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Expressed on Myeloid Cells (TREM)-2 Signaling and
Macrophage Inflammatory Responses Independently of the
Linker for Activation of T Cells™
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Triggering receptor expressed on myeloid cells-2 (TREM-2)
is rapidly emerging as a key regulator of the innate immune
response via its regulation of macrophage inflammatory re-
sponses. Here we demonstrate that proximal TREM-2 signaling
parallels other DAP12-based receptor systems in its use of Syk
and Src-family kinases. However, we find that the linker for acti-
vation of T cells (LAT) is severely reduced as monocytes differ-
entiate into macrophages and that TREM-2 exclusively uses the
linker for activation of B cells (LAB encoded by the gene
Lat2™'7) to mediate downstream signaling. LAB is required for
TREM-2-mediated activation of Erk1/2 and dampens proximal
TREM-2 signals through a novel LAT-independent mechanism
resulting in macrophages with proinflammatory properties.
Thus, Lat2™’~ macrophages have increased TREM-2-induced
proximal phosphorylation, and lipopolysaccharide stimulation
of these cells leads to increased interleukin-10 (IL-10) and
decreased IL-12p40 production relative to wild type cells.
Together these data identify LAB as a critical, LAT-independent
regulator of TREM-2 signaling and macrophage development
capable of controlling subsequent inflammatory responses.

The triggering receptors expressed on myeloid cells
(TREM)? are a family of single immunoglobulin-like domain
containing receptors expressed on a variety of innate immune
cells of the myeloid lineage (1). In the mouse the TREM family
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genes form a loose cluster on chromosome 17 and include
Trem-1, -2, -3, and -4 (pDC-TREM), an uncharacterized
TREM, and TREM-like transcript (Treml-1 and -2). The
human gene cluster includes Trem-1 and -2, and Treml1, -2,
and -3. Of these genes the receptors encoded by Trem-1 and -2
are the best characterized to date. TREM-1 is selectively ex-
pressed by neutrophils and monocytes and is a potent amplifier
of pathogenesis associated with microbial sepsis (2, 3). TREM-1
ligation on neutrophils leads to secretion of IL-8 and myeloper-
oxidase, and co-engagement of TREM-1 during LPS stimula-
tion of monocytes synergistically enhances production of
TNFa and monocyte chemoattractant protein-1. Moreover,
inhibition of TREM-1 with soluble receptor protein, small
interfering RNA, or antagonistic peptides rescues mice from
microbial sepsis and can lessen the severity of experimentally
induced colitis (4). In contrast, TREM-2 is expressed on murine
macrophages, microglia, and osteoclasts and has been reported
to play a role in the maturation and survival of human dendritic
cells by inducing up-regulation of the chemokine receptor
CCRY7 (5).

Both TREM-1 and 2 associate with, and signal through
DAP12, an immunoreceptor tyrosine-based activation motif
(ITAM)-containing transmembrane adapter protein originally
identified as a 16-kDa tyrosine-phosphorylated protein in NK
cells functionally complexed with the non-inhibitory killer Ig-
like receptors in humans and their murine counterparts within
the Ly-49 gene family (6, 7). In addition to NK cells, DAP12
is expressed in a variety of other innate immune cells includ-
ing granulocytes, blood monocytes, macrophages, and den-
dritic cells where it is non-covalently associated with a vari-
ety of receptors including signal-regulatory protein (1,
myeloid DAP12-associating lectin 1, myeloid associated
immunoglobulin-like receptor II, CD200 receptor-like 3,
and paired immunoglobulin-like type 2 receptor 3 (8).

Supportive of the descriptions of TREM-1 as an amplifier of
the septic response, Turnbull et al. (9) described decreased
levels of plasma TNF« and IL-6, an attenuated acute phase
response, and increased survival during polymicrobial sepsis in
Dapl2~'~ mice. However, Hamerman et al. (9, 10) reported
that DAP12-deficient mice were more susceptible to p-galac-
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tosamine-sensitized endotoxic shock and that macrophages
from these mice showed increased TLR-induced production of
TNEF, IL-6, and IL-12p40. Moreover, these authors showed that
bone marrow macrophages also express a TREM-2 ligand and
that reconstitution of Dap12~'~ macrophages with a TREM-
2/DAP12 chimera restores normal inflammatory responses,
suggesting that the hyper-responsiveness of Dap12~'~ macro-
phages is due to a lack of TREM-2 signaling (10). This conclu-
sion was confirmed by the recent demonstration of increased in
vitro cytokine production in Trem-2~'~ macrophages (11, 12).

Taken together these findings suggest opposing roles for
TREM-1 and -2 during inflammation. Whereas TREM-1 on
monocytes and neutrophils acts to amplify the septic response
to facilitate the clearance of pathogens, TREM-2 on macro-
phages suppresses inflammatory responses perhaps to protect
the host from endotoxemia and facilitate tissue repair. Consis-
tent with a role for TREM-2 in regulation of anti-inflammatory
responses, its expression is induced during allergic inflamma-
tion, and the receptor is constitutively expressed by alveolar
macrophages. Moreover, alternative activation of resident
peritoneal macrophages by IL-4 leads to TREM-2 expression,
whereas interferon y and LPS rapidly down-regulate cell sur-
face expression (12). Last, soluble TREM-2 is found in the ce-
rebrospinal fluid of patients with multiple sclerosis, and the
development of experimental autoimmune encephalomyelitis
in mice is exacerbated by blockade of TREM-2 and muted by
administration of myeloid cells transduced with TREM-2
(13-15).

Given the profound importance of TREM-2 and DAP12 in
macrophage responsiveness, it is surprising that relatively little
is known about its downstream signaling mechanism in these
cells. In peripheral blood monocytes, engagement of TREM-1
stimulates rapid tyrosine phosphorylation of PLCy, intracellu-
lar calcium mobilization, and activation of the mitogen-acti-
vated protein kinase cascade (2). In macrophages, engagement
of DAP12-coupled signal-regulatory protein 8 promotes phago-
cytosis by inducing the DAP12-dependent tyrosine phosphor-
ylation of Syk, SLP-76, and the subsequent activation of mito-
gen-activated protein kinase (16). ITAM-mediated signals in T
cells rely on the adaptor linker for activation of T cells (LAT) to
translate proximal signals into downstream effects (17, 18). In
contrast, DAP12 in NK cells and the Fc receptor of mast cells
and monocytes use combinations of LAT and the related mol-
ecule, linker for activation in B cells (LAB), an adaptor encoded
by the gene Lat2™/~ that is also known as non-T cell activation
linker (NTAL) (19). In T cells, mast cells, and NK cells, LAB
negatively regulates signaling by disrupting the utilization of
LAT. In contrast, the mechanism of TREM-mediated macro-
phage regulation, including its potential use of LAT and/or
LAB, remains completely unknown.

Here we find that LAB is dramatically up-regulated during
differentiation of macrophages from blood monocytes, whereas
LAT expression falls. Accordingly, we find that LAB, and not
LAT, couples TREM-2/DAP12 signals to downstream events
in macrophages. Surprisingly, Lat2~'~ macrophages showed
enhanced TREM-2/DAP12-mediated phosphorylation of mul-
tiple substrates including Syk and the E3 ubiquitin ligase c-Cbl,
but this result was not due to increased usage of LAT. More-
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over, altered TREM-2 signaling in Lat2~’~ macrophages is
associated with increased IL-10 and decreased IL-12p40 pro-
duction after LPS stimulation in vitro. These data suggest that
by suppressing proximal TREM-2-mediated signals indepen-
dently of LAT, LAB regulates the host response during inflam-
mation by affecting functional responses of macrophages.

EXPERIMENTAL PROCEDURES

Mice, Cell Lines, and Culture of Bone Marrow-derived
Macrophages (BMM®)—Lat2~'~ mice, described previously
(20), have been backcrossed onto the C57Bl1/6 background for
at least 10 generations. For clarity, the product of the Lat2~/~
locus is here referred to as LAB. Lat2~’~ and control C57BL/6
mice of the same gender and age were maintained under spe-
cific pathogen-free conditions at the National Cancer Institute-
Frederick. Animal care was provided in accordance with the
procedures outlined in “A Guide for the Care and Use of Labo-
ratory Animals.” Ethical approval for the animal experimenta-
tion detailed in this article was received from the Institutional
Animal Care and Use Committee at the NCI-Frederick.
RAW264.7 macrophage (M®) cell line was maintained in RPMI
1640 medium containing 10% fetal bovine serum, 2 mm L-glu-
tamine, penicillin/streptomycin, HEPES, nonessential amino
acids, sodium pyruvate, and 2-mercaptoethanol. Immortalized
M® cell lines were established by infecting primary bone mar-
row cells with the J2 recombinant retrovirus as described (21).
Immortalized macrophage cell lines were maintained in Dul-
becco’s modified Eagle’s medium containing 10% fetal bovine
serum, L-glutamine, and antibiotics. BMM® were generated as
described previously (12). The macrophage origin of the cells
was confirmed by flow cytometry with antibodies against F4/80
(Caltag, Carlsbad, CA) and MAC-1, GR-1, major histocompat-
ibility complex class II (Ia”), and CD11c (BD Pharmingen).
TREM-2 expression was confirmed using anti-TREM-2. There
were no gross abnormalities between macrophages from WT
and Lat2~’~ mice.

Reagents and Antibodies—Convulxin (Cvx) was endotoxin-
tested using the Limulus amebocyte lysate method and was
measured at 0.078 enzyme units/ml (final concentration in
stimulations). GST fusion proteins were produced and purified
using established protocols. The GST-p85 SH2 fusion protein
was a kind gift from Dr. Tony Pawson (University of Toronto,
Toronto, Ontario, Canada), and the GST-Grb-2 SH2 (54 —164)
fusion protein was purchased from Santa Cruz (Santa Cruz,
CA). Piceatannol and PP2 were from Calbiochem, LPS (Esche-
richia coli 0111:B4) was from Sigma. The following antibodies
were used in these experiments: anti-LAT and anti-LAB mono-
clonal and polyclonal antibodies were as previously described
(22, 23), anti-phosphotyrosine (clone 4G10, Upstate Biotech-
nology, Lake Placid, NY), anti-Syk (Novus Biologicals, Littleton,
CO), anti-c-Cbl (sc-170), anti-PLCYy, anti-Csk (Santa Cruz),
anti-p85, anti-GST (Upstate Biotechnology), anti-actin
(Chemicon International, Temecula, CA), anti-phospho
DAP12 as previously described (24), anti-phospho Erk1/2, anti-
Erk1/2, anti-phosphoprotein kinase B (Cell Signaling Technol-
ogy, Beverley, MA), anti-TREM-2 as previously described (Ref.
12; a kind gift from Dr. Marco Colonna, Washington Univer-
sity, St. Louis, MO), goat anti-rat IgG (KPL, Gaithersburg, MD),
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FIGURE 1. Proximal TREM-2 signaling. A, whole cell lysates (WCL) from Cvx-stimulated chimera-expressing
RAW cells were immunoblotted (/B) with an anti-phosphotyrosine (clone 4G10) antibody. B, top, chimera
expressing RAW264.7 cells were treated for 30 min with various concentrations of the Src inhibitor PP2 as
indicated (right panel) or left untreated (left panel). Cells were stimulated with Cvx for the indicated times, and Syk
was immunoprecipitated, resolved via SDS-PAGE, and immunoblotted with anti-phosphotyrosine. Filters were rep-
robed with anti-Syk as indicated to demonstrate equal loading. B, bottom. BMM® of WT mice were stimulated for the
times indicated with TREM-2 monoclonal antibody, and Syk phosphorylation was assayed as above.
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FIGURE 2. Distal TREM-2 signaling events. A, chimera expressing RAW264.7 cells (left) or BMM® from WT mice
(right) were stimulated with 20 nm Cvx or anti-TREM-2, respectively, for the indicated times. Lysates were
immunoprecipitated (/P) with anti-c-Cbl and immunoblotted with anti-phosphotyrosine. Blots were stripped
and reprobed with an anti-c-Cbl. B, before stimulation with Cvx, chimera-expressing cells were treated for 30
min with 20 ug/ml piceatannol or 25 um PP2. Lysates were immunoprecipitated with an anti-c-Cbl and immu-
noblotted with an anti-phosphotyrosine. Blots were stripped and reprobed with anti-c-Cbl. C, chimera express-
ing RAW264.7 cells were stimulated with 20 nm Cvx as in A. Lysates were immunoblotted with an anti-phos-
phoprotein kinase B. Reprobing with anti-actin demonstrated equal loading. WCL, whole cell lysates.
D, chimera-expressing cells (left) or BMM® from WT mice (right) were stimulated as in A, and lysates were
immunoblotted with anti-phospho-Erk1/2. Blots were stripped and reprobed with anti-Erk1/2, as indicated.
Results are representative of at least two independent experiments.

limiting dilution, and characterized
by flow cytometry using the anti-
GPVI (HY101) antibody.
Macrophage Activation and Im-
munoprecipitation/GST Pulldown
Assay—Cells were harvested and
serum-starved for 30 min at 37 °C.
1 X 107 RAW cells were resus-
pended in 100 pl of DPBS and stim-
ulated at 37 °C with 20 nm Cvx for
the indicated times. M®/BMM®
were resuspended in 100 ul of DPBS
and placed on ice for 2 min.
TREM-2 antibody was added at a
concentration of 10 ug/1 X 107 cells
on ice for a further 30 min. Cells
were washed once with ice-cold
DPBS and resuspended in 100 ul of
DPBS which had been prewarmed
to 37 °C. A secondary goat anti-rat
antibody was added at a concentra-
tion of 10 ug/1 X 107 cells and
placed at 37°C for the indicated
times. Cells were lysed with radio-
immune precipitation assay lysis
buffer (0.5% deoxycholic acid, 1%
Triton X-100, 150 mm NaCl, 20 mm
Tris (pH 8), 5 mm EDTA, 0.4 mm
Na,VO,, aprotinin, leupeptin, and
phenylmethylsulfonyl fluoride) or
in some instances with laurylmal-
toside buffer (1% laurylmaltoside
in 20 mMm Tris (pH 7.5), 100 mm
NaCl, 10% glycerol, and protease
and phosphatase inhibitors as
above). Lysates were clarified by
centrifugation and precipitated as
described previously (27). Pro-
teins were separated using 4—12%
gels (Nupage, Invitrogen), trans-
ferred onto polyvinylidene difluo-
ride membranes (Millipore), and

anti-human glycoprotein VI (GPVI) (HY101) as previously
described (25) (a kind gift from Dr. Mark Kahn, University of
Pennsylvania).

Generation of the GPVI/DAPI2 Chimera—The GPVI/DAP12
chimera in pEF6 TOPO (Invitrogen) was generated by overlap-
ping PCR from human GPVI (26) and murine DAP12 (7) cDNA
templates using the following primers: hGPVI forward,
GGCGCGCCACCATGAGCCCATCCCCGACCGC; mDAP12/
hGPVI reverse, AGACCAGGCGTGCCAGAAACCCCGCC-
AGGATTAG; hGPVI/mDAP12 forward, GTTTCTGGCAC-
GCCTGGTCTCCCGAGGTCAAG; mDAP12 reverse, GGCGC-
GCCTCATCTGTAATATTGCCTCTGTG; R — L DAP12 TM
forward, CAACCTGGTCCTGATATGCCTCGG; R —LDAP12
TM, reverse, CCGAGGCATATGTCGACCAGGTTG. RAW
cells were transfected using the Lipofectamine reagent (Invitro-
gen) according to the manufacturer’s instructions, subcloned by
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analyzed by Western blot.

Raft Fractionation—Raft fractions were separated by sucrose
gradient ultracentrifugation as previously described (18).

LPS Stimulations and Cytokine Determination—BMMd¢
were stimulated with LPS (E. coli 0111:B4) for 24 h. Cell culture
supernatants were recovered and assayed for cytokine by
enzyme-linked immunosorbent assay (R&D Systems Inc., Min-
neapolis, MN) according to the manufacturer’s protocol.

RESULTS

Direct Stimulation of DAP12 in Macrophages—To investi-
gate TREM-2 signaling without interference from Fc receptor
or LPS effects, we generated a chimeric receptor by fusing the
extracellular and transmembrane regions of GPVI to the cyto-
plasmic tail of DAP12 using overlapping PCR (supplemental
Fig. 1A4). Stimulation of the GPVI/DAP12 chimeric receptor

S

VOLUME 285-NUMBER 5-JANUARY 29, 2010


http://www.jbc.org/cgi/content/full/M109.038398/DC1
http://www.jbc.org/cgi/content/full/M109.038398/DC1

>
- O
O m
3 = &  __bBMMy
o S o © !
= ™ om 1 >
v = 4 E X 9
0z & = 8 3
IP o-LAT
IB a-LAT
30 — IP a-LAB
25 — IB a-LAB
[0
B . B
>
S 3
o
: g
35 IP a-LAT
IB a-LAT
p IB o-LAB
C Raft Cytosol
Fracton#: 1 2 3 4 8 9 10 11
o
25 . IB o-LAB

= ¥ B o-Csk

FIGURE 3.LAT and LAB expression in monocytes and macrophages. Equal
amounts of protein derived from lysates of EL4 T cells, RAW264.7, Ba/F3 B
cells, WT, Lat™’~, and Lat2™’~ BMM® (A) or human monocytes or macro-
phages differentiated with M-CSF (B) were immunoprecipitated with anti-
LAT or anti-LAB antibodies as indicated. The corresponding immunoprecipi-
tates (IP) were subject to immunoblotting (/B) with anti-LAT or anti-LAB
monoclonal antibodies. C, detergent-insoluble raft fractions were isolated by
sucrose-density gradient ultracentrifugation from RAW264.7 lysates. Raft
fractions (1-4) and non-raft fractions (9-11) were immunoblotted with an
anti-LAB antibody or anti-Csk antibody. Results are representative of at least
two independent experiments. WCL, whole cell lysates.

expressed in RAW?264.7 macrophages (M®) (supplemental Fig.
1B) with the high affinity, multivalent, GPVI-specific, ligand
Cvx resulted in the rapid and transient phosphorylation of its
ITAM (supplemental Fig. 1C) and multiple substrates (Fig. 14).
Asin NK cells, Syk phosphorylation downstream of DAP12 was
dependent on Src kinase activity (Fig. 1B). Stimulation of pri-
mary BMM¢ with antibody to TREM-2 confirmed the involve-
ment of Syk downstream of TREM-2 in macrophages (Fig. 1B,
bottom).

Because DAP12-dependent signaling is known to lead to
phosphorylation of the E3 ubiquitin ligase c-Cbl in NK cells
(27), we next determined whether c-Cbl is downstream of
TREM-2 in macrophages. Using the GPVI/DAP12 chimera sys-
tem, we found that c-Cbl was rapidly tyrosine-phosphorylated
(Fig. 24, left). Similarly, we found that c-Cbl is rapidly phosphor-
ylated downstream of TREM-2 in primary macrophages (Fig.
2A, right) with peak phosphorylation occurring 1 min after
stimulation. Although the phosphorylation of c-Cbl was com-
pletely inhibited by the Src-specific inhibitor PP2, it was only
partially inhibited by the Syk inhibitor Piceatannol (Fig. 2B).
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FIGURE 4. LAB is tyrosine-phosphorylated downstream of TREM-2. A-C,
chimera expressing RAW264. 7 cells were stimulated for the indicated times
with 20 nm Cvx. A, pulldown assays were performed on postnuclear lysates
using Grb-2 SH2 domain fusion protein then immunoblotted (/B) with an
anti-phosphotyrosine. The same blot was stripped and reprobed with anti-
LAB antibody followed by anti-GST. B, Cvx-stimulated lysates were immuno-
precipitated (/P) with anti-LAB antibody and immunoblotted with an anti-
phosphotyrosine. The same blot was stripped and reprobed with an anti-LAB.
C, before stimulation with Cvx, samples were treated for 30 min with various
concentrations of the PP2 or piceatannol, as indicated. D, BMM® from WT
mice were stimulated for the times indicated by TREM-2 cross-linking. Lysates
were immunoprecipitated with anti-LAB antibody and immunoblotted with
an anti-phosphotyrosine. The same blots were stripped and reprobed
with an anti-LAB antibody. Results are representative of several indepen-
dent experiments.

More distally in the DAP12 pathway we found rapid and tran-
sient phosphorylation of protein kinase B/Akt, a marker of acti-
vation of the phosphatidylinositol 3-kinase pathway (Fig. 2C).
In addition we detected activation of the mitogen-activated
protein kinase pathway (Fig. 2D). Erk1/2 activation was again
confirmed in primary BMM® stimulated via anti-TREM-2
(Fig. 2D, right). Thus, our results suggest that our GPVI/DAP12
chimeric receptor system accurately recapitulates endogenous
DAP12 signaling, making it a powerful tool for further dissec-
tion of the TREM-2 pathway in macrophages.

LAB Expression Is Induced, and LAT Expression Is Suppressed
as Monocytes Differentiate into Macrophages or Dendritic Cells—
Many immune receptor systems use LAT and/or LAB to trans-
late proximal signals into downstream effects; therefore, we
examined the possibility that these proteins might be compo-
nents of the TREM-2 signaling cascade and as such may be
important in TREM-2-mediated regulation of macrophage TLR
responses. We found that whereas LAT could easily be
detected in EL4 T cells, only very low levels of the protein were
detected in the RAW264.7 macrophage line or in primary
BMM® (Fig. 3A). By comparison, we found LAB to be strongly
expressed in RAW?264.7 and BMM® relative to the Ba/F3 pro-B
cell line (Fig. 3A). Bone marrow-derived macrophages ex-
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FIGURE 5. LAB is present in a complex with p85 and c-Cbl after TREM-2 stimulation. A, GST pulldown
(PD) assays from Cvx-stimulated RAW264.7 cell lysates were performed using a p85 SH2 domain GST
fusion protein. Protein complexes were resolved by SDS-PAGE and immunoblotted (/B) with anti-phos-
photyrosine (top), anti-LAB antibody (middle), or anti-GST (bottom). B, after Cvx stimulation for the indi-
cated times lysates were precipitated with empty beads (lane 5) or GST-p85 SH2 (lanes 1-4). Complexes
were resolved as above and immunoblotted with anti-phosphotyrosine (top), anti-c-Cbl (middle), or anti-
GST (bottom). C, Cvx-stimulated lysates were subjected to three rounds of immunodepletion with anti-c-
Cbl. Cbl-depleted lysates were subsequently immunoprecipitated with either anti-p85 (top two panels) or
anti-c-Cbl (bottom two panels). Immunoblots were probed with anti-phosphotyrosine and then stripped
and reprobed with anti-p85 or anti-c-Cbl as appropriate. Results are representative of at least two inde-

pendent experiments.

pressed high levels of LAB but only barely detectable levels of
LAT (Fig. 3A, left). Moreover, our analysis demonstrated no
compensatory increases in either LAT or LAB when the other
adaptor was deleted (Fig. 34, right panel). In agreement with
previous reports, we found that purified human monocytes do
express LAT (Fig. 3B and Ref. 19). However, upon differentia-
tion of these cells into macrophages in vitro LAT was down-
regulated, and LAB expression increased (Fig. 3B). As expected,
LAB localization was largely restricted to the detergent-insolu-
ble lipid raft fractions of the plasma membrane, consistent with
a possible role in TREM-2 signaling, whereas the control cyto-
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4A). Direct immunoprecipitation
confirmed that LAB was in fact a
substrate for tyrosine phosphoryla-
tion downstream of the GPVI/
DAP12 chimera (Fig. 4B). The dose-
dependent inhibition of LAB
phosphorylation by inhibitors of
either Src or Syk placed it down-
stream of these kinases within the
signaling cascade (Fig. 4C). Impor-
tantly, LAB phosphorylation was
not observed in chimera expressing
RAW264.7 treated with LPS or in
control RAW?264.7 treated with Cvx
(data not shown).

Thus, we next sought to confirm
the direct involvement of LAB in
TREM-2 signaling in primary bone
marrow macrophages. To this end
we stimulated primary macrophages
with anti-TREM-2 antibody, immu-
noprecipitated LAB, and immuno-
blotted with antiphosphotyrosine.
These experiments confirmed the rapid and transient phos-
phorylation of LAB in response to TREM-2 engagement (Fig.
4D) and established LAB as a prominent, tyrosine-phosphoryl-
ated intermediary in macrophages.

LAB Is Present in a Complex with p85 That Includes c-Cbl—
c-Cbl can recruit the p85 adaptor subunit of phosphatidylino-
sitol 3-kinase (PI3K) in macrophages/osteoclasts and positively
influence PI3K activation (28). Moreover, LAB has been dem-
onstrated to interact with c-Cbl in the monocytic cell line
THP-1. Therefore, we examined the possibility that there is a
complex formed between LAB, c-Cbl, and p85 downstream of
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FIGURE 6. LAB re?ulates TREM-2 signaling in macrophages independently of LAT. A, immortalized M®
from WT or Lat2™’~ mice were stimulated by TREM-2 cross-linking for the times indicated. Equal amounts of
protein were immunoblotted (/B) with anti-phosphotyrosine. WCL, whole cell lysates. B, lysates as in A were
immunoprecipitated (/P) with anti-Syk and immunoblotted with an anti-phosphotyrosine. The same blot was
stripped and reprobed with an anti-Syk. Results are representative of at least three independent experiments.
C, equal amounts of protein from TREM-2-stimulated lysates of BMM® from WT or Lat2~’~ mice were immu-
noprecipitated with anti-LAB or anti-LAT antibodies. Blots were probed with anti-phosphotyrosine, and both
panels shown here are from the same exposure. D, immortalized M® from WT and Lat2~/~ mice were stimu-
lated with TREM-2 and immunoblotted with an anti-phospho Erk1/2 antibody. The same blot was stripped and
reprobed with anti- Erk1/2. Results are representative of at least two independent experiments. £, BMM®

not shown); however, surprisingly,
we observed enhanced tyrosine
phosphorylation of a number of
substrates in lysates from TREM-2-
stimulated Lat2~'~ cells compared
with WT cells (Fig. 64). Notably,
immunoprecipitation of Syk from
WT and Lat2~’~ cells revealed that
TREM-2-dependent phosphoryla-
tion of this kinase was dramatically
increased in cells lacking LAB (Fig.
6B). In addition, total levels of Syk
protein were slightly up-regulated
in the absence of LAB. Taken
together, these data highlight LAB
as a major negative regulator of
proximal TREM-2 signaling in
macrophages. Consistent with the
relative lack of LAT protein expres-
sion in macrophages, we could not
detect its TREM-2-inducible phos-
phorylation, even in Lat2™/~
BMMd¢, whereas significant LAB
phosphorylation in WT BMM¢ was
observed under the same conditions
(Fig. 6C). Further strengthening our
contention that LAT does not con-
tribute to TREM-2 signaling in
macrophages, Erk1/2 phosphoryla-
tion was not intact in the Lat2™/~
M® cell line or in Lat2~'~ primary
BMM® (Fig. 6, D and E, respec-
tively). Taken together, these data
suggest that in macrophages LAB is
a potent negative regulator of
TREM-2-induced proximal tyro-
sine phosphorylation via a mecha-
nism independent of LAT but is
required for efficient activation of

derived from WT or Lat2~/~ mice were assayed for Erk1/2 activation as in D.

TREM-2/DAP12. Indeed we observed the inducible association
of tyrosine-phosphorylated LAB with a p85 SH2 domain fusion
protein (Fig. 54). A number of other tyrosine-phosphorylated
bands were prominent in the Cvx stimulated p85 pulldown
assays, one of which we subsequently identified as c-Cbl (Fig.
5B). Consistent with a ¢-Cbl/p85 co-association, a tyrosine-
phosphorylated band corresponding to the approximate size of
c-Cbl was observed in p85 immunoprecipitates, and this band
was eliminated by c-Cbl depletion (Fig. 5C). Thus, LAB nucle-
ates a complex that contains both phosphatidylinositol 3-ki-
nase and c-Cbl.

LAB Suppresses TREM-2 Signaling in Macrophages Indepen-
dently of the Regulation of LAT Usage—We next examined the
effects of LAB deficiency on TREM-2 signaling by deriving
immortalized M® cell lines from wild type C57Bl/6 mice (WT)
and Lat2~'~ (the gene encoding LAB/NTAL) mice. These lines
expressed comparable levels of TREM-2 on their surface (data
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Erk.

Enhanced c-Cbl Phosphorylation
in the Absence of LAB—To examine the effect of LAB deficiency
on c-Cbl phosphorylation, we utilized our M® cell lines from
WT and Lat2~'~ mice. We found that TREM-2 cross-linking
caused much higher levels of c-Cbl tyrosine phosphorylation in
LAB-deficient cells as compared with WT macrophages (Fig.
7A). Consistent with this result we also observed increased
Cvx-induced c-Cbl phosphorylation after small interfering
RNA knockdown of LAB in GPVI/DAP12 chimera-expressing
RAW264.7 cells (data not shown). Last, we detected signifi-
cantly increased TREM-2-mediated c-Cbl phosphorylation in
primary BMM¢ from Lat2~’~ null mice (Fig. 7B). Consistent
with the c-Cbl-p85-LAB complex we detected above (see Fig. 5),
we also found a marked increase in TREM-2-mediated tyrosine
phosphorylation of the p85 co-immunoprecipitating band we
had previously determined to be c-Cbl (Fig. 7C), whereas the
absence of LAB appears to have no affect on PLC7y phosphory-
lation (Fig. 7D). Together these findings suggest that the altered
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system (supplemental Fig. 2). These

Lat2-/- assays also demonstrated that
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TREM-2 signaling of Lat2™/~ macrophages leads to higher
c-Cbl phosphorylation and increased association of c-Cbl with
the p85 subunit of phosphatidylinositol 3-kinase.

LAB Differentially Regulates the Production of IL-10 and
IL-12p40—Recent studies have suggested that through its
interaction with an endogenous ligand expressed on bone mar-
row-derived macrophages, TREM-2 suppresses TLR-mediated
production of TNFe, IL-6, and IL-12p40 (9-12). The altered
TREM-2 signaling we found in Lat2™/~ macrophages
prompted us to investigate LPS-induced responses in these
cells. In contrast to the reduced levels of TREM-2-induced Erk
phosphorylation we detected in the absence of LAB, LPS-stim-
ulated activation of Erk1/2 was increased in Lat2~ '~ BMM®
compared with WT cells (Fig. 84). Engagement of TLR-5 by
flagellin also resulted in increased Erk phosphorylation in
Lat2~'~ macrophages relative to WT cells (data not shown).

Consistent with increased LPS-induced Erk activation, LPS-
induced IL-10 production by Lat2~/~ BMM® was also
increased compared with WT cells. In contrast, production of
IL-12p40 was substantially decreased in the absence of LAB.
Interestingly, TNFa production by Lat2~'~ macrophages was
comparable with that of WT cells, suggesting that the enhanced
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IP a-PLCy

FIGURE 7. Enhanced c-Cbl phosphorylation in the absence of LAB. A, immortalized M® from WT and
Lat2~’~ mice were stimulated by TREM-2 cross-linking for the indicated times. Lysates were immunoprecipi-
tated (IP) with an anti-LAB polyclonal antibody (/eft) or an anti-c-Cbl antibody (right). Immunoblots (/B) were
probed with anti-phosphotyrosine, anti-LAB, or anti-c-Cbl as indicated. B, BMM® from the indicated strain
were stimulated, immunoprecipitated, and immunoblotted as in A. G, lysates from TREM-2-stimulated immor-
talized M® were immunoprecipitated with an anti-p85 and immunoblotted with an anti-phosphotyrosine. The
same blot was stripped and reprobed with an anti-p85. D, lysates from TREM-2-stimulated immortalized M®
were immunoprecipitated with an anti-PLCy and immunoblotted with an anti-phosphotyrosine. The same
blot was stripped and reprobed with an anti-PLCy. Results are representative of several independent

Lat2™'~ cells (data not shown).

DISCUSSION

Preferential Use of LAB in
Macrophages—W'e and others have
described the importance of LAT
downstream of DAP12 in NK cell
activation, suggesting it may also be
involved in TREM-2-mediated sig-
naling (29). Moreover, LAT phos-
phorylation has been demonstrated
after ligation of ITAM-coupled Fc
receptors in human monocytes (19). Although we could detect
LAT expression in human monocytes, we found that its expres-
sion was markedly down-regulated upon in vitro differentiation
into macrophages. Similarly, we could detect only weak LAT
expression in the RAW?264.7 M® cell line or in primary murine
BMM®. In contrast, the LAT homologous protein, LAB, was
poorly expressed in monocytes, and its expression was dramat-
ically up-regulated upon differentiation to macrophages.

Similar to LAT, LAB contains a membrane proximal palmi-
toylation motif and has a cytoplasmic tail with several highly
conserved tyrosine residues that, upon phosphorylation, facili-
tate binding of Grb-2. However unlike LAT, LAB does not bind
directly to PLCYy, suggesting that LAB-mediated signaling is
qualitatively distinct from signaling cassettes dependent on
LAT (22, 30, 31). Thus, whereas LAT may be important in
blood monocytes and NK cells, LAB is the primary adaptor
protein expressed in macrophages. Because murine bone mar-
row macrophages express predominately TREM-2 rather than
TREM-1, our findings suggest that adaptor cassettes may be
intentionally regulated in concordance with the TREM recep-
tor systems (data not shown). This coordinated regulation may
assure the functional coupling of TREM-1 on monocytes spe-
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FIGURE 8. LAB differentially regulates production of IL-10 and IL-12p40
by macrophages. A, BMM® from WT and Lat2~’~ mice were stimulated for
theindicated times with LPS, and phospho-Erk was assessed by immunoblot-
ting (IB) whole cell lysates. B, BMM® from WT and Lat2~’~ mice were stimu-
lated for 24 h with various concentrations of LPS as indicated. Supernatants
were quantified for IL-10, IL-12p40, and TNFa by enzyme-linked immunosor-
bent assay. Black bars represent WT, and gray bars represent Lat2~’~. Results
are representative of at least three independent experiments with a pool of
three mice in each.

cifically to LAT, whereas the TREM-2 of macrophages signals
through LAB.

Negative Regulation of TREM-2 Signaling by LAB Indepen-
dent of the Use of LAT—The utilization of LAB by TREM-2 is
intriguing given recent studies suggesting that LAB can nega-
tively regulate ITAM-driven signaling (20, 32). In LAB-defi-
cient Mast cells, FceRI-stimulated calcium mobilization, de-
granulation, and cytokine production is enhanced. Notably,
mast cells express both LAT and LAB, and the inhibitory role of
LAB has been suggested to result from its competition with
LAT for position within lipid rafts. Consistent with this view, in
the absence of LAB, more LAT is partitioned into lipid rafts,
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where it is more highly phosphorylated and consequently more
efficient at propagating downstream signaling.

Here we show that LAB is a potent negative regulator of
proximal TREM-2 signaling through a LAT-independent
mechanism. Evidence in support of this conclusion is two-fold.
First, there is no compensatory increase in LAT expression, nor
were we able to detect TREM-2-mediated LAT phosphoryla-
tion even in Lat2~’~ macrophages. Second, Erk1/2 phosphor-
ylation via TREM-2 was diminished in the absence of LAB,
whereas we would expect mitogen-activated protein kinase
activation to be intact, if not elevated, if LAT was able to deliver
a competent signal in these cells (20). Thus, from our data it
appears that LAB negatively modulates proximal TREM-2 sig-
naling via mechanisms other than through competition with
LAT. Moreover, our data suggest that LAB is critical for effi-
cient TREM-2-mediated activation of Erk.

So how might LAB regulate TREM signaling in a cell that
lacks LAT? In Lat2~’~ macrophages, the dramatic enhance-
ment of Syk phosphorylation together with increased Syk pro-
tein levels suggests that LAB acts proximally in the TREM-2
pathway perhaps via regulation of Syk itself. The E3-ubiquitin
ligase c-Cbl has a well established role as a negative regulator of
protein-tyrosine kinases including Src and Syk, both early com-
ponents of the TREM-2 pathway (33, 34). Indeed by virtue of its
interaction with LAB in TREM-2-stimulated macrophages,
c-Cbl would be placed in a prime position to regulate proximal
signaling events such as the activation of Syk. Thus, our data
suggest that upon engagement of TREM-2, LAB is phosphory-
lated by receptor-associated Syk. Phosphorylated LAB then acts
as the docking site for Grb-2, facilitating the activation of
Erk1/2 and the recruitment of c-Cbl. c-Cbl in turn down-regu-
lates proximal TREM-2 signals including the activation of Syk.
Such a model is supported by previous data suggesting that in
monocytes and B cells LAB can interact with c-Cbl and is itself
ubiquitinated in these cells (31).

Anti-inflammatory Responses of Lat2~’~ Macrophages—
Macrophages developing in culture express both TREM-2 and
an as yet unidentified TREM-2 ligand. Thus, it has been sug-
gested that this presumably low affinity, cis-interaction delivers
a tonic TREM-2 signal that in wild type mice reduces their
responses to subsequent TLR stimulation (10, 12). In addition,
it has been demonstrated that TLR stimulation, when delivered
together with potent Erk activation via the ITAM FcyRI vy
chain, results in an alternative state of macrophage activation.
Characteristics of alternatively activated macrophages include
relatively high production of IL-10 and relatively low produc-
tion of IL-12p40; TNFa« levels are comparable with classically
activated macrophages (35). Indeed, we found that LAB™/~
macrophages do exhibit an apparent alternative activation pro-
file when stimulated with LPS in vitro. The higher production
of IL-10 by LPS-stimulated LAB~/~ macrophages is consistent
with the increased Erk1/2 activation we detect after stimulation
by either TLR4 (Fig. 8) or TLR5 (data not shown) (36). Although
the exact mechanism responsible for enhanced TLR-mediated
Erk activation in Lat2~/~ macrophages remains unknown, one
possibility is that in WT macrophages, continuous TREM-2
signaling may prevent efficient subsequent activation by TLR.
In Lat2~'~ cells TREM-2 cannot efficiently activate Erk, result-
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ing in a resting pool of Erk1/2 poised for activation by TLR-
mediated signaling pathways. Nonetheless, it appears that
accentuated TLR-mediated Erk activation results in production
of IL-10 at the expense of IL-12p40 in Lat2~’~ macrophages.

IL-10 is a critical regulator in murine models of acute endo-
toxic shock through the suppression of multiple macrophage
functions including the LPS-induced production of TNFq,
IL-1, IL-6, and IL-12 (37-39). Therefore, although our data do
not definitively implicate LAB-mediated regulation specifically
of TREM-2 as the cause of the altered macrophage phenotype,
our findings support such a model. We propose that deregu-
lated TREM-2 signaling in Lat2~'~ mice results in altered mac-
rophage cytokine responses during LPS-priming, shifting the
cytokine balance from IL-12 toward IL-10 production, weaker
priming, and reduced subsequent inflammatory responses.
These data are in accordance with the reported higher IL-10
production of TREM-2-transduced myeloid cells (40).

The skewed cytokine responses of Lat2~’~ macrophages we
report here contrast with a recent study suggesting enhanced
TREM-1-induced TNFa and IL-8 production in monocyte cell
lines where LAB expression had been suppressed by small
interfering RNA (41). These authors also detected increased
TREM-1 induced Erk1/2 activation in LAB knockdown mono-
cytes, whereas we find clear reductions in TREM-2-medated
Erk activation in Lat2~’~ macrophages. Given our finding of
dramatic differences in LAT and LAB expression in monocytes
relative to macrophages, we suggest that these discrepancies
may not be due to inherent differences in the specific receptors
engaged; TREM-1 in the previous work versus TREM-2 here.
Instead, we suggest that the observed differences reflect our use
of macrophages rather than pro-monocytic cell lines, the for-
mer being exclusively dependent on LAB. Contrasts such as
these, however, underscore the complexity inherent in TREM
signaling where both receptors and intracellular signaling com-
ponents are regulated during myeloid differentiation. The data
we present here suggest that this complex regulation is likely
critical for the specific tuning of monocyte and macrophage
responses during inflammatory responses.
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