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Abstract

At sites of inflammation, ligation of leukocyte integrins is critical for the activation of cellular
effector functions required for host defense. However, the signaling pathways linking integrin
ligation to cellular responses are poorly understood. Here we show that integrin signaling in
neutrophils and macrophages requires adaptors containing immunoreceptor tyrosine-based
activation motifs (ITAMs). Neutrophils and macrophages lacking two ITAM-containing adaptor
proteins, DAP12 and FcRy, were defective in integrin-mediated responses. Activation of the
tyrosine kinase Syk by integrins required that DAP12 and FcRy were first phosphorylated by Src
family kinases. Retroviral transduction of neutrophils and macrophages with wild-type and mutant
Syk or DAP12 demonstrated that the Src homology 2 domains of Syk and the ITAM of DAP12
were required for integrin signaling. Our data show that integrin signaling for the activation of
cellular responses in neutrophils and macrophages proceeds by an immunoreceptor-like
mechanism.

Integrins are transmembrane adhesion receptors that coordinate cellular responses with the
extracellular environment. Integrin function is especially important in neutrophils and
macrophages, key effector cells that Kill or suppress invading microorganisms during the
innate immune response. In neutrophils and macrophages, integrin signaling is critical for
cellular functions such as firm adhesion, cell spreading, chemotaxis, the production of
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reactive oxygen intermediates and the release of antimicrobial granule proteins or various
cytokines®. Genetic deficiency in the B, integrin chain (CD18) in children, a disease known
as type | leukocyte adhesion deficiency, leads to severe bacterial infections because of
impaired innate immune function?3. A similar immune defect is also reflected by the
spontaneous infections in mice after targeted deletion of the gene encoding CD18 (ref. 4). In
contrast, exaggerated inflammatory responses occur when integrins become inappropriately
activated, as noted in animals deficient in the C-terminal Src kinase Csk®. Those
observations demonstrate the fact that tight control over integrin signaling and function is
required for appropriate coordination of innate immune and inflammatory responses.

Although several molecules required for relaying signals ‘downstream’ of leukocyte
integrins (often called ‘outside-in’ signaling) have been identified, the initial steps of 3,
integrin signaling remain poorly understood. Src family kinases are involved in an early step
of integrin signaling in neutrophils® and macrophages’-8. Also, the Syk tyrosine kinase is
essential for integrin signaling in neutrophils®, macrophages!® and platelets'!. As Syk is
probably involved in a receptor-proximal event during integrin signal transduction, the
mechanism of activation of Syk by integrins and its relationship to Src family kinases may
be the key to understanding the initiation of integrin signaling. Unfortunately, despite
attempts to clarify that issue, the mechanism of activation of Syk by integrins remains
poorly understood.

Syk and the related kinase Zap70 are also essential for signaling downstream of
immunoreceptors, such as B cell and T cell receptors and Fc receptors. In contrast to integrin
signal transduction, the mechanism of Syk activation initiated by ligation of these
immunoreceptors is well characterized. Engagement of immunoreceptors leads to Src family
kinase—-mediated phosphorylation of immunoreceptor tyrosine-based activation motifs
(ITAMs) on receptor-associated transmembrane adaptor proteins'2. Those adaptors provide
docking sites for the tandem Src homology 2 (SH2) domains of the Syk or Zap70 tyrosine
kinases, which leads to kinase activation and initiation of further downstream signaling.
Genetic deletion of the ITAM-bearing adaptors (the Fc receptor y-chain (FCRy),
immunoglobulin a, immunoglobulin § and CD3() or of Syk or Zap70 leads to defective
immunoreceptor-mediated responses, such as arrested B cell or T cell development or
defective FcRe-mediated allergic responses!2.

In contrast to the understanding of immunoreceptor signaling, the present view is that
activation of Syk by integrins does not require the interaction of the Syk SH2 domains with
phosphorylated ITAM tyrosines. That conclusion originated from work reporting that Syk
activation by the platelet integrin a B3, when expressed in Chinese hamster ovary cells,
does not require the Syk SH2 domains and cannot be prevented by sequestration of
phosphorylated ITAM-containing molecules by overexpression of the tandem SH2 domains
of Syk13. Subsequent studies with bacterially expressed protein fragments and Chinese
hamster ovary transfectants concluded that Syk associates directly with the cytoplasmic tail
of various integrin f-subunits in a phosphorylated tyrosine—independent way1415, Those
studies established the present view of phosphorylated ITAM-independent activation of Syk
by integrins and suggested that immunoreceptors and integrins use two different signaling
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mechanisms. Unfortunately, the conclusion of those studies has not been confirmed in
primary cells.

Given those uncertainties and the well established involvement of Src family kinases and
ITAM-containing adaptors in Syk activation during immunoreceptor signaling, we sought to
determine whether an ITAM-based mechanism was also required for integrin signaling in
neutrophils and macrophages. Our analyses included various gene-targeted mouse strains
combined with retroviral gene transduction of hematopoietic cells in vivo. Our results led us
to conclude that integrin signaling in neutrophils and macrophages proceeds by an
immunoreceptor-like mechanism using the ITAM-containing DAP12 and FcRy adaptor
proteins to couple integrin ligation to Syk activation and downstream signaling events.

Integrin responses in neutrophils lacking DAP12 and FcRy

Neutrophils express at least two ITAM-containing transmembrane adaptors, DAP12 and
FcRy12. We first tested whether those molecules are required for integrin-mediated
functional responses of neutrophils. Mice deficient in DAP12 (DAP12-knockout), FcRy
(FcRy-knockout) or both adaptors (DF double-knockout) produced normal numbers of
neutrophils with wild-type expression of various integrin subunits and the mouse
granulocytic maturation marker Gr-1 (Supplementary Fig. 1 online), indicating that
neutrophil development and integrin expression was unaffected in mice lacking either one
adaptor or both adaptors.

Integrin-mediated neutrophil activation can be attained by plating the cells on a surface
coated with integrin ligand (such as fibrinogen) in the presence of a proinflammatory
stimulus such as tumor necrosis factor (TNF). Responses initiated by such activation require
CD18 in humans?6 and mice®. DF double-knockout neutrophils, lacking both DAP12 and
FcRy, were defective in integrin-mediated respiratory burst when plated on fibrinogen in the
presence of TNF (Fig. 1a). That defect was not specific for TNF stimulation or fibrinogen,
as DF double-knockout neutrophils were also impaired when plated onto fibrinogen in the
presence of the chemokine MIP-2 (Fig. 1b) or when plated on ICAM-1 in the presence of
TNF (Fig. 1c). Although maximum stimulation of neutrophils requires both integrin signals
and nonintegrin signals (such as TNF)7, plating of neutrophils on a surface coated with the
‘engineered” multivalent integrin ligand peptide poly-RGD leads to superoxide release even
in the absence of additional stimuli®. The defective responses of DF double-knockout
neutrophils when plated on poly-RGD alone (Fig. 1d) suggested that DAP12 and/or FcRy
are required for signaling of integrins and not nonintegrin costimulatory signals. That was
also confirmed by the normal responses of DF double-knockout neutrophils to TNF and
MIP-2 in suspension (discussed below). The response of DF double-knockout neutrophils
plated on poly-RGD in the presence of TNF, the strongest stimulus, was also defective (Fig.
le).

In addition to stimulation of oxidative burst, engagement of CD18 by surface ligands
induces degranulation, neutrophil spreading and cellular adhesion®2:18, Integrin signaling
leading to the release of gelatinase granules (Fig. 2a) or of the secondary granule marker
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lactoferrin (data not shown) was impaired in the DF double-knockout neutrophils. DF
double-knockout neutrophils also failed to spread over fibrinogen in the presence of TNF
(Fig. 2b) or when plated on poly-RGD in the absence of any additional stimulus (data not
shown). As a result, TNF-stimulated DF double-knockout cells did not adhere to fibrinogen
as well as wild-type cells did (Fig. 2c). CD18 is required only partially for the adhesion of
unstimulated neutrophils to fibrinogen® (probably reflecting experimental background),
which may explain the only slightly lower adhesion of unstimulated DF double-knockout
cells. In all the functional assays reported above, neutrophils deficient in either DAP12 or
FcRy alone had phenotypes intermediate between those of wild-type and double-knockout
responses (Figs. 1 and 2a,c), indicating partially redundant functions for DAP12 and FcRy
during integrin signaling of neutrophils.

The P, integrins are also required for directed migration of neutrophils to the site of
inflammation®. However, CD18-mediated neutrophil migration can proceed in the absence
of signaling molecules critical for most other CD18-dependent neutrophil functions®19. Like
cells lacking Src family kinases or Syk®, DF double-knockout neutrophils showed a partial
defect in migration toward submicromolar concentrations of the synthetic peptide fMLP
(formyl-Met-Leu-Phe), but their migration was normal at higher concentrations of fMLP
(Fig. 2d). DF double-knockout neutrophils also migrated normally toward various
concentrations of MIP-2 in vitro (data not shown) and showed no substantial defect in
migration in an in vivo thioglycollate peritonitis model (data not shown). These results
indicated that like Src family kinases®, Syk® and members of the guanine nucleotide—
exchange factor Vav familyl9, the ITAM-bearing molecules DAP12 and FcRy are not
critical for the CD18-dependent migration of neutrophils, despite being required for most
other CD18-dependent neutrophil functions.

Integrin ligation initiates tyrosine phosphorylation of various downstream substrates. After
integrin ligation, wild-type neutrophils showed increased tyrosine phosphorylation of many
proteins (mainly in the 60- to 150-kilodalton range), whereas DF double-knockout
neutrophils failed to show any notable changes (Fig. 3a). Specifically, integrin-mediated
tyrosine phosphorylation of Vav and the tyrosine kinase Pyk2, as well as phosphorylation of
the Erk and p38 mitogenactivated protein kinases was impaired in DF double-knockout
neutrophils (Fig. 3b—e).

Nonadherent responses in neutrophils lacking DAP12 and FcRy

To investigate the response of DF double-knockout neutrophils to nonintegrin stimuli, we
assessed many adhesion-independent responses. Upregulation of the CD11b and CD18
integrin chains (Fig. 4a,b) and phosphorylation of p38 as well as phosphorylation and
degradation of the inhibitor IxBa (Fig. 4c) all occurred normally in suspended DF double-
knockout neutrophils stimulated by TNF. Phosphorylation of p38, as well as
phosphorylation and degradation of IxBa stimulated by the Toll-like receptor 2 agonist
lipopeptide Pam3CSKy, were also similar in wild-type and DF double-knockout neutrophils
(Fig. 4d). Similarly, deficiency in DAP12 and FcRy did not affect actin polymerization
responses (Fig. 4e), calcium signaling (Fig. 4f) or the phosphorylation of Erk or p38 (data
not shown) after MIP-2 stimulation. Actin polymerization (data not shown), calcium
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signaling (Fig. 4g) and respiratory burst (Fig. 4h) induced by fMLP were normal in
suspended DF double-knockout neutrophils. The double-mutant cells also responded
normally to the nonphysiological neutrophil-activating agent phorbol 12-myristate 13-
acetate (Fig. 4i). Thus, neither DAP12 nor FcRy is required for adhesion-independent
neutrophil responses triggered by cytokines, Toll-like receptor ligands, chemokines or
bacterial chemoattractants, indicating that the defective adhesion-dependent functions (Figs.
1-3) of the DF double-knockout cells were caused by impaired integrin signaling rather than
by alterations in signaling induced by costimulatory agents such as TNF or MIP-2. Our
results also demonstrated that DF double-knockout neutrophils do not have any general
defects in actin polymerization, degranulation, assembly of the NADPH oxidase or initiation
of multiple downstream signaling events.

Integrins signal through Src kinases, DAP12, FcRy and Syk

The functional and signaling defects as well as the normal migratory and nonintegrin-
mediated responses of DF double-knockout neutrophils are similar to those of cells deficient
in Syk (Syk-knockout)®20. DAP12 and FcRy both have functional ITAMs that can recruit
and activate Syk in an immunoreceptor-like way. Consequently, we tested whether Syk
activation via integrins required DAP12 or FcRy. We readily detected phosphorylation of
Syk in wild-type neutrophils plated on fibrinogen in the presence of TNF or on poly-RGD
without a soluble stimulus. Kinetic analysis of the response induced by poly-RGD showed
that Syk phosphorylation was detectable in wild-type cells after 5 min of stimulation and
reached a maximum between 10 and 20 min (data not shown). In contrast, there was no Syk
phosphorylation in DF double-knockout neutrophils plated on fibrinogen in the presence of
TNF (Fig. 5a) or on poly-RGD without an additional stimulus (Fig. 5b). Basal
phosphorylation of Syk in unstimulated cells is independent of both adhesion and B,
integrins®.

Integrin-mediated phosphorylation of Syk was also defective in neutrophils lacking the Src
family kinases Hck, Fgr and Lyn® (Fig. 5¢,d), as well as in human neutrophils pretreated
with the Src family kinase inhibitor PP2 (Supplementary Fig. 2 online). Such data are
consistent with the fact that neutrophils deficient in Src family kinases have integrin
signaling defects similar to those of Syk-knockout or DF double-knockout cells®-9:18:21 Src
family kinases mediate ITAM phosphorylation, resulting in recruitment of Syk during
immunoreceptor signaling!2. We speculated that Src family kinases might phosphorylate
DAP12 and/or FcRy after integrin engagement in neutrophils. Plating wild-type neutrophils
on poly-RGD induced DAP12 phosphorylation (Fig. 5e), which was absent in neutrophils
lacking Src family kinases (Fig. 5f). To confirm that result and to assess adhesion-induced
phosphorylation of the FcRy chain, we used a glutathione Stransferase (GST) fusion protein
of the tandem SH2 domains of Syk (GST-Syk-(SH2),) as a ‘probe’ for phosphorylated
tyrosine. The GST-Syk-(SH2), probe precipitated tyrosine-phosphorylated proteins of about
30 kilodaltons (corresponding to the molecular weight of DAP12 and FcRy in nonreducing
conditions) from adherent wild-type but not DF double-knockout neutrophils (Fig. 5g) with
kinetics similar to those of Syk phosphorylation (data not shown). A similar phosphorylation
signal was lacking in mouse neutrophils deficient in Src family kinases (Fig. 5h) and PP2-
treated human neutrophils (Supplementary Fig. 2). Similar experiments with DAP12-
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knockout or FcRy-knockout single-mutant cells in reducing conditions showed that the
upper and lower bands of the immunoblot corresponded to DAP12 and FcRy, respectively
(Fig. 5i,j). Notably, those phosphorylated proteins were not precipitated with a GST-Syk-
(SH2), fusion protein containing substitutions (R41A and R194A) known to impair the
phosphorylated tyrosine—binding capacity of both SH2 domains (Fig. 5k). Although we were
not able to detect immunoprecipitation of Syk together with DAP12 or FcRy by
immunoblot, we did note Syk autophosphorylation in FCRy immunoprecipitates from
adherent wild-type neutrophils but not from cells deficient in either FcRy or Syk, which was
consistent with integrin-stimulated recruitment of Syk to phosphorylated FcRy (Fig. 51 and
Supplementary Fig. 3 and Supplementary Note online). However, we were unable to
reproducibly use a similar approach to demonstrate association of Syk with DAP12 because
of high signal background obtained with the antisera.

Our results presented above indicated that ligation of neutrophil integrins leads to
phosphorylation of DAP12 and FcRy by members of the Src kinase family. Such
phosphorylation allows the adaptors to associate with the tandem SH2 domains of Syk by a
phosphorylated ITAM-SH2 interaction, leading to Syk activation (Supplementary Fig. 4
online). That pathway of integrin signaling to Syk is analogous to the ITAM-based signaling
by classical immunoreceptors in lymphocytes.

Integrin signaling requires Syk SH2 domains and DAP12 ITAM

To confirm the functional involvement of an immunoreceptor-like, ITAM-based mechanism
during integrin signaling in neutrophils, we did structure-function studies by expressing
wild-type and mutant versions of Syk or DAP12 in Syk-knockout or DF double-knockout
neutrophils in vivo. As neutrophils are short-lived, terminally differentiated cells in which
expression of exogenously added gene products is very limited, these experiments required
the transduction of hematopoietic stem cells, which we then injected into lethally irradiated
recipient mice to allow in vivo generation of transduced neutrophils. That approach allowed
us to use primary neutrophils for these studies and hence was much more physiologically
relevant than previously published approaches. We transduced hematopoietic stem cells
using an mouse stem cell virus—based bicistronic retroviral vector expressing green
fluorescent protein (GFP) from a downstream internal ribosome entry site, thereby allowing
the identification of transduced cells by flow cytometry?2. Retroviral expression of wild-
type Syk in Syk-knockout neutrophils restored the respiratory-burst response of cells
stimulated by adhesion to poly-RGD in the presence of TNF (Fig. 6a). In contrast, an SH2-
defective point mutant of Syk that no longer bound phosphorylated ITAMs (R194A)22 did
not restore a functional response, although a similar percentage of cells expressed GFP and
an equivalent amount of Syk protein was expressed (Fig. 6b). We obtained similar results
when we restored Syk expression by retroviral introduction of wild-type or SH2-defective
versions of a Syk-GFP fusion protein (data not shown). Retroviral expression of a kinase-
inactive Syk mutant also failed to correct the integrin-mediated functional defect of Syk-
knockout neutrophils (data not shown). Our data suggested that functional phosphorylated
tyrosine—binding SH2 domains of Syk (as well as Syk kinase activity) are required for the
integrin-mediated activation of neutrophils.
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We also tested whether expression of DAP12 or of an ITAM-defective mutant of DAP12 in
which the two ITAM tyrosine residues were replaced by phenylalanine residues (Y65F and
Y76F)22 was able to restore the adhesion-dependent functional responses of DF double-
knockout neutrophils. Because cell surface expression of DAP12 is required for its function,
we tested effective reconstitution by both immunoblot and flow cytometry analysis for the
Flag epitope tag attached to the N terminus of recombinant DAP12. In vivo expression of
wild-type DAP12 in DF double-knockout neutrophils restored the integrin-mediated
respiratory burst (Fig. 6¢) to a burst equivalent to that of single-mutant FcRy-knockout cells.
In contrast, the ITAM-defective DAP12 mutant was unable to restore superoxide release in
DF double-knockout neutrophils, despite having similar expression (Fig. 6d,e). These results
suggested that the ITAM tyrosines of DAP12 are required for the DAP12-dependent
component of integrin-mediated neutrophil activation.

Integrin responses in macrophages lacking DAP12 and FcRy

Like neutrophils, integrin-mediated activation of macrophages also requires Syk1®, which
prompted us to investigate whether DAP12 and FcRy are involved in integrin signaling of
macrophages. We plated bone marrow-derived macrophages on Valmark plastic Petri
dishes, which engages CD18 integrins23. As a ‘readout’ of integrin-mediated macrophage
activation, we used biochemical analysis of Erk phosphorylation, because that response
(unlike most functional responses, such as the release of proinflammatory cytokines) could
be readily induced by cellular adhesion without a soluble stimulus and, as predicted from
published studies®23, required both the CD18 integrin chain (Fig. 7a) and the Syk tyrosine
kinase (Fig. 7b). Adhesion-dependent Erk phosphorylation was absent from DF double-
knockout macrophages, with predominant involvement of DAP12 in this response (Fig. 7c).
The defective Erk activation in DF double-knockout macrophages was not due to the lack of
B2 integrins or altered macrophage development, because wild-type and double-mutant cells
had equal expression of CD18 as well as other integrins and macrophage markers
(Supplementary Fig. 5 online and data not shown). Our data demonstrated that like
neutrophils, macrophages lacking the ITAM-containing adaptors have defective integrin
signaling responses, and although neutrophils can use both DAP12 and FcRy, loss of
DAP12 alone is sufficient to impair integrin signaling in macrophages. Adhesion-dependent
Syk phosphorylation was also defective in DF double-knockout macrophages (Fig. 7d),
consistent with a requirement for ITAM-containing adaptors in Syk activation.

Immunoreceptor-like signaling by macrophage integrins

To further confirm the ITAM model for integrin signaling in macrophages, we did a series
of retroviral reconstitution experiments. Retroviral expression of wild-type Syk in Syk-
knockout macrophages restored adhesion-dependent Erk phosphorylation, whereas
comparable expression of the SH2-defective Syk mutant (R194A) did not (Fig. 8a).
Similarly, reconstitution of DF double-knockout macrophages with wild-type DAP12
restored adhesion-dependent Erk phosphorylation, but reconstitution with the ITAM-
defective DAP12 mutant did not (Fig. 8b). We confirmed equivalent expression of wild-type
or mutant DAP12 by immunoblot and found equivalent surface expression of exogenous
DAP12 by flow cytometry (Fig. 8b,c). These results indicated that an interaction between
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the Syk SH2 domains and the ITAM of DAP12 is required for signaling downstream of
integrins in macrophages.

DISCUSSION

Many studies have demonstrated the dependence on Src family and Syk tyrosine kinases in
both integrin and immunoreceptor signaling pathways. With those observations in mind, we
tested the hypothesis that similar signaling adaptors are needed to initiate both pathways.
We found that the ITAM-containing molecules DAP12 and FcRy were indispensable for »
integrin—-mediated Syk activation and cellular responses in neutrophils and macrophages.
Integrin-dependent functions that do not require Src family kinases or Syk, such as
neutrophil migration, also did not require DAP12 or FcRy. After integrin ligation, the
ITAM-bearing adaptor molecules became phosphorylated by Src family kinases and
associated with the SH2 domains of Syk. Structure-function analysis of neutrophils and
macrophages suggested that integrin signaling requires the SH2 domains of Syk and the
ITAM tyrosine residues of DAP12 (and probably FcRy). These data have demonstrated that
signal transduction by B, integrins follows the ITAM-based paradigm of immunoreceptor
signaling. The unexpected similarity between proximal signaling by adhesion receptors and
receptors of the adaptive immune system can be extended further downstream, as members
of the Vav and SLP-76 families, originally thought to be involved mainly in lymphocyte
antigen receptor signaling?425, have been shown to be required for integrin signaling in
neutrophils'926 macrophages?’, osteoclasts?® and platelets?®.

Our findings challenge the present view of integrin signal transduction, which is proposed to
be unrelated to immunoreceptor-like signaling mechanisms. In particular, it has been
concluded that the SH2 domains of Syk are not required for its activation by the platelet
integrin ayuP3 heterologously expressed in Chinese hamster ovary cells13, Although the
reason for that apparent contradiction is unclear, it may result from differential signaling by
B2 and B3 integrins or alternative signaling pathways used by the a3 heterodimers when
expressed in nonhematopoietic cells that do not express ITAM-containing adaptors. Related
to that issue is the reported direct binding of Syk to the cytoplasmic tails of multiple integrin
B-chains in a phosphorylated ITAM-independent way when expressed together in
nonhematopoietic cells415, However, those observations do not exclude the possibility of a
phosphorylated ITAM-dependent step in the integrin-mediated activation of Syk.

Both DAP12 and FcRy associate with many cell surface receptors in various hematopoietic
cell types!2. The molecular basis of that association is the presence of opposing charged
residues in the transmembrane segments of the molecules involved, allowing intra-
membrane salt bridges to be formed between DAP12 or FcRy and their associated receptors.
Integrins lack such charged residues in their transmembrane segments. Furthermore, the
surface expression of integrins was normal in DF double-knockout leukocytes, unlike that of
most DAP12- or FcRy-associated receptors. In addition, we were unable to demonstrate
immunoprecipitation of DAP12 or FcRy together with CD18 in adherent neutrophils.
Therefore, integrins are unlikely to associate directly with DAP12 or FcRy.
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A more likely scenario is that DAP12- or FcRy-associated receptors are functionally linked
to integrins and participate in their signal transduction in an ITAM-dependent way. That
hypothesis is also supported by preliminary experiments in which a DAP12 transmembrane
‘charge mutant’ unable to associate with known DAP12-associated receptors failed to
restore integrin-dependent signaling to DAP12-deficient macrophages (C.L.A. and C.A.L.,
unpublished observations). Although reports have suggested that ITAM-containing Fc
receptors and integrins may function cooperatively”:39 it is unlikely that the Fc receptors
themselves couple ITAM-containing adaptors to the integrin signaling pathway, for several
reasons. First, DF double-knockout cells have functional and signaling defects even in the
absence of Fc receptor-ligating immunoglobulins; second, DAP12 is important in integrin-
mediated responses even though it does not associate with Fc receptors; and third, TNF-
induced responses of neutrophils plated on fibrinogen were normal in neutrophils lacking
the FcRy-associated receptors FcyRI and FcyRIII (Z.J. and A.M., unpublished observations).
Given the many non-Fc receptor molecules identified that associate with and signal through
DAP12 and FcRy12, it is likely that DAP12- or FcRy-associated molecules other than Fc
receptors might be involved in integrin signaling of neutrophils and macrophages.

The association of integrins and ITAM-containing adaptors could be through interactions
between amino acids outside the transmembrane domain, through interactions with other
cell surface molecules, such as tetraspanins, which seem to regulate integrin signals in many
cell types3?, or through the association with lipid microdomains, although the last possibility
has not been fully investigated in neutrophil signal transduction. Determining the molecular
details of how B, integrins couple to DAP12 or FcRy is an area for further research.
Furthermore, it is unclear whether integrins discriminate between different ITAM-
containing adaptors for signaling, as do immunoreceptors.

We have shown here that integrin signaling in neutrophils and macrophages uses an ITAM-
based, immunoreceptor-like mechanism acting via the DAP12 and FcRy adaptor molecules.
Our findings fundamentally alter the present view of integrin ‘outside-in’ signal transduction
in hematopoietic cells. They may also provide new insights into the pathogenesis of, and
possible targets for the therapy of, infectious and inflammatory diseases.

Note added in proof: It has been independently confirmed that the SH2 domains of Syk are
required for integrin signaling in neutrophils32.

METHODS

Animals

Tyrobp™~ (DAP12-knockout) mice33 were crossed with Fcerlg™~ (FcRy-knockout) mice34
(Taconic) to generate Tyrobp~Fcer1g™~ (DF double-knockout) mice. Single- and double-
knockout mice as well as wild-type control mice were identified by PCR-based genotyping.
Syk~!~ (Syk-knockout) mice have been described3®. Syk-knockout and wild-type control
cells were obtained from bone marrow chimeras generated by using fetal liver cells to
reconstitute lethally irradiated mice as described®. Itgh2~/~ (CD18-knockout) mice have
been described*. Mice lacking the Src family kinases Hck, Fgr and Lyn have also been
described®. All mice were backcrossed to the C57BL/6 background for six or more
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generations. Mice were kept in a specific pathogen—free facility (University of California,
San Francisco) or in individually sterile ventilated cages in a conventional facility
(Semmelweis University School of Medicine). All experiments were approved by the
University of California, San Francisco Institutional Animal Care and Use Committee and
by the Committee on Animal Experimentation of Semmelweis University.

Antibodies were from the sources described®2022 except antibody to IxBa (anti-1xBa) (Cell
Signaling Technologies), biotin-conjugated anti-Flag (Sigma), Alexa Fluor 680—conjugated
goat anti-rabbit (Invitrogen) and IRDye 800—conjugated goat anti-mouse (Rockland
Immunochemicals), and anti-Syk and anti-DAP12. The SH2-defective version of the GST-
Syk-(SH2), fusion protein was generated by the introduction of R41A and R194A
substitutions with the QuikChange Site-Directed Mutagenesis kit (Stratagene). Wild-type
and mutant Syk and DAP12 constructs have been described?2,

Neutrophil assays

Neutrophil isolation, flow cytometry and functional assays were done as described®20, For
gelatinase zymography, sample buffer (10% (volume/volume) glycerol, 2% (weight/volume)
SDS, 5 mg/ml of bromophenol blue and 62.5 mM Tris, pH 6.8) was added to cell
supernatants, which were separated by zymogram gel electrophoresis (Invitrogen), were
renatured in 2.5% (volume/volume) Triton X-100 and were developed overnight at 37 °C (in
200 mM NacCl, 5 mM CaCl,, 50 mM Tris, pH 7.4, and 2.5 pug/ml of NaN3) followed by
Coomassie blue staining. An Alpha Innotech Alphaimager was used for quantification.
Migration experiments were done with Transwell inserts with an FCS-coated, 3-um
polycarbonate membrane (Corning) essentially as described®. Measurement of actin
polymerization after chemokine or fMLP stimulation was done by a flow cytometry—based
phalloidin-binding assay as described?°.

Immunoblot and immunoprecipitation

These experiments were done as described®20:22, Some immunoblots used fluorescence-
labeled secondary antibodies followed by detection with the Odyssey Infrared Imaging
System (LI-COR Biosciences). The GST-Syk-(SH2), fusion protein was coupled to
glutathione-Sepharose beads (GE Healthcare) and the result was incubated with cell lysates
prepared with Triton X-100 (ref. 36) or radioimmunoprecipitation assay buffer (20 mM Tris,
pH 7.5, 150 mM NacCl, 1% (volume/volume) Triton X-100 buffer, 1% (weight/volume)
sodium deoxycholate, 0.1% (weight/volume) SDS, 1 mM NazVOy,, 50 mM NaF, 2 mM
EDTA, 1 mM Pefabloc, 10 ug/ml of leupeptin, 2 ug/ml of aprotinin, 1 mM dithiothreitol, 1
ug/ml of pepstatin and 1 mM di-isopropyl fluorophosphate). Syk kinase autophosphorylation
assays were done on anti-FCRy immunoprecipitates ‘captured’ with protein A/G PLUS-
Agarose beads (Santa Cruz Biotechnology) from Nonidet-P40 lysates (20 mM HEPES, pH
7.4, 150 mM NaCl and 1% (volume/volume) Nonidet-P40, plus the inhibitors listed above).
Beads were washed once with kinase assay buffer (20 mM HEPES, pH 7.4, 10 mM MnCly,
2 mM MgCl, and 1 mM dithiothreitol), then were incubated for 20 min at 25 °C in kinase
assay buffer containing 10 uCi [y-32PJATP. The reaction was stopped by the addition of
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sample buffer, then samples were boiled and separated by SDS-PAGE. Gels were stained
with Coomassie blue, were destained and dried and were exposed to X-ray film.

Retroviral gene transduction

Retroviral supernatants were generated by transient cotransfection of 293T cells with the
pMIG-W vector containing wild-type and mutant Syk or DAP12 and plasmids containing
MoMuLV gagpol and VSVg envelope with Lipofectamine 2000 (Invitrogen). For neutrophil
reconstitution, fetal liver cells from day-16 Syk-knockout or DF double-knockout embryos
were cultured for 24 h in DMEM with 10% (volume/volume) FCS containing penicillin and
streptomycin, 20 ng/ml of mouse IL-3, 10 ng/ml of mouse IL-6 and 100 ng/ml of mouse
SCF (R&D Systems). Retroviral supernatants supplemented with cytokines and 8 pug/ml of
polybrene (Sigma) were added to fetal liver cells, which were then centrifuged for 1 h at
800g and 25 °C, followed by incubation for 8-12 h at 37 °C in 5% CO,. A second infection
was done, and 4872 h after being collected, the infected fetal liver cells were injected into
lethally irradiated 6- to 8-week-old male Ly5.1 congenic recipients (Taconic). Peripheral
blood from the chimeras was analyzed by flow cytometry 6 weeks after transfer (to assess
chimerism by GFP expression and staining for the Ly5.1 and Ly5.2 markers) before
characterization of purified neutrophils.

For macrophage reconstitution, bone marrow was collected from Syk-knockout fetal liver
chimeras or DF double-knockout mice. Cells were cultured for 24 h in a-MEM with 10%
(volume/volume) FCS containing penicillin, streptomycin and conditioned medium from
3T3 cells expressing mouse monocyte colony-stimulating factor. Suspended cells were
incubated overnight at 37 °C in 5%CO5 with retroviral supernatants supplemented with 8
pg/ml of polybrene and medium conditioned with monocyte colony-stimulating factor,
followed by a repeat overnight infection. The viral supernatant was replaced with culture
medium and cells were differentiated for 6-9 d. Identical results were obtained with a
published macrophage infection protocol®’. Infected macrophages were analyzed by flow
cytometry for GFP expression and expression of the macrophage markers F4/80 and CD11b.
Infected macrophages were detached from plates with cell-dissociation buffer (Invitrogen),
were resuspended in DMEM with 2% (volume/volume) FCS and were allowed to ‘rest’ for
2-4 h at 37 °C on a rocking platform. Cells were collected in suspension or were plated onto
Valmark plastic Petri dishes for 45 min at 37 °C before being lysed in
radioimmunoprecipitation buffer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Defective integrin-mediated respiratory burst in DF double-knockout neutrophils.

Superoxide release of wild-type neutrophils (WT), DAP12-knockout neutrophils (DAP12-
KO), FcRy-knockout neutrophils (FcRy-KO) and DF double-knockout neutrophils (DF-
DKO) plated on surfaces coated with integrin ligand (fibrinogen (Fbg; a,b), ICAM-1 (c) or
poly-RGD (d,e)) in the presence or absence of an additional stimulus (50 ng/ml of mouse
TNF (a,c,e), 100 ng/ml of mouse MIP-2 (b) or none (d)). Unstimulated values (ho TNF or
MIP-2) were subtracted from stimulated values in a—c,e; error bars, s.d. of triplicate
measurements. Data are representative of a minimum of three independent experiments
each.
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Figure 2.
Defective integrin-mediated nonoxidative responses in DF double-knockout neutrophils. (a)

Release of gelatinase granules by wild-type, DAP12-knockout, FcRy-knockout and DF
double-knockout neutrophils plated for 60 min on fibrinogen in the presence (TNF) or
absence (- or Control) of 50 ng/ml of mouse TNF and analyzed by gelatinase zymogram.
(b) Phase-contrast microscopy of wild-type and DF double-knockout neutrophils plated for
30 min on fibrinogen in the presence (right) or absence (left) of 50 ng/ml of mouse TNF.
Original magnification, x40. (c) Firm adherence of neutrophils treated as described in a. (d)
Migration of wild-type and DF double-knockout neutrophils through FCS-coated Transwells
in response to increasing concentrations of fMLP, assessed after 60 min. Data are
representative of a minimum of three independent experiments each (error bars, s.d. of
triplicate measurements).
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Figure 3.
Defective integrin-mediated signaling in DF double-knockout neutrophils. Immunoassays of

lysates of wild-type and DF double-knockout neutrophils kept in suspension (Susp) or plated
for 15 min on a surface coated with poly-RGD (pRGD). (a) Immunoblot analysis of total
lysates with antibody to phosphorylated tyrosine (PY). (b,c) Immunoprecipitation (IP) with
anti-Vav (b) or anti-Pyk2 (c) followed by immunablot analysis (antibodies, left margin).
(d,e) Immunoblot analysis of total lysates with antibody to phosphorylated Erk (Phospho-
Erk) or to total Erk (Erk; d) or with antibody to phosphorylated p38 (Phospho-p38) or to
total p38 (p38; e). All data are representative of three or more independent experiments.
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Figure 4.

Normal adhesion-independent responses of DF double-knockout neutrophils. (a,b) Flow
cytometry of surface expression of CD11b (a) and CD18 (b) by wild-type or DF double-
knockout neutrophils stimulated in suspension for 30 min with 50 ng/ml of mouse TNF or
left unstimulated (Control). (c,d) Immunoblot of lysates of suspended wild-type or DF
double-knockout neutrophils left unstimulated (=) or stimulated for 5 min with 50 ng/ml of
mouse TNF (c) or for 10 min with 1 pg/ml of Pam3CSK, (Pams; d). Antibodies, left margin
(Phospho-, phosphorylated). (e) Actin polymerization by suspended wild-type or DF double-
knockout neutrophils stimulated with 10 ng/ml of mouse MIP-2. MFI, mean fluorescent
intensity. (f,g) Release of intracellular calcium ([Ca%*];) from suspended wild-type and DF
double-knockout neutrophils stimulated with 100 ng/ml of mouse MIP-2 (f) or 3 uM fMLP
(9)- (h,i) Superoxide release from suspended wild-type and DF double-knockout neutrophils
pretreated with 10 UM cytochalasin B and stimulated with 3 uM fMLP (h) or stimulated
with 100 nM phorbol 12-myristate 13-acetate (PMA; i). Unstimulated values are subtracted
in h and i. Data are representative of a minimum of three independent experiments each
(error bars, s.d. of triplicate measurements).
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Figure 5.
Evidence of a Src family kinase—-DAP12 or FcRy-Syk pathway during integrin signaling of

neutrophils. (a—d) Immunoassay of lysates of neutrophils plated on fibrinogen in the
presence (TNF) or absence (=) of 50 ng/ml of mouse TNF (a,c) or on a surface coated with
poly-RGD (b,d). Lysates prepared after 15 min of stimulation were immunoprecipitated
with anti-Syk. Control, unstimulated cells in suspension (Susp; b,d). (e-l) Immunoassay of
lysates of neutrophils plated on a surface coated with poly-RGD with (i,j,I) or without (e—
h,k) 50 ng/ml of mouse TNF. Lysates prepared after 15 min of stimulation were
immunoprecipitated with anti-DAP12 (e,f) or anti-FcRy (I) or were precipitated (ppt) by
incubation with GST-Syk-(SH2), (g—k). Control, unstimulated cells in suspension (Susp).
(J) Merge, overlay of phosphorylated-tyrosine and FcRy blots above. (I) Top,
autophosphorylation of Syk (Syk auto-phosph.) in anti-FCRy immunoprecipitates.
Immunoblots are in reducing conditions except for e-h,k. Src-FKO, ‘Src family knockout’
(lacking Hck, Fgr and Lyn); Rabbit Se, normal rabbit serum; WCL, whole-cell lysate;
RRAA, GST-Syk-(SH2), with R41A and R194A substitutions. All data are representative of
three or more independent experiments.
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Figure 6.

Critical function for the Syk SH2 domains and the ITAM tyrosine residues of DAP12 for
integrin-mediated responses of neutrophils. Retrovirus-transduced Syk-knockout (a,b) or DF
double-knockout (c—e) fetal liver hematopoietic stem cells were injected into lethally
irradiated recipient mice and, after reconstitution of the hematopoietic system, neutrophils
were isolated for functional and gene expression studies. (a,c) Respiratory burst of
neutrophils (purified from reconstituted mice) stimulated with 50 ng/ml of mouse TNF on a
surface coated with poly-RGD (unstimulated values are subtracted; error bars, s.d. of
triplicate measurements). (b,d) Immunoblot of protein expression and flow cytometry for
percent GFP* cells (below lanes). Control, neutrophils purified from mice reconstituted with
stem cells that were ‘mock infected’” (Mock) or were infected with vector only (+ vector). (e)
Flow cytometry for surface expression of exogenous DAP12 on transduced DF double-
knockout neutrophils, detected by anti-Flag. YYFF, DAP12 Y65F and Y76F mutant. Data in
a,b and in c—e are from the same experiment and are representative of three to five
independent experiments.
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Figure 7.
Defective integrin-mediated responses in DF double-knockout macrophages. Bone marrow—

derived macrophages were plated on Valmark dishes for 30-45 min (Adh) or were kept in
suspension (Susp), then lysates were prepared. (a—c) Immunoblot analysis of Erk
phosphorylation. (d) Immunoprecipitation with anti-Syk, followed by immunoblot analysis
of tyrosine phosphorylation. All data are representative of three or more independent
experiments.

Nat Immunol. Author manuscript; available in PMC 2016 January 03.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Mécsai et al.
a Syk-KO
+ Vector + Syk
WT R194A
SuspAdh SuspAdh SuspAdh
Phospho- o
Erk T
S B =
Syk — — — s
28% 20% 29%
GFP" cells
Figure 8.

Phospho-
Erk

Erk
DAP12

DF-DKO
+ DAP12
WT YYFF
Susp Adh Susp Adh Susp Adh
E e —

+ Vector

71% 59%

GFP+ cells

65%

C

Page 21

—— DF-DKO =— DF-DKO
+ vector + DAP12WT

— DF-DKO
+ DAP12 YYFF

Event count —p

10° 10! 102 10°
DAP12-Flag —— »

Immunoreceptor-like signaling by macrophage integrins. (a,b) Immunoblot analysis of Erk
phosphorylation and flow cytometry of percent GFP* cells (below lanes) for Syk-knockout
(a) or DF double-knockout (b) bone marrow—derived macrophages infected with retrovirus
containing wild-type or mutant Syk or DAP12, respectively, then plated on Valmark dishes
for 30-45 min; cell lysates were prepared and analyzed. (c) Flow cytometry for surface
expression of exogenous DAP12 on GFP* macrophages from a,b, detected by anti-Flag
staining. Data are representative of at least four independent experiments.
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