed by recruitment and activation of the
Syk tyrosine kinase.147–149 In addition, ERM family proteins may

also function as linkers between PSGL-1 and Syk through their

|
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the type I cytokine receptors for IL-4, IL-6, IL-12, IL-15, G-CSF,
and GM-CSF, and the type II receptors for IFN-α, IFN-β, IFN-γ,
and IL-10), as well as IL-1- and TNF-family receptors.5 Of those,
tyrosine kinases are likely involved in signaling by conventional
cytokine receptors. Most of our current knowledge about cytokine
receptor signaling originates from studies on cell types other than
neutrophils. It is generally believed that cytokine receptors are
signaling through activation of the Jak-family tyrosine kinases (Jak1,
Jak2, Jak3, and Tyk2) which then phosphorylate and activate members of the STAT transcription factor family.165 Although there is
certain specificity between the different Jak and STAT proteins
with respect to the different cytokine receptors, the details of
how overlapping signaling pathways can trigger receptor-specific
functional responses is poorly understood. There are also very
few genetic (e.g. knockout) studies in neutrophils that could provide
deeper understanding of this pathway in neutrophils. For further
details, the authors are referred to recent reviews in the field.5,165

ITAM-like motif.150 Further downstream components of the PSGL-
1-mediated pathway leading to increased neutrophil activation
involved SLP-76, Btk, ADAP, PLCγ2, and PI3Kγ, eventually triggering two parallel pathways leading to recruitment of talin-1 to
the β subunit of integrin cytoplasmic tail and concomitant increase
in LFA-1 affinity.59,151–154

8 | CONCLUDING REMARKS
Our understanding of neutrophil biology during the last 10–15 years
has dramatically improved, in large part due to the in vitro and
in vivo analysis of knockout mouse strains, allowing the investigation of the effect of genetic manipulation of neutrophils hardly

7.3 | Tyrosine kinases in signaling by C-type lectins
C-type lectins comprise a family of innate immune receptors involved
in the recognition of various microbial ligands (such as fungal β-glucans),
as well as host-derived danger signals. Neutrophils express a number
of C-type lectins, including Dectin-1, Mincle, MDL-1, Mcl, and
CLEC-2.5 In other cell types (primarily macrophages and dendritic
cells), several C-type lectins have been shown to signal through a
tyrosine kinase-mediated, ITAM-like pathway, utilizing ITAM motifs
in receptor-associated transmembrane adapters (e.g. FcRγ and DAP12
in the case of Mincle and MDL-1, respectively) or dual hemITAM
motifs in dimerized single-chain C-type lectins (e.g. Dectin-1, CLEC-

available by other approaches. Signal transduction studies have
revealed the role of tyrosine kinase signaling pathways in various
neutrophil functions, in particular those triggered by cellular adhesion and immune complex deposition. Those pathways have also
proved to be involved in neutrophil-mediated in vivo inflammatory
disease processes, such as autoantibody-induced arthritis or dermatitis models. Given the critical role of neutrophils in various
human diseases, understanding the biology of these cells at the
molecular level is expected to contribute to better understanding
of various human diseases and may even point to possible future
strategies of therapeutic intervention.

2). C-type lectin-mediated antimicrobial functions involve Syk and
CARD9 in other myeloid lineages.155–160 Unfortunately, there is very
little information on the role of this pathway in neutrophils. Dectin-1
activates Mac-1 and both are involved in antifungal activity of neutrophils through Vav-family proteins and, supposedly, Src-family
kinases, Syk, and PLCγ2.161 CARD9 is also involved in antifungal
responses of human neutrophils, although the mechanism involved
162,163

is poorly understood.

Neutrophil responses to Aspergillus fumiga-

tus hyphae also required Syk and PI3Kβ/PI3Kδ.164 However, other
details of the tyrosine kinase pathways involved in C-type lectin
signaling in neutrophils are poorly understood.
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7.4 | Tyrosine kinases in cytokine receptor signaling
Neutrophils express a number of different cytokine receptors,
including members of the conventional cytokine receptors (including
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