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Abstract

Phagocytosis is a pivotal process by which macrophages eliminate microorganisms after
recognition by pathogen sensors. Here we unexpectedly found that the self ligand and cell surface
receptor SLAM functioned not only as a costimulatory molecule but also as a microbial sensor
that controlled the killing of Gram-negative bacteria by macrophages. SLAM regulated activity of
the NADPH oxidase NOX2 complex and phagolysosomal maturation after entering the
phagosome, following interaction with the bacterial outer membrane proteins OmpC and OmpF.
SLAM recruited a complex containing the intracellular class 111 phosphatidylinositol kinase
Vps34, its regulatory protein kinase Vps15 and the autophagy-associated molecule beclin-1 to the
phagosome, which was responsible for inducing the accumulation of phosphatidylinositol-3-
phosphate, a regulator of both NOX2 function and phagosomal or endosomal fusion. Thus, SLAM
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connects the Gram-negative bacterial phagosome to ubiquitous cellular machinery responsible for
the control of bacterial killing.

Diverse macrophage receptors act together to recognize bacteria via conserved structures on
the bacterial surface and facilitate phagocytosis and/or signaling that initiates the innate
immune response and triggers subsequent activation of adaptive immunity. These bacterial
receptors include scavenger receptors, C-type lectins, integrins, Toll-like receptors (TLRS)
and Siglec proteins, which recognize conserved bacterial moieties ranging from
lipopolysaccharide (LPS) on Gram-negative bacteria to peptidoglycan and lipoteichoic acid
on Gram-positive bacterial. Many of these receptors are somewhat promiscuous,
recognizing multiple ligands with varying degrees of specificity and affinity2. Whether and
how these macrophage cell surface receptors, some of which enter the phagosome, control
key steps in microbicidal functions, such as the production of reactive oxygen species or
phagolysosomal fusion, is not well understood at present.

Receptors of the signaling lymphocyte-activation molecule family (SLAMF), encoded by
Slamfi-Slamf9in the mouse, are adhesion molecules on the surface of most hematopoietic
cells that serve as costimulatory molecules that initiate distinct signal-transduction networks
in T cells, natural killer cells and antigen-presenting cells34. Both functional and structural
studies have demonstrated that the ectodomains of the SLAMF receptors are homophilic or
self ligand receptors, except SLAMF2 (CD48), which uses both SLAMF4 (CD244) and
CD2 as its counter-ligands. These receptors not only operate as costimulatory molecules in
the adaptive immune system but also participate in lineage-commitment steps of
hematopoiesis and natural killer T cell development, as well as in the functional regulation
of natural killer cells, neutrophils, dendritic cells, macrophages and platelets3. In addition,
SLAM (SLAMF1; CD150) is a receptor for measles virus®.

As most SLAMF receptors are expressed on the surface of myeloid cells, we decided to
examine the role of SLAMEF receptors in innate immune responses other than natural killer
cell functions. This idea was supported by several studies of the role of SLAM receptors in
responses to bacteria or bacterial components®.7. In this report we show that SLAM
(SLAMF1) had a role in innate immune responses to inoculation with Escherichia colior an
attenuated Salmonella typhimurium strain negative for production of the Sa/lmonella
pathogenicity island 2 type Il secretion system SseB protein (SseB™) by regulating
bacteriocidal activity in the phagosome of macrophages. After interaction with £. colj,
SLAM entered the bacterial phagosome, where it mobilized a ubiquitous enzyme complex
involved in organelle fusion through the production of phosphatidylinositol-3-phosphate
(PtdIns(3)P)8. Because PtdIns(3)P also regulates the activity of the NADPH oxidase
(NOX2) complex in phagosomes, SLAM-deficient macrophages killed inefficiently. Thus,
SLAM is not only a self ligand and a receptor for measles virus but also a bacterial sensor
that, like some TLRs, regulates intracellular enzyme activities involved in the removal of
Gram-negative bacteria.

RESULTS

Inefficient killing by SLAM-deficient macrophages

As SLAM is expressed on the surface of macrophages and because SLAM is involved in the
regulation of cytokine secretion by human and mouse macrophages and dendritic cells37,
we set out to evaluate a possible role for SLAM in innate immune responses. We therefore
inoculated mice with double knockout of SLAM and recombination-activating gene 1
(Slamf1™'~ Rag1™~ mice) with a 1:1 mixture of the attenuated S. typhimurium SseB strain®
and virulent wild-type S. typhimurium strain 14028s. At 48 h after infection, the double-
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knockout mice cleared neither bacteria, as judged by strain-selective bacterial counts in the
spleen (Fig. 1a). In contrast, SlamfI*'* Rag1~'~ mice cleared the attenuated strain but not the
wild-type bacteria (Fig. 1a). This weakened innate immune response of the double-knockout
mice was reflected in the impaired clearing of the same attenuated S. typhimurium SseB~
strain by S/amf1~/~ mice but not SLAM-sufficient wild-type mice (Fig. 1b).

The inefficient responses of the mutant mice to bacterial inoculation were caused by
defective killing of nonopsonized S. typhimurium SseB~ by Slamf1~'~ macrophages, as
determined by gentamicin killing assays (Fig. 1c). Whereas killing of £. coliwas also
impaired (Fig. 1d), we observed no defect in the response to Gram-positive S. aureus (Fig.
1e). The differences in macrophage killing could not be attributed to an obvious defect in
bacterial uptake because we found no difference between mutant and wild-type killing at
early time points of the gentamicin assay (Fig. 1c,d). In addition, we found no difference
between wild-type and mutant macrophages in a cytofluorometry-based phagocytosis assay
with S. typhimurium SseB™ or E. coli expressing enhanced green fluorescent protein (eGFP;
Fig. 1f). We excluded the possibility of developmental defects (Supplementary Fig. 1) or an
influence of the genetic background of the mutant mice (Supplementary Fig. 2) because
Slamf1*™* and Slamf1~'~ macrophages had no difference in their expression of cell surface
markers (Supplementary Fig. 1) and because the killing of £, coliby Slamf1~'~ C57BL/6
(B6) and Slamf1~'~ BALB/c macrophages was equally impaired (Supplementary Fig. 2).
The latter finding was not unexpected, as both S/amf1~"~ BALB/c and S/amf1~'~ B6 mice
contain the SLAMF haplotype Il Slamfi-Slamf7 locus?, derived from the original 129
embryonic stem cells’ (Supplementary Figs. 3 and 4). Thus, the cell surface receptor SLAM
positively regulates the killing of Gram-negative bacteria by macrophages.

SLAM regulates NOX2 activity in E. coli-containing phagosomes

One of the key mechanisms by which phagocytes can kill bacteria uses the NOX2 enzyme
complex, composed of the plasma membrane—bound proteins p22Pho% and gp91P"°X and the
cytosolic proteins p40PhoX p47PhoX nE7PNoX Rac 1 and Rac 2, which are recruited to the
membrane complexC. In macrophages, the active NOX2 enzyme in the phagosomal
membrane is responsible for the reduction of O, to O,~, which is further converted in the
lumen of the phagosome to superoxide. By using the chemiluminescence detector lucigenin®
to detect the production of superoxide in the cell, we found that primary Slamf1=-
macrophages produced less reactive oxygen in response to £. colithan did wild-type
macrophages (Fig. 2a and Supplementary Fig. 5). In contrast, NOX2 activity induced by S.
aureus was not affected in the SLAM-deficient macrophages. Thus, SLAM is a positive
regulator of NOX2 activity in macrophages. We confirmed that with the finding that in
response to £. coli, NOX2 activity was greater in Slamfi-transfected RAW264.7 mouse
macrophages (Supplementary Fig. 6), which themselves are SLAM deficient.

To test the hypothesis that SLAM specifically regulates NOX2 activity in the lumen of
Gram-negative phagosomes, we compared the pH of £. coli~ and S. aureus-containing
phagosomes in freshly isolated macrophages. The fluorescence assay we used is based on
the principle that conversion of the reactive oxygen species that are produced by active
NOX2 to HO, and H,0O, consumes protons, which enter the phagosome via a proton
pumplL. Thus, impairment in the activity of the NOX2 enzyme would result in less proton
consumption in the bacterial phagosome and the pH would be lowered more rapidly!2. To
test that idea, we used the pH-sensitive dye pHrodo?3, coupled to the outer surface of either
E. colior S. aureus, to monitor the decrease in pH in bacterial phagosomes by
cytofluorometry.

Indeed, the £, coli-containing phagosomes acidified more rapidly in S/amfI~"~ macrophages
than in wild-type macrophages. In fact, acidification in the S/amf1~~ macrophage—derived
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phagosomes was similar to that of phagosomes from mice deficient in the gp91Phox
component of NOX2 (Cybb~; called ‘gp91phox™'=" here; Fig. 2b). In contrast, acidification
of the S. aureus-containing phagosomes took place at the same rate in S/amfZ~'~ and wild-
type macrophages, whereas the pH was lower in the S. aureus-containing phagosomes from
gp91phox™'~ mice (Fig. 2b). Thus, the defective function of NOX2 in Slamf1/~
macrophages resided in the £. co/i~containing phagosomes.

One plausible explanation for the specificity for £. coli could be that the impaired NOX2
response by S/amfI~'~ macrophages involves an indirect response to lipopolysaccharide
(LPS) due to a convergence of SLAM- and TLR4-induced signal-transduction networks.
However, NOX2 activation by LPS was impaired only in TLR4-deficient macrophages, not
in primary S/amfI~'~ macrophages (Fig. 2c). Predictably, NOX2 responses by macrophages
to peptidoglycan or the phorbol ester PMA were not affected by SLAM deficiency (Fig. 2c).
We conclude that SLAM positively regulates the function of NOX2 in E. col~containing
phagosomes but not in S. aureus-containing phagosomes.

Delayed maturation in the absence of SLAM

Because lysosomal enzymes contribute to the elimination of bacteria by macrophages!?, we
assessed whether phagolysosomal maturation was dysregulated in the absence of SLAM.
For this, we transfected primary macrophages with LAMP-1 (an established lysosomal
marker) conjugated to red fluorescent protein (RFP) and initiated phagocytosis of eGFP-
expressing £. coli (E. col-eGFP) or S. aureus (S. aureus-eGFP). When we evaluated the
staining of £. coli~containing phagosomes with RFP-conjugated LAMP-1 by fluorescence
microscopy, we observed a quantitative delay in the recruitment of LAMP-1 in Slamf1~
macrophages relative to its recruitment in wild-type cells. In contrast, we found no
difference in the recruitment of LAMP-1 to S. aureus-containing phagosomes in wild-type
or Slamf1~'~ macrophages (Fig. 3a). Thus, consistent with the impaired bacterial killing and
diminished NOX2 activity, the maturation of phagosomes containing £. col/i, but that of not
those containing S. aureus, was affected by the absence of SLAM in macrophages.

We confirmed a role for SLAM in phagolysosomal maturation by analyzing phagosomes
isolated by sucrose-gradient flotation1®. We initiated phagocytosis by adding 3-um
polystyrene beads coated with a crude preparation of £. coli outer membrane extracts to
mock-transfeted or S/amfI-transfected RAW?264.7 macrophages. At various times (30, 60 or
120 min) after the initiation of phagocytosis, we isolated the organelles on the basis of bead
buoyancy. Phagosomes purified from SLAM* macrophages had more LAMP-1 at 60 and
120 min after the initiation of phagocytosis than did those isolated from mock- transfected
macrophages (Fig. 3b).

In the next set of experiments we used a second phagolysosomal marker: eGFP-tagged
major histocompatibility complex (MHC) class Il. We compared phagosomal maturation in
macrophages from a reporter mouse in which the gene encoding MHC class 11 is replaced
with a version that encodes MHC class I tagged with eGFP (MHC class 11-eGFP)16 with
that of the progeny of MHC class Il-eGFP mice crossed with Slamf1~'~ mice (Slamf1™~
MHC class 11-eGFP mice). We allowed primary macrophages to phagocytose 3-um
polystyrene beads coated with a crude preparation of £. coli outer membrane extracts and
monitored translocation to phagolysosomes by confocal microscopy. We detected
considerably fewer MHC class I1-positive phagolysosomes in Sfamf1~/~ MHC class 11-GFP
macrophages than in wild-type MHC class I1-GFP macrophages 60 min after initiation of
phagocytosis (Fig. 3c). However, we observed no difference 120 min after the initiation of
phagocytosis (data not shown). This confirmed that trafficking of cargo to the
phagolysosome was delayed in the absence of SLAM.
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As an alternative approach to determining the arrival of cargo in the phagolysosome, we
loaded lysosomes with Texas red—dextran before initiating phagocytosis with coated 3-pm
polystyrene beads. We quantified colocalization of the beads and Texas red at various time
points by fluorescence microscopy. Whereas Slamif1** macrophages contained coated
beads in the dextran-loaded lysosomes 60 min after the initiation of phagocytosis, we
detected only a small number of beads in S/amf1~/~ lysosomes (Fig. 3d).

The consequence of the absence of SLAM was already detectable at an earlier stage of
phagosome maturation, as recruitment of the tethering molecule EEA1 and the small
GTPase Rab5.GTP17:18 was delayed, as judged by quantitative fluorescence microscopy
(Fig. 4). The specificity of the role of SLAM in bacterial phagosomal maturation was further
emphasized by the finding that SLAM deficiency had no effect on the formation of
transferrin-loaded recycling endosomes or the formation of low-density lipoprotein—
endolysosomes, which are dependent on fusion events involving EEAL (Supplementary
Figs. 7 and 8). We observed the delay in phagosomal maturation, as judged by Rab5
localization, in primary macrophages from both Slamf1~'~ BALB/c mice and Slamf1~'~ B6
mice (Supplementary Fig. 9), and this defect was not caused by the impaired NOX2 function
itself, because gp91P"°X_deficient and p40PhoX-deficient macrophages had a normal
phagolysosomal maturation (data not shown). Together, the outcomes of these experimental
approaches demonstrate that both NOX2 activity in the £. col~containing phagosome and
the progression of phagolysomal maturation are positively controlled by the cell surface
receptor SLAM.

Entry of SLAM into E. coli-containing phagosomes

Because of its effect on two key microbicidal phagosomal processes, we reasoned that any
SLAM-dependent mechanism(s) would require entry of SLAM into the Gram-negative
phagosome. To test our hypothesis, we first transfected SLAM-deficient RAW264.7
macrophages with cDNA encoding a fusion protein of SLAM and the red fluorescent protein
mCherry (SLAM-mCherry) before phagocytosis of £. coli~eGFP or S. aureus-eGFP.
Quantitative fluorescence microscopy demonstrated that SLAM-mCherry localized together
with £. coli~eGFP but not with S. aureus-eGFP in transfectant cells (Fig. 5a). Furthermore,
we also detected SLAM in phagosomes isolated from SLAM-transfected RAW?264.7
macrophages (Fig. 5b). These observations demonstrate that SLAM enters the phagosome
with the same degree of specificity as its regulation of microbicidal activity (Figs. 2 and 3).

SLAM recognizes bacterial OmpC and/or OmpF

Because the deletion of SLAM affected £. coli-related phagosomal events, we reasoned that
SLAM recognizes a surface component of the bacterium. To test our hypothesis, we
developed a sensitive signal-amplification assay in which we transfected a fusion protein of
the mouse SLAM ectodomain and the intracellular region of human CD3( into Jurkat
human T cells together with a luciferase reporter driven by the promoter of the gene
encoding interleukin 2. With this cell-surface based assay we determined that SLAM
recognized both E. coliand S. typhimurium SseB~ (Fig. 6a). In contrast, S. aureus did not
induce a response above the background response caused by homophilic SLAM-SLAM
interactions. We confirmed the specificity of the direct interaction of SLAM with E. coliby
two experiments: first, recognition of £. coli was abolished after removal of the N-terminal
ecto-domain (immunoglobulin V) of SLAM (Fig. 6b and Supplementary Fig. 10); and
second, two monoclonal antibodies directed against SLAM9 blocked the response to £. coli
(Fig. 6¢ and data not shown). Recognition of these Gram-negative bacteria was independent
of LPS binding because Jurkat cells do not express TLR4. Furthermore, in response to £.
coli, TLR4-deficient macrophages are not impaired in phagocytosis?® or NOX2 function®.

Nat Immunol. Author manuscript; available in PMC 2012 April 27.
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Additionally, SLAM does not directly bind to LPS because NOX2 activation by LPS was
identical in primary macrophages from wild-type and S/amf1~'~ mice (Fig. 2c).

To determine which component of the £. coli outer membrane might be involved in
recognition by SLAM, we analyzed the crude £. co/f membrane extract used for coating the
polystyrene beads in the phagocytosis assays (Figs. 3-5). Nonquantitative mass
spectrometry—based analyses indicated that the outer membrane porins were principal
components of the preparation used (data not shown). We therefore determined whether
SLAM recognized E. coli mutants lacking one or more of the £. coli outer membrane porins.
We found that an £. coli mutant (HN705) lacking both of the outer membrane porins OmpC
and OmpF was not recognized by SLAM, whereas £. coli mutants lacking either OmpC or
OmpF were partially recognized (Fig. 6d). In contrast, many other E. coli variants or
mutants were recognized by SLAM (Supplementary Fig. 11). The most plausible
explanation for these observations is that the membrane-distal SLAM ectodomain binds to
one or more of the extracellular loops of OmpC and OmpF, which have similar sequences?!
(Supplementary Fig. 12).

To evaluate the role of OmpC in a SLAM-dependent physiological process, we used
purified OmpC to induce NOX2 activity in SLAM-deficient and SLAM-sufficient primary
macrophages (Fig. 2c). Indeed, SLAM deficiency resulted in a lower NOX2 response to the
purified protein, which indicated a relationship between SLAM function and this bacterial
component. In contrast, NOX2 responses in macrophages to LPS, peptidoglycan, CpG (a
TLR9 ligand) or PMA were not affected by the alteration of SLAM (Fig. 2¢c and data not
shown). Additionally, we made use of the HN705 £. co/i mutant doubly deficient in OmpC
and OmpF to functionally confirm that these proteins were the targets of the SLAM receptor
(Supplementary Fig. 13). As expected, SLAM-deficient macrophages had less NOX2
activity in response to wild-type £. coli (JM101). However, we observed no defect in
response to the HN705 double mutant. Together these data demonstrate that SLAM itself is
able to sense the molecular signature of Gram-negative bacteria by recognizing OmpC and
most probably OmpF and as a consequence enters the phagosome, where it directs NOX2
activity and phagosomal maturation.

SLAM regulates PtdIns(3)P production in phagosomes

A potential mechanism by which SLAM could control two seemingly disparate microbicidal
functions of macrophages after uptake of £. coli (NOX2 activity and phagosomal
maturation) involves PtdIns(3)P. First, PtdIns(3)P, located in the outer layer of the
phagosomal lipid bilayer?2:23, binds to the PX domain of the NOX2 subunit p40Pox
(NCF4), which is required for both assembly and stabilization of the NOX2 enzyme?4.
Second, PtdIns(3)P in the outer leaflet of the phagosome and endosome lipid bilayer
interacts with the FYVVE domain of the tethering molecule EEAL, a requisite step for
successful phagosomal and endosomal maturation?®.

To test the idea that absence of SLAM affects the amount of PtdIns(3)P in the outer leaflet
of the phagosomal lipid bilayer, we transfected cDNA encoding a Ptdins(3)P-binding
reporter into wild-type and SLAM-deficient primary macrophages. After initiating
phagocytosis with E. coli expressing the red fluorescent protein DsRed, we monitored the
amount of PtdIns(3)P in £. col/~containing phagosomes by live-cell spinning-disc confocal
microscopy. The production of Ptdins(3)P in the £. co/i~containing phagosomes of
Slamf1~"~ macrophages was defective (Fig. 7a). We independently confirmed that result by
quantitative fluorescence microscopy of the phagocytosis of 3-ium beads coated with an £.
colf outer membrane extract. Whereas in wild-type peritoneal macrophages PtdIns(3)P
peaked in phagosomes at 15 min after the initiation of phagocytosis (Fig. 7b), it reached its
peak at 45 min after the initiation of phagocytosis in SLAM-deficient macrophages (Fig.
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7b). We obtained the same result when we examined bone marrow—derived macrophages
(data not shown). We did not detect any PtdIns(3)P by this analysis in the plasma membrane
when we used 15-pm coated polystyrene beads, which cannot be phagocytosed (data not
shown). Furthermore, the delay in appearance of PtdIns(3)P in the phagosomal lipid bilayer
coincided with the delay in recruitment of the tethering EEA1 dimer (Fig. 4a), which
depends on the binding of PtdIns(3)P to its FYVE domain26.

In a biochemical experiment, we labeled primary macrophages with tritiated myoinositol,
the PtdIns(3)P precursor. After the initiation of phagocytosis, we detected less PtdIns(3)P in
SLAM-deficient macrophages than in wild-type macrophages, as determined by high-
pressure liquid chromatography (HPLC) analysis (Fig. 7c). In this experiment we measured
new production of PtdIns(3)P, which represents enzyme activity in the phagosomes. The
outcome of the lipid analysis therefore confirmed the delay in Ptdins(3)P production in
Slamf1~~ phagosomes determined by the two fluorescence microscopy studies.

Because the experiments reported above indicated that after entering the phagosome, SLAM
must be a positive regulator of PtdIns(3)P production, we next used SLAM* RAW264.7
macrophage transfectants. Quantitative fluorescence microscopy showed SLAM-enhanced
mobilization of PtdIns(3)P to the phagosomes (Fig. 7d). We conclude from these
experiments that in phagosomes, SLAM governs the amount of PtdIns(3)P in the membrane,
which binds to p40PoX to affect the function of NOX2, and to EEAL, which influences
phagosome maturation.

SLAM interacts with the Vps34-Vps15-beclin-1 complex

The most likely enzyme to regulate PtdIns(3)P in the phagosome would be the class 111
phosphatidylinositol kinase Vps34, which resides exclusively in intracellular membrane
compartments and is the sole kinase able to convert phosphatidylinositol into PtdIns(3)P8:27,
V/ps34, along with its regulatory protein kinase Vps15, is a critical regulator of endocytic
sorting in yeast and mammalian cells828. However, Vps34 and Vps15 have been found to
constitutively exist in a heterotrimeric complex along with the autophagy-associated
molecule beclin-1 (Atg6), referred to as the ‘beclin 1-phosphatidylinositol-3-kinase
complex’2%:30 When this heterotrimeric complex is associated with the ultraviolet
irradiation resistance—associated protein UVRAG, it generates PtdIns(3)P, which promotes
the fusion of organelles®132, We therefore set out to demonstrate that SLAM interacts with
this enzyme complex in intracellular membranes.

To assess whether SLAM directly interacts with the Vps34—Vps15-beclin-1 complex, we
expressed all four proteins together in HEK293 human embryonic kidney cells.
Coimmunoprecipitation and immunoblot analysis demonstrated that SLAM interacted with
the Vps34-Vps15-beclin-1 complex (Fig. 8a). Although detailed mutational analyses are
needed, the main interaction seemed to be between SLAM and beclin-1. The observation
that the SLAM-specific adaptor EAT-2A enhanced the interaction with Vps34 (Fig. 8a)
raised the possibility that binding of EAT-2 to SLAM might stabilize the protein
interactions. When we used a mutant form of SLAM lacking the cytoplasmic tail, we found
that neither VVps34 nor any of its associated components was coprecipitated (Fig. 8b). We
confirmed the interaction of SLAM with the beclin-1-containing complex in phagosomes by
fluorescence microscopy of RAW?264.7 macrophages transfected with SLAM and GFP-
tagged beclin-1 (Fig. 8c). The outcome of these experimental approaches showed that the
presence of SLAM led to more PtdIns(3)P in the lipid bilayer of the phagosome because
SLAM recruited the Vps34-Vps15-beclin-1 enzyme complex. Thus, SLAM regulated
bactericidal activity in the Gram-negative phagosome through the recruitment of this
complex and subsequent phagosomal maturation and NOX2 activity (Supplementary Fig.
14).
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DISCUSSION

Our experiments have demonstrated that in addition to being a costimulatory molecule,
SLAM acts as a vital regulator in the innate immune defense against Gram-negative bacteria
in macrophages by independently regulating two main bactericidal processes: phagosome
maturation and the production of free radical species by the NOX2 complex. To regulate
these microbicidal processes, SLAM first recognizes bacterial surface proteins embedded in
the outer membrane of most Gram-negative bacteria3334, Once SLAM engages the bacteria,
it is actively dragged into the developing phagosome, where it is responsible for recruiting a
complex containing Vps34, Vps15 and beclin-1 to the early phagosome. The recruitment of
active Vps34 catalyzes the conversion of phosphatidylinositol phosphate to Ptdins(3)P, a
key regulator of phagosomal maturation through the recruitment of EEA-1 via its FYVE
domain and the production of reactive oxygen species by its recruitment of p40PhX via its
PX domain. This pathway, when intact, leads to the optimal and efficient elimination of
Gram-negative species.

Bacteria are recognized by low-specificity, high-affinity receptors such as integrins, lectins
and scavenger receptors that initiate the formation of the phagocytic synapse and
intracellular signaling events. Our data have shown that SLAM is a bacterial receptor that
recognizes the outer membrane proteins OmpC and OmpF. OmpC has become an area of
interest in the study of inflammatory bowel disease because a subset of patients with
Crohn’s disease have relatively high concentrations of antibodies to OmpC3°. OmpC and
OmpF are highly homologous porins that are regulated in an extremely complex way that
involves a variety of growth conditions such as temperature, pH and osmolarity33. They
fulfill many tasks that are crucial to bacterial homeostasis, including solute-protein
translocation and structural integrity, and they are also thought to contribute to bacterial
virulence. So far, no other receptors for OmpC or OmpF have been identified, to our
knowledge, and only OmpA from Klebsiella pneumoniae has been described as binding to
the scavenger receptors LOX-1 and SREC-I, which results in the activation of macrophages
and dendritic cells in a TLR2-dependent way. The mechanism by which the interactions of
SLAM with OmpC and OmpF is orchestrated is as yet undetermined.

The Vps34-Vps15-beclin-1 complex has become the focus of much work in terms of its
role in the macroautophagy (autophagy) process. Autophagy is a universal process by which
a cell acts to degrade superfluous materials in the cytoplasm and organelles and reutilize
them as vital elements of cell survival in response to cellular stress®6. Additionally, in some
cases, this process is also important in immune defense against pathogens3’. This
phenomenon is achieved through the formation of a double-membraned structure called the
autophagosome that eventually fuses with the lysosome, a process similar to phagosomal
maturation. Studies have shown that the Vps34—-Vps15-beclin-1 complex also associates
with UVRAG and that this complex, called the autophagy complex, is indispensable to the
initiation and continuance of autophagy31:32:36,

Thus, SLAM may support phagosome maturation, which itself is dependent on vesicular
fusion events38, by borrowing from the ubiquitous autophagy machinery. There is also
overlap between the elements used in phagosome maturation and autophagy, as TLR-
dependent triggering of phagocytosis recruits the autophagy proteins beclin-1 and LC3 to
the phagosome3?. Additionally, optimal activation of reactive oxygen species by the NOX2
complex is essential for the initiation of autophagy*?, which makes SLAM a potential
candidate for its induction. Whether SLAM is also a regulator of the autophagy process in
the context of stress or immunity is an area that requires further investigation.

Nat Immunol. Author manuscript; available in PMC 2012 April 27.
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We conclude that after phagocytosis of Gram-negative bacteria, SLAM connects the
phagosome to an enzyme system that is present in every cell; thus, we have identified a
previously unknown innate receptor function that tailors the immune response to Gram-
negative bacteria. Because we found that SLAMF6 (Ly108) also recognized £. coli (data not
shown) but not S. aureus, and because SLAMF2 is one of the receptors for FimH, a lectin on
the pili of some Enterobacteriaceae, we propose that the SLAMF receptors are another
family of microbial sensors. Like other innate immune receptors, such as TLRs*!, SLAMF
receptors are promiscuous in that they can recognize many ligands; for example, SLAMF1
reacts with self proteins, measles virus proteins and bacterial proteins.

Methods and any associated references are available in the online version of the paper at
http://www.nature.com/natureimmunology/.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.

SLAM controls /n vivoand in vitrokilling of Gram-negative bacteria by mouse
macrophages. (a,b) Bacteria in the spleens of SlamfI~'~ Rag1™~ and RagZ~'~ BALB/c mice
(a) or SlamfI™~ and Slamf1*'* BALBI/c mice (b) 48 h after intraperitoneal injection of
virulent S. typhimurium 14028s or attenuated S. typhimurium SseB~. CFU, colony-forming
units; ND, not detectable. Data are representative of four independent experiments (mean
and s.d.). (c—e) Killing of bacteria by peritoneal macrophages from Slamf1*'* and Slamf1-
BALB/c mice exposed to S. typhimurium SseB~ (C), £. coliF18 (d) or S. aureus (€),
assessed by gentamycin assay. Data are representative of five independent experiments
(mean and s.d.). (f) Uptake of bacteria by S/amf1*'* (red solid lines) or Slamf1'~ (black
solid lines) BALB/c peritoneal macrophages incubated at 37 °C with £. col/-eGFP or S.
typhimurium-eGFP or by SlamfI*'* macrophages incubated for 60 min at 4 °C with the
bacteria (dotted lines). Right, mean fluorescence intensity (MFI). Data are representative of
three independent experiments (mean and s.d.).
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Figure2.

Defective NOX2 activity in primary macrophages derived from SLAM-deficient mice. (a)
NOX?2 activity in SlamfI*'* and SlamfI~~ BALBIc peritoneal macrophages stimulated for
0-100 min with £. coliF18, S. aureus or PMA, assessed with lucigenin. Data are
representative of five independent experiments (mean + s.d.). (b) Phagosomal pH of
Slamf1*"*, Slamf1™'~ and gp91phox™'~ B6 primary macrophages loaded for 0-200 min with
pHrodo-coated E£. colior S. aureus, analyzed by flow cytometry. Data are representative of
three independent experiments (mean + s.d.). () NOX2 activity in primary macrophages in
response to LPS, purified OmpC, peptidoglycan (PGN) or PMA, assessed with lucigenin.
TLR4-KO, TLR4-deficient (strain del/Jtht; C3H). Data are representative of five
independent experiments (mean + s.d.).
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Figure 3.

Impaired phagolysosomal maturation in S/amf1~'~ macrophages. (a) Fluorescence
microscopy of £. colf~containing phagosomes in primary macrophages transfected with
RFP-conjugated LAMP-1, showing colocalization with £. co/i-eGFP or S. aureus-eGFP.
Right, quantification of LAMP-1* phagosomes in the microscopy at left. (b) Immunoblot
analysis of LAMP-1 in phagosomes isolated by sucrose-gradient flotation from RAW264.7
macrophages after phagocytosis by Slamfi- or mock-transfected RAW264.7 macrophages
of beads coated with £. coli outer membrane extract. WCL, whole-cell lysate. Right,
quantification of LAMP-1 in the immunoblot at left. (c) Localization of MHC class 11-eGFP
(MHCII GFP) in phagosomes of primary macrophages from Slamf1*'* or Slamfl'~ MHC
class 11-eGFP (B6) mice and 3-um beads coated with £. coli outer membrane extract. (d)
Entry of 3-um beads coated with £. coli outer membrane extract into lysosomes loaded with
Texas red—dextran. Right (c,d), quantification of fluorescence in the microscopy at left.
Numbers in bottom right corners (a,c,d) indicate time (in min). Original magnification (a—
c), x60. DIC, differential interference contrast. Data are representative of three combined
experiments (@) or at least three independent experiments (b—d) with at least 100 beads or 80
bacteria in each (error bars, s.d.).
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Delay in early phagosomal maturation in S/amf1~/~ macrophages. (a,b) Association of
EEA-1 (a) or Rab5 (b) with phagosomes generated in primary macrophages by 3-im beads
coated with £. coli outer membrane extract; numbers in bottom corners indicate time (in
min). a-, anti-. Original magnification, x60. Right (a,b), quantification of fluorescence. Data
are representative of at least three independent experiments (error bars, s.d.).
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Figure5.

SLAM enters the E. coli~containing phagosome. (a) Colocalization of SLAM and bacteria
in RAW264.7 macrophages transfected with SLAM-mCherry and allowed to phagocytose
E. coli-eGFP or S. aureus-eGFP for 0-120 min (time (in min), bottom right corners at left).
Original magnification, x60. Right, quantification of fluorescence at left. Data are
representative of two independent experiments with a minimum of 40 bacteria per time point
(error bars, s.d.). (b) Immunoblot analysis of phagosome isolates from RAW264.7
macrophages transiently transfected with cDNA encoding Myc-tagged SLAM (Slamfi-
Myc) or mock transfected and allowed to phagocytose beads coated with £. coli outer
membrane extract for 60 or 120 min. kDa, kilodaltons. Data are representative of at least
three independent experiments.
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SLAM recognizes E£. coliand S. typhimurium Sseb™ but not S. aureus. (a) Luciferase
activity in Jurkat cells transfected with a fusion of SLAM and CD3( and a luciferase
reporter (as described in Results), plus a renilla luciferase reporter, then exposed to heat-
killed bacteria (top). (b) Luciferase activity in Jurkat cells transfected with the fusion in a
(S/amf1-CD3C) or a fusion of SLAM ectodomain construct lacking the immunoglobulin V
domain and CD3( (AlgV-Slamfil-CD3(), and luciferase reporters as in a, then exposed to
heat-killed E. coliF18. (c) Luciferase activity in Jurkat cells transfected as in a, then left
uninoculated (=) or inoculated with 10 x 108 £. co/iF18 (+), followed by the addition of
monoclonal antibody (mAb; amount, under graph) 9D1 to SLAM (a-SLAM) or rat
immunoglobulin G2b isotype-matched control antibody (Rat 1gG2b). (d) Luciferase activity
in Jurkat cells transfected as in a, then exposed to medium alone (Med), wild-type E. coli
(JM101), or IM101 E. coli mutants lacking both Omp C and Omp F (HN705) or lacking
either OmpC (AOmpC) or OmpF (AOmpF). Data are representative of at least three
independent experiments (error bars (a), s.d.).
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Figure7.

PtdIns(3)P production in phagosomes of primary macrophages is controlled by SLAM. (a,b)
Production of phagosomal PtdIns(3)P in E. coli~containing phagosomes of primary
peritoneal macrophages transfected with reporter cDNA encoding an eGFP-tagged PX
domain of p40P"X (p40 PX—eGFP) and treated with DsRed-expressing £. coli (E. coli-
DsRed; a) or beads coated with £. coli outer membrane extract (b). Numbers in bottom right
corners indicate time (in min). Original magnification, x60. Right, quantification of
fluorescence in microscopy at left. (¢) HPLC analysis of the production of PtdIns(3)P in
primary macrophages labeled with 3H-tagged myoinositol and treated with beads coated
with £. coli outer membrane extract. (d) PtdIns(3)P production in RAW264.7 cells stably
expressing SLAM or a mock construct, transfected with eGFP-tagged p40 PX and treated
with beads coated with £. coli outer membrane extract. Data are from three combined
experiments (@) or are representative of at least three independent experiments (b,d) or two
independent experiments (c) with at least 100 beads or bacteria per experiment (error bars,
s.d.).
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Figure8.

SLAM recruits the intracellular Vps34-Vps15-beclin-1 complex to the phagosome. (a,b)
Immunoassay of 293 cells transfected with various combinations of full-length SLAM (a) or
hemagglutinin-tagged (-HA) tailless SLAM (b), EAT-2A, V5-tagged (-V5) Vps34-Vpsl15,
and beclin-1; proteins immunoprecipitated (IP) from lysates with monoclonal antibody to
SLAM, as well as whole-cell lysates (WCL), were analyzed by immunoblot (1B) with anti-
beclin-1, anti-Vps34, anti-V5, anti-hemagglutinin, anti-SLAM or anti-EAT2. (c)
Microscopy of RAW264.7 cells transiently transfected with cDNA encoding GFP-tagged
beclin-1 and SLAM-mCherry, then treated with beads coated with E. coli outer membrane
extract (at a ratio of 10:1, beads/cells) and fixed after 60 min. Data are representative of six
(a) or two (b,c) independent experiments.
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