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Abstract

Immunoreceptor tyrosine based activation motif (ITAM)-coupled receptors play an essential role
in regulating macrophage activation and function by cross-regulating signaling from heterologous
receptors. We investigated mechanisms by which ITAM-associated receptors inhibit type |
interferon (IFN-o/p) signaling in primary human macrophages and tested the effects of
simultaneous ligation of ITAM-associated receptors and TLR4 on TLR4-induced Jak-STAT
signaling that is mediated by autocrine IFN-B. Preligation of ITAM-coupled B2 integrins and
FcyRs inhibited proximal signaling by the type I IFN receptor IFNAR. Cross-inhibition of IFNAR
signaling by B2 integrins resulted in decreased Jak1 activation and was mediated by partial
downregulation of the IFNAR1 subunit and MAPK-dependent induction of USP18, which blocks
the association of Jak1 with IFNAR2. Simultaneous engagement of ITAM-coupled B2 integrins or
Dectin-1 with TLR4 did not affect TLR4-induced direct activation of inflammatory target genes
such as TNF or IL6, but abrogated subsequent induction of IFN response genes that is mediated by
autocrine IFN-B signaling. Type | IFNs promote macrophage death after infection by Listeria
monocytogenes. Consequently, attenuation of IFN responses by 2 integrins protected primary
human macrophages from Listeria monocytogenes induced apoptosis. These results provide a
mechanism for cross-inhibition of type I IFN signaling by ITAM-coupledp2 integrins and
demonstrate that ITAM signaling qualitatively modulates macrophage responses to PAMPs and
pathogens by selectively suppressing IFN responses.
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Introduction

Numerous receptors across different immune cell subsets signal through an immunoreceptor
tyrosine-based activation motif (ITAM). ITAMs are present within a receptor’s cytoplasmic
tail or in ITAM-containing adaptors that associate with various cell surface receptors. In
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myeloid cells, the two major ITAM-containing adaptors are FcRy and DNAX activation
protein-12 (DAP12) that associate with approximately 20 different receptors (1). The ITAM
contains two tyrosine residues which, upon phosphorylation, form a binding site for SH2-
domain containing kinases such as Syk. Recruitment and activation of Syk leads to
activation of downstream pathways and effector molecules, including MAPKS, Rho-
mediated cytoskeletal rearrangement, calcium signaling, generation of reactive oxygen
species, and activation of inflammosomes and NF-«B. Initially, ITAM-coupled receptors
were thought to primarily initiate activating signals, but it is now established that ITAM-
coupled receptors also mediate inhibitory signaling by cross-regulating various receptors
including TLRs and cytokine and chemokine receptors (2). Mechanisms by which ITAMs
cross-inhibit signaling include direct modulation of heterologous receptors by ITAM-
associated phosphatases or kinases, or indirect crossregulation by induction of signaling
inhibitors such as SOCS3 and A20 (3-6)

The ligands of many myeloid ITAM-coupled receptors are not known. The known ligands
include endogenous factors expressed at sites of inflammation, and pathogen-associated
molecular patterns (PAMPs) expressed by microbial pathogens. Endogenous inflammatory
ligands that engage ITAM-coupled receptors include immune complexes that engage Fc
receptors (FcRs) and complement degradation products and fibrin(ogen) that engage ITAM-
coupled B2 integrins. Although no direct association of integrins with ITAM-containing
adaptors has been reported, genetic evidence shows that ITAM-containing FcRy and DAP12
mediate signaling byp2 and B3 integrins (7, 8); thus, B2 integrins are functionally coupled
with ITAM-associated adaptors and downstream signaling pathways. Products of necrotic
cells can engage Mincle (CLECA4E) or CLEC9A (9, 10); CLEC9A contains a hemITAM, an
ITAM-like matif containing only one tyrosine that utilizes similar signaling pathways as
ITAMs. Various bacterial and fungal PAMPs engage ITAM-associated or hemITAM-
containing C-type lectin receptors, such as Dectin-1, Dectin-2 and CLECAE that are
involved in pathogen sensing (11). Thus, ITAM-coupled receptors are engaged during innate
immune responses and cooperate with other microbial sensing receptors, such as TLRs, in
determining the magnitude and qualitative nature of responses to pathogens in the context of
an inflammatory microenvironment. ITAM-associated receptors can either augment or
suppress TLR responses (12-21), depending on context and timing of receptor ligation, and
thus have been proposed to fine-tune innate and inflammatory responses.

The induction of type I IFNs (IFN-a/B) is an important aspect of early innate responses to
viruses and bacteria. Type | IFN production is elicited by pattern recognition receptors
(PRRs) that sense microbial nucleic acids, and also by TLR4 that senses bacterial
lipopolysaccharides and by TLR2 sensing of viruses in a cell-type and context dependent
manner. Type | IFNs are key inducers of a cellular antiviral state and thus important
mediators of host defense against viruses. In contrast, type | IFNs can be either protective or
detrimental in host defense against bacteria such as Listeria monocytogenes and Francisella
tularensis, and their role in immunity against fungi is mostly unexplored (22). Type | IFNs
signal via a heterodimeric receptor IFNAR, which is composed of IFNAR1 and IFNAR2
subunits. Ligation of IFNAR results in activation of the receptor-associated tyrosine kinases,
Jak1 and Tyk2, which in turn leads to phosphorylation and activation of STAT1 and
STAT2. Activated STAT1 and STAT?2 associate with IRF9 to form the ISGF3 complex that
activates antiviral genes via ISRE DNA elements. IFNAR signaling also activates STAT1
homodimers that induce expression of inflammatory STAT1 target genes similar to those
induced by IFN-y. A key aspect of activation of myeloid cells by nucleic acid-sensing PRRs
or TLR4 is induction of an autocrine loop mediated by production of and signaling by
endogenous IFN-B. Thus, PRR signaling directly and rapidly induces expression of
inflammatory genes including IFNB, followed by a more delayed induction of IFN response
genes by autocrine-acting IFN-f. The IFN response genes promote an antiviral cell state,
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and they also modulate inflammatory and antigen-presenting functions by inducing
expression of chemokines such as CXCL9 and CXCL10 and costimulatory molecules such
as CD80 and CD86, modulate suppressive aspects of macrophage function (23-25), and
promote apoptosis and death of infected macrophages (22, 26).

Our laboratory and others have recently described several mechanisms by which preligation
of ITAM-associated receptors inhibits TLR signaling (4, 5). During the course of these
previous studies, we found that preligation of ITAM-associated B2 integrins also inhibited
signaling by exogenously added IFN-a. In the current study, we investigated mechanisms by
which ITAM-coupledp2 integrins inhibit IFNAR signaling and tested the effects of
simultaneous ligation of ITAM-associated receptors and TLR4 on the TLR4-induced IFN-$
mediated autocrine loop. We found that preligation of ITAM-coupled B2 integrins by
fibrinogen (Fb) inhibited proximal IFNAR signaling by modestly downregulating cell
surface IFNAR1 expression but nearly completely suppressing IFN-a-induced Jak1 tyrosine
phosphorylation. Cross-inhibition of IFNAR signaling developed in a time-dependent
manner over several hours and was characterized by MAPK-dependent induction of
inhibitors of IFNAR-Jak-STAT signaling, including SOCS3 and USP18. Consistent with a
delayed inhibitory mechanism, simultaneous engagement of B2 integrins or Dectin-1 with
TLR4 did not affect TLR4-induced direct signaling that activates inflammatory cytokine
genes such as TNF and IL6, but instead abrogated the subsequent development of the
autocrine IFN response that modulates cell function and promotes cell death in response to
certain pathogens. Accordingly,B2 integrin-mediated attenuation of the IFN response to
infection with Listeria monocytogenes protected primary human macrophages from IFN-
induced apoptosis. Overall, our results delineate a mechanism for cross-inhibition of type |
IFN signaling by ITAM-coupledp2 integrins, and show that ITAM-associated receptors
modulate the functional outcome of PAMP and pathogen sensing by macrophages by
preferentially suppressing IFN responses.

Materials and Methods

Cell culture and reagents

Peripheral blood mononuclear cells (PBMC) obtained from blood leukocyte preparations
purchased from the New York Blood Center were separated by density gradient
centrifugation with Ficoll (Invitrogen, Carlsbad, CA, USA) using a protocol approved by the
Hospital for Special Surgery Institutional Review Board. Human monocytes were purified
from PBMCs immediately after isolation by positive selection with anti-CD14 magnetic
beads, as recommended by the manufacturer (Miltenyi Biotec, Auburn, CA, USA).
Monocytes were cultured in RPMI 1640 medium (Invitrogen) supplemented with 10% low
1gG FBS (Invitrogen), penicillin/streptomycin (Invitrogen), L-glutamine (Invitrogen), and
15 ng/mL human macrophage colony-stimulating factor (M-CSF; Peprotech). Monocyte-
derived macrophages obtained after 2 days of culture with human M-CSF were used, and
purity of monocytes/macrophages was >97%, as verified by flow cytometric analysis. For
stimulation with Fb, macrophages were harvested and added to pre-coated tissue culture
plates; plates were coated overnight with either 10% FBS culture media as control or with
Fb (Sigma Aldrich, St. Louis, MO, USA, fibrinogen #F9754;10u9/100uL in PBS, using
100-400uL depending on well size) and washed with 1x PBS before cells were added. Cells
were adherent on both control and Fb-coated wells. Polymyxin B (14 pug/ml; Sigma
Aldrich), which we verified did not directly stimulate macrophages but essentially
completely blocked exogenous LPS up to concentrations of 10 ng/ml in our system, was
used to ensure that contaminating endotoxin did not contribute to the effects observed, as
previously described (4). Polymyxin B was used throughout except as noted in the text. For
stimulation with 1gG, plates were coated with 20 pg/mL of purified human IgG (Sigma
Aldrich). For stimulation with a-CD11b (clone M1/70; Millipore, Temecula, CA, USA),
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plates were coated with 5 pg/mL ofa-CD11b or IgG2b isotype control (eBioscience, San
Diego, CA, USA). The following ligands were used to stimulate cells: recombinant human
IFN-a 2a (5-1000 U/mL; PBL Interferon Source, Piscataway, NJ, USA), LPS (10 ng/mL;
Invivogen, San Deigo, CA), and zymosan (100 pg/mL; Invivogen). The following
pharmacological inhibitors were used from CalBiochem (San Diego, CA, USA): SB203580
and U0126 at 15uM, GF109203X at 10uM, MG-132 at 20uM, piceatannol at 80 uM, and
phosphatase inhibitor sodium stibogluconate at 10 and 100 pg/mL (27).

Immunoblot analysis

ELISA

Whole-cell extracts were obtained, and protein amounts quantitated with the Bradford assay
(BioRad, Hercules, CA, USA). For immunoblotting, cell lysates (10 pg) were fractionated
on 7.5% or 10% polyacrylamide gels using SDS-PAGE and transferred to polyvinylidene
difluoride membranes for probing with Ab. ECL was used for detection. The following
polyclonal Abs were used: pY-Jak1 (Y1022/1023) (Invitrogen), pY-STAT1 (Y701) (Cell
Signaling Technology, Danvers, MA, USA), SOCS3 (Cell Signaling), and p38a. (C-20)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). The following monoclonal Abs were
used: Jakl (BD Transduction Laboratories, Lexington, KY, USA), STAT1 (E-23) (Santa
Cruz Biotechnology), and USP18 (Cell Signaling).

Human IFN-B was measured using the Verikine ELISA kit from PBL Interferon Source
following the manufacturer’s instructions.

MRNA isolation and real-time quantitative PCR (QPCR)

RNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and reverse-
transcribed using the RevertAid First Strand cDNA Synthesis Kit (Fermentas, Glen Burnie,
MD, USA) following the manufacturer’s instructions. Quantitative real-time PCR was
performed in triplicate using Fast SYBR Green Master Mix and a 7500 Fast Real-Time
cycler (Applied Biosystems, Foster City, CA, USA). Expression was normalized relative to
levels of GAPDH. Oligonucleotide primers for human transcripts were as follows: CXCL9:
5-ATCAGCACCAACCAAGGGACT-3'and 5'-GCTTTTTCTTTTGGCTGACCTG-3';
CXCL10: 5-ATTTGCTGCCTTATCTTTCTG-3' and 5'-
TCTCACCCTTCTTTTTCATTGTAG-3'; IFIT1: 5-TTCGGAGAAAGGCATTAGA-3' and
5-TCCAGGGCTTCATTCATAT-3’; MX1: 5-AGCCACTGGACTGACGACTT-3'and 5'-
ACCACGGCTAACGGATAAG-3’; SOCS3: 5-CACTCTTCAGCATCTCTGTCGGAAG-3'
and 5'-CATAGGAGTCCAGGTGGCCGTTGAC-3’; USP18: 5'-
CGGAACTTCGGTCCCAG-3'and 5-TCAGGACAGCACGACTTCAC-3' (28); TNF: 5'-
AATAGGCTGTTCCCATGTAGC-3' and 5-AGAGGCTCAGCAATGAGTGA -3'; IL1B:
5-TTCTTCGACACATTGGATAACG-3' and 5'-TGGAGAACACCACTTGTTGCT-3';
IL10: 5-TTATCTTGTCTCTGGGCTTGG-3' and 5-GTTGGGGAATGAGGTTAGGG-3';
IFNB: 5-GAGCTACAACTTGCTTGGATTCC-3' and 5'-
CAAGCCTCCCATTCAATTGC-3'; INDO: 5'-TTAGAGTCAAATCCCTCAGTCC-3' and
5-TTTGCAGATGGTAGCTCCTC-3'; GADPH: 5-ATCAAGAAGGTGGTGAAGCA-3'
and 5'-GTCGCTGTTGAAGTCAGAGGA-3

RNA interference

Primary human monocytes were nucleofected immediately after isolation with On-Target
plus SMARTpool short interfering RNAs (siRNA) purchased from Dharmacon Inc.
(Lafayette, Colorado, USA) specific for SOCS3 or USP18. Non-targeting siRNA #5 was
used as control. Cells were nucleofected using the Human Monocyte Nucleofector Kit and
the AMAXA Nucleofector System according to the manufacturer’s instructions (Lonza
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Cologne, Cologne, Germany). Cells were harvested 3 days after nucleofection for
stimulation.

L. monocytogenes infection and CFU analysis

Purified human monocytes were isolated and cultured as described in the “Cell Culture”
section except antibiotics were omitted from the media. After 2 days of culture,
differentiated macrophages were plated onto Fb-coated wells or control FBS-coated wells
for 18 h. Cells were plated in 12-well plates (RNA analysis) or 96-well plates (flow
cytometric analysis) at a density of 2x10° per mL. Triplicate wells per condition were used
for analysis of apoptosis and cell death. Cell culture media was changed prior to infection
with L. monocytogenes wildtype strain 10403S, which was provided by Eric Pamer’s
laboratory, and was grown to logarithmic phase in brain-heart infusion (BHI) broth. Bacteria
were opsonized in RPMI media containing 50% heat inactivated human serum (Sigma
Aldrich) at 37°C for 30 min, washed with PBS, and then added to cells. Macrophages were
infected at MOls of 5-20, and gentamicin sulfate (50ug/mL; Sigma Aldrich) was added to
cultures 30 min later to prevent growth of extracellular bacteria. At the times indicated in
figure legends, macrophages were harvested and analyzed by flow cytometry and colony
forming units (CFUs) were measured by lysing cells in 0.05% Triton X-100 PBS and plating
cell lysates containing viable intracellular bacteria onto BHI agar plates, as previously
described (29). Bacterial colonies were counted after 24 h incubation.

Flow cytometry

To detect IFNAR expression, the following Abs were used after FcRs on the cell surface
were blocked using human FcR Blocking Reagent (Miltenyi Biotec): PE-conjugated mouse
a-IFNAR1 and a-IFNAR2 (PBL Interferon Source), PE-conjugated isotype controls against
mouse 1gG1 and IgG2a (BD Pharmingen, San Diego, CA, USA). Apoptosis and cell death
were measured using the Annexin V FITC Apoptosis Detection Kit | purchased from BD
Pharmingen and DAPI nuclear stain from Invitrogen.

Statistical analysis

All statistical analyses were performed with Graphpad Prism 5.0 software using the 2-tailed,
paired Student t test.

Results

Ligation of ITAM-associated B2 integrins and FcyRs inhibits proximal IFNAR signaling

We wished to extend our previous observation that ITAM-coupled B2 integrins can inhibit
type I IFN signaling by identifying the level in the IFN signaling pathway where inhibition
occurs. We pre-ligated B2 integrins in primary human monocyte-derived macrophages using
plate-bound fibrinogen (Fb) as previously described (4) and then added exogenous IFN-a
and assessed induction of IFN response genes, Jak-STAT signaling, and IFNAR cell surface
expression. Control cells plated on FBS-coated plates exhibited a clear induction of the IFN
response genes CXCL9, CXCL10 and IFIT1 after addition of IFN-a, while induction of these
genes in Fb-stimulated cells was strongly suppressed (Fig. 1A). Preligation of B2 integrins
strongly and consistently suppressed IFN-a-induced expression of STAT1 target genes such
as CXCL9 in multiple experiments with different blood donors (Fig. 1B shows cumulative
data from 11 independent blood donors).

We next examined the effects of B2 integrin preligation on IFN-induced Jak-STAT
signaling. To check activation of STAT1, we measured p-STAT1 (Y701) after IFN-a
stimulation of control or Fb-treated cells. B2 integrin ligation inhibited activation of STAT1
in response to subsequent IFN-a stimulation (Fig 1C); comparable results were obtained in
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more than 15 independent experiments with different blood donors. Diminished STAT1
tyrosine phosphorylation could be explained by decreased upstream signaling by Jaks or by
increased dephosphorylation of STAT1. We addressed this issue by assessing IFN-a-
induced activation of Jak1 by measuring p-Jakl (Y1022/1023) levels. Preligation off32
integrins consistently and nearly completely inhibited IFN-a-induced Jak1 activation (Fig
1D), indicating that Fb-mediated inhibition occurs upstream of STAT1. We next tested if
diminished Jak1 activation could be explained by a decrease in cell surface IFNAR
expression. Preligation of B2 integrins did not affect cell surface IFNAR2 expression, but
did induce a partial downregulation of cell surface IFNARL1 (Fig. 1E, left). However, the
extent of IFNAR1 downregulation varied among donors (Fig. 1E, chart) and did not strictly
correlate with the extent of signaling inhibition. Thus, although downregulation of cell
surface IFNAR1 expression may contribute to suppression of IFN-a-induced signaling, such
downregulation is insufficient to fully explain the observed block in IFN responses. Our data
show that stimulation with fibrinogen suppresses IFNAR signaling by inhibiting Jak
activation.

In addition to DAP12-mediated signaling, B2 integrins can activate non-1ITAM dependent
signaling pathways. Thus, to provide additional support for inhibition of IFNAR responses
by ITAM signaling, we used immune complexes that signal via FcyRs and the associated
ITAM-containing FcRy adaptor protein. Preligation of FcyRs effectively suppressed IFN-a-
induced STAT1 activation and downstream gene expression (Fig. 1F and 1G). In addition,
zymosan, which activates hemi-TAM signaling by ligating Dectin-1, suppressed IFN-a-
induced STAT1 activation (Fig 1H). As specificity controls, the TLR2 ligand Pam3Cys had
modest and inconsistent effects on IFNAR signaling (data not shown) and the TLR4 ligand
LPS actually induced IFNAR signaling (see below). To further support a role for ITAM
signaling in inhibition of IFN responses, we tested the effects of inhibiting Syk, a key
mediator of ITAM signaling. Indeed, inhibition of Syk substantially attenuated the ability of
Fb to inhibit IFN-induced gene expression (Supp. Fig. 1). To further implicate a role for p2
integrins in inhibition of IFN signaling, we specifically ligated ayB2 integrins, comprised of
CD11b (aM) and CD18 (B2) subunits, using CD11b antibodies. In contrast to the isotype
control, preligation of CD11b suppressed IFN-a-induced gene expression and STAT1
activation (Fig. 2A and 2B). Overall the data show that myeloid FcyRs and B2 integrins
ligated by endogenous factors present at sites of inflammation cross-inhibit IFNAR
signaling.

B2integrin ligation induces negative regulators of IFN-a signaling in a MAPK-dependent

manner

We wished to identify the B2 integrin-induced signaling pathway that inhibits IFNAR
responses. ITAM signaling leads to downstream activation of MAPKSs, which have been
implicated in modulation of cytokine signaling in other systems (21). Thus, we tested
whether inhibition of MAPKSs would reverse Fb-induced suppression of IFNAR responses.
Inhibition of ERK or p38 activation alone had minimal effects (data not shown), and we
next tested the combination of SB203580 and U0126, which respectively inhibit p38 and
MEK (thus preventing activation of ERKS). Primary human macrophages were treated with
both inhibitors and plated onto control or Fb coated wells. IFN-a was added and gene
induction and activation of STAT1 were measured. As expected, combined inhibition of p38
and ERK partially attenuated the robust induction of CXCL9 and CXCL10 by IFN-o on
control plates (Fig. 3A), while Fb alone strongly suppressed gene expression (Fig. 3A, bar 5).
Inhibition of p38 and ERK in Fb-stimulated cells restored CXCL9 and CXCL10 expression
(Fig. 3A, bar 6). Although gene expression was not fully restored to the maximal levels of
induction by IFN-a in control cells (Fig. 3A, bar 2), it was restored to the level observed in
IFN-a-stimulated control cells in which MAPKs were inhibited (Fig. 3A, bar 3), which

J Immunol. Author manuscript; available in PMC 2013 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Huynh et al.

Page 7

corresponds to a ceiling on the level of gene induction when MAPKSs are inhibited. In
parallel with restoration of gene expression, inhibition of p38 and ERK restored IFN-a-
induced STAT1 tyrosine phosphorylation in Fb-inhibited macrophages (Fig. 3B, lanes 5 and
6). Collectively, our results show that B2 integrins inhibit type I IFN signaling in a MAPK-
dependent manner.

Previous work from our lab showed that pharmacological activation of PKC by PMA
rapidly (within minutes) inhibited IFNAR signaling by a mechanism that was independent
of MAPKSs but dependent on PKC-mediated recruitment of SHP-2 to IFNAR (30). The more
physiological cross-inhibition of IFNAR signaling by B2 integrins observed in the current
study showed very different kinetics, as inhibition increased over several hours after Fb
stimulation (Supp Fig. 2). Although the difference in kinetics suggested a distinct inhibitory
mechanism, we tested the role of PKC and SHP-2 in Fb-induced inhibition of IFN
responses. Consistent with our prediction, inhibition of PKC and SHP-2 (and SHP-1) had no
effect on Fb-mediated inhibition of IFNAR responses (Supp. Fig. 3A and 3B). Thus, the
mechanism of delayed MAPK-dependent inhibition of IFNAR signaling by Fb differs from
the rapid and direct PKC- and SHP-2-dependent inhibitory mechanism activated by PMA.

Given the delayed kinetics of Fb-mediated inhibition, we reasoned that Fb induced
expression of inhibitors of signaling, and that this induction occurs in a MAPK-dependent
manner. Our attempts to directly demonstrate a requirement for induction of inhibitory
proteins by Fb were not successful, as use of cycloheximide to inhibit de novo synthesis of
inhibitors resulted in a rapid diminution of IFNAR signaling in control cells (likely
secondary to diminished IFNAR protein expression) (data not shown). This precluded our
ability to measure reversal of Fb-mediated inhibition when protein synthesis was blocked.
Instead, we used microarray analysis in an attempt to identify Fb-induced inhibitors of
IFNAR signaling. Fb stimulation of primary human macrophages induced expression of
several molecules that can inhibit Jak-STAT signaling, including SOCS3, SOCS2, SOCS1,
PTPN1, PTPN2, and USP18. As SOCS proteins are the best established inhibitors of Jak-
STAT signaling (31), SOCS3 has been implicated in inhibition of IFNAR signaling, and
induction of SOCS3 is dependent on MAPKSs in other systems, we first tested the role of
SOCS3 in Fb-induced inhibition of IFNAR signaling. We confirmed that induction of
SOCS3 was MAPK-dependent in our system (Supp. Fig. 4A), but found that RNAi-mediated
knockdown of SOCS3 had minimal effects on Fb-mediated suppression of IFN-a-induced
gene expression (Supp. Fig. 4B). These results suggest that SOCS3 does not play a
nonredundant role in Fb-mediated suppression of IFNAR signaling, possibly because of
very low expression of SOCS3 protein in human macrophages (4). In addition, IL-10, which
contributes to induction of SOCS3 expression, did not play a detectable role in mediating
Fb-induced suppression of IFN-a signaling, as IL-10 neutralizing and 1L-10 receptor
blocking antibodies had no effect (4).

We next tested the role of USP18, another negative regulator of IFN signaling. USP18 was
originally identified as a protease which cleaves ISG15, a ubiquitin-like molecule, from
conjugated proteins (32). Cells from USP18 null mice exhibit enhanced Jak-STAT signaling
and are hyperresponsive to IFN-f (33, 34). Inhibition of IFN responses by USP18 is
independent of cleavage of ISG15; instead, USP18 binds to IFNAR2 and prevents its
association with Jak1 (35, 36). Fb induced expression of USP18 mRNA and protein, and this
induction was dependent on MAPKSs (Fig. 4A and 4B). Fb-mediated induction of USP18 was
abrogated when Syk was inhibited (Fig. 4C), further supporting a role for ITAM signaling in
downregulation of IFN responses. We then used USP18-specific siRNA to knock down
USP18 expression in primary human macrophages. Efficient knockdown of USP18
expression (Fig. 4D) resulted in partial restoration of IFN-a-induced gene expression (Fig.
4E). For statistical analysis of pooled data from 3 independent siRNA experiments, mMRNA
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expression in control wells transfected with control siRNA and stimulated with IFN-o was
set as 100%, and expression in all other conditions was set relative to that control (Fig. 4F).
Statistically significant suppression of CXCL9 expression by Fb in control wells (p = 0.0175,
paired Student t test) was lost when USP18 expression was knocked down (p = 0.1963,
paired Student t test) (Fig. 4F). The partial effect of USP18 RNAI on restoration of the IFN
response may be related to incomplete suppression of USP18 expression, but also likely
reflects redundancy in inhibition of IFNAR responses by several Fb-induced inhibitors of
cytokine signaling (4). Our data suggests that 2 integrin-induced USP18 plays a partial role
in inducing a refractory state to type I IFNs, which is likely mediated by the coordinated
action of several signaling inhibitors. The known suppression of IFNAR-Jak1 interactions
by USP18 (36) can explain the diminished IFN-a-induced activation of Jak1 that was
observed in Fb-treated macrophages.

Concurrent ligation of ITAM-coupled receptors and TLR4 inhibits the TLR4-induced
autocrine IFN response

Previous work has shown that preligation of ITAM-coupled receptors globally inhibits
TLR4 signaling (4). However, at sites of innate and inflammatory responses, macrophages
are often exposed to ligands of ITAM-associated receptors and TLRs concurrently. Thus, we
wished to test the effects of simultaneous engagement of ITAM-associated receptors on
TLR4 responses, and whether ITAM signaling would have differential effects on TLR-
induced direct signaling via NF-xB versus indirect signaling via autocrine IFN-B. We first
tested the effects of simultaneous stimulation of primary human macrophages with Fb and
LPS, which mimics concurrent stimulation of TLR4 and B2 integrins by, respectively,
microbial products and fibrin(ogen) and complement split products at sites of infection or
inflammation. Stimulation of human macrophages with LPS or Fb alone induced expression
of direct NF-xB target genes TNF and IL1B, and concurrent stimulation with LPS and Fb
showed minimal differences relative to stimulation with either ligand alone (Fig. 5A).
Consistent with previous reports (37), there was a trend towards increased 1L10 gene
expression after concurrent LPS and Fb stimulation (Fig. 5A). These results show that
concurrent ligation ofp2 integrins does not alter the core TLR4-mediated inflammatory
program, although these stimuli may synergize when used at lower concentrations (21).

Next, we tested the effects of concurrent stimulation with Fb on TLR4-induced IFN-f
production. In contrast to the experiments in Figs. 1-3 where polymyxin B was used to
block potential contaminating endotoxin in the Fb preparation, in these experiments (Fig. 5)
the experimental design necessitated omitting polymyxin B. Both Fb and LPS stimulation,
used individually, induced IFN-B mRNA (Fig. 5B); Fb-induced expression of IFNB was
suppressed by polymyxin B and thus was likely secondary to endotoxin contamination (data
not shown); polymyxin B did not affect the expression of TNF, IL6, or IL10. Concurrent
stimulation with Fb and LPS induced IFN-$ mRNA comparably to stimulation with LPS
alone (Fig. 5B, left) and induced comparable or higher amounts of IFN-B protein, depending
on the time point (Fig. 5B, right). These results show that the induction phase of the TLR4-
induced IFN-B-mediated autocrine loop was intact after concurrent 82 integrin and TLR4
stimulation. We then tested if Fb inhibits autocrine IFN- signaling. Despite induction of
similar (or increased) amounts of IFN-B, Fb strongly suppressed TLR4-induced expression
of the IFN-B-dependent CXCL9 and CXCL10 genes (Fig. 5C). To corroborate our findings,
we wished to test whether other ITAM-coupled receptors could block the TLR4-induced
IFN-B-mediated autocrine loop. We tested the effects of ligation of Dectin-1, which
recognizes fungal B glucans and contains a hemITAM motif (38). Dectin-1 was ligated using
zymosan, a B-glucan-containing yeast cell wall preparation widely used to model microbial
pathogens. Similar to Fb, concurrent zymosan stimulation minimally affected TLR4-induced
TNF and IFNB expression but strongly inhibited induction of the IFN- response genes
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CXCL9 and CXCL10 (Fig. 5D). The induction of IFNB expression by Dectin-1 alone was
most likely secondary to stimulatory DNA in the zymosan preparation, as previously
described (39). Overall, the results show thatlTAM-associated receptors fundamentally
altered the TLR4 response by selectively blocking autocrine IFN-f signaling. One
consequence of this block in IFN response is decreased inflammatory chemokine gene
expression.

ITAM signaling protects primary human M¢ from L. monocytogenes-induced apoptosis

Type | IFNs promote apoptosis of infected cells, which can be detrimental for host defense
against pathogens such as Listeria monocytogenes (22, 40). Thus, we tested whetherf32
integrin ligation that makes cells resistant to IFNAR signaling would affect macrophage
survival after infection with L. monocytogenes, which induces IFN-f that promotes
macrophage apoptosis (26). Macrophages were first plated onto Fb coated wells for 18 h
prior to infection with live L. monocytogenes (wild-type strain 10403S). Apoptosis was
assessed using flow cytometry to measure annexin V binding to phosphatidylserine. DAPI
nuclear staining was used to identify necrotic cells, and dead cells were defined as
AnnexinV+DAPI+. In 4 independent experiments, Fb nearly completely suppressed L.
monocytogenes-induced apoptosis and cell death of infected macrophages (Fig. 6A). This
dramatic difference in cell death could not be explained by differences in infection and
intracellular bacterial replication, as intracellular bacterial numbers were comparable
between control and Fb-treated macrophages in individual donors (Fig. 6B). As expected,
infection with L. monocytogenes induced expression of TNF, CXCL9, CXCL10, and IFNB
(Fig. 6C). In accordance with our results that Fb blocks IFN responses, activation of these
genes was attenuated in cells that were stimulated with Fb (Fig. 6C). Similar to previous
studies, induction of TNF was abrograted by Fb, since preligation of p2 integrins inhibits
TNF production downstream of TLR ligands (4). Decreased expression of CXCL9 and
CXCL10 is likely explained by a combination of diminished production of IFN-f and
suppression of IFNAR signaling, and the decreased IFN response contributes to enhanced
cell survival. As a control, induction of INDO, which encodes indoleamine 2,3-dioxygenase,
was synergistically induced by Fb and L. monocytogenes infection, showing that Fb did not
globally block macrophage responses to L. monocytogenes. These results show that
engagement of ITAM-associated B2 integrins alters macrophage responses to infection with
L. monocytogenes by attenuating inflammatory and IFN responses while promoting
macrophage survival and not compromising their anti-microbial functions.

Discussion

One important function of ITAM-associated receptors is to modulate macrophage responses
to heterologous receptors (41). Quantitative regulation of the amplitude of TLR and cytokine
receptor signaling by ITAM-associated receptors has been previously reported (11, 21). In
this study we found that ITAM-associated receptors, including B2 integrins, Fc receptors,
and likely Dectin-1, inhibit IFNAR signaling. Inhibition by B2 integrins was mediated by a
MAPK-dependent pathway that leads to induction of signaling inhibitors that include
USP18. This represents to our knowledge the first implication of USP18 in mediating cross-
inhibition of IFNAR by a different receptor. We have also found that ITAM-associated
receptors qualitatively alter the nature of TLR4 responses by suppressing autocrine type |
IFN signaling, and alter macrophage responses to L. monocytogenes infection to attenuate
inflammatory mediator production and IFN responses while enhancing macrophage survival
and preserving antimicrobial function. These findings provide a mechanism of cross-
inhibition of IFNAR signaling by ITAM-coupledf2 integrins and insights into how ligation
of ITAM-associated receptors can modulate innate responses to pathogens.
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Mechanisms that cross-inhibit cytokine-activated Jak-STAT signaling fall into two broad
categories (21). One category corresponds to rapidly induced inhibitory signals that directly
modify cytokine receptors or associated signaling molecules. The second category
corresponds to induction of inhibitory molecules that target Jak-STAT signaling; the
predominant inducible inhibitors of Jak-STAT signaling are the SOCS proteins. The
mechanism of cross-inhibition of IFNAR signaling by ITAM-associated 32 integrins that we
have described falls into the second category, as inhibition exhibited delayed kinetics and
was associated with MAPK-dependent induction of several inhibitors of IFNAR-mediated
Jak-STAT signaling, including SOCS3 and USP18. Of these inhibitors, USP18 played a
more prominent role than did SOCS3, although it is most likely that several ITAM-induced
inhibitors coordinately suppressed IFNAR signaling in a partially redundant manner. This is
reminiscent of cross-inhibition of TLR signaling by prior engagement of ITAM-associated
receptors that is mediated by MAPK-dependent induction of a distinct set of inhibitors that
includes A20 and Hes1. Thus, ITAM-coupledp2 integrins induce expression of a broad set
of inhibitory molecules that modulate macrophage responses. Induction of inhibitory
signaling is dependent on MAPKSs and highlights the newly described suppressive aspects of
MAPK signaling (42, 43) that complement the well-established activating effects of MAPKs
(44).

Activation of MAPKSs by ITAM-associated receptors is well established to depend on ITAM
signaling (21), and a role for ITAM signaling in inhibition of IFN responses is further
supported by the observed loss of inhibition of IFN signaling by Fb when Syk was inhibited.
Although all ITAM-associated receptor ligands that were tested, Fb, CD11b antibodies,
zymosan, and immune complexes, similarly inhibited IFN responses, there were some
differences in underlying mechanisms. For example, Fb, but not zymosan or immune
complexes, effectively induced USP18 expression (data not shown). In addition, MAPK
signaling (which was necessary for Fb-induced expression of USP18) played a more
prominent role in mediating inhibition of IFN responses by Fb than by zymosan or immune
complexes. These differences between Fb and zymosan or immune complexes may be
explained by different avidity of ligation of ITAM-associated receptors that are expressed at
different levels on the cell surface; avidity of ITAM receptor ligation has been shown to
qualitatively and quantitatively alter downstream signaling (21, 45). An alternative
explanation for differences between Fb, zymosan and immune complexes is engagement of
additional but distinct signaling pathways that cooperate with ITAM signaling to suppress
IFN responses. For example,2 integrins activate additional non-1TAM-dependent signaling
pathways (46), zymosan activates receptors in addition to Dectin-1 (11), and immune
complexes activate the inhibitory FcyRIIb that induces ITIM signaling, and DC-SIGN,
which signals by non-ITAM-mediated pathways, in addition to ITAM-associated FcyRs
(47). Anather interesting point is the specificity of robust inhibition of IFNAR signaling by
ITAM-associated receptors but not by TLRs, as TLR2 only mildly cross-inhibited IFNAR
signaling (data not shown) and TLR4 induced, rather than inhibited, autocrine IFN
responses. These differences between ITAM-associated receptors and TLRs are most likely
explained by more effective activation of calcium-mediated and inhibitory signaling
pathways by ITAM-associated receptors that lead to enhanced expression of signaling
inhibitors (4, 21, 48).

During an innate immune or inflammatory response, ITAM-associated receptors will be
engaged by endogenous ligands and by microbial products (also known as pathogen-
associated molecular patterns or PAMPs). The major known endogenous ligands present at
high concentrations at infectious/inflammatory sites are immune complexes, fibrin(ogen)
and complement fragments that ligate, respectively Fc receptors and B2 integrins. Our
results suggest that ligation of these ITAM-associated receptors on monocytes that migrate
into inflammatory sites will attenuate inflammatory responses on subsequent encounter of
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pathogens or type | IFNSs, thereby preventing excessive cell activation and tissue damage,
while promoting cell survival and maintaining host defense. This idea is supported by our
results showing that Fb attenuates inflammatory responses to L. monocytogenes infection
while promoting cell survival. In addition to sensing endogenous inflammatory factors,
ITAM-associated receptors such as C-type lectin receptors sense PAMPs and thus can be
coordinately ligated along with various PRRs when macrophages encounter pathogens. Our
data suggest that co-temporaneous ligation of ITAM-associated receptors and IFN-inducing
PRRs (such as cell surface TLR3 and TLR4, endocytic TLRs 7-9, and cytoplasmic sensors
of microbial RNA or DNA) by select pathogens will qualitatively change the macrophage
response by selectively attenuating IFN responses. Our attempts to directly test this idea
using microbial pathogens available to us that engage both ITAM-associated receptors and
IFN-inducing PRRs were not successful likely because of difficulties in selectively
manipulating ITAM signaling in the primary human macrophage system that we used.
However, we obtained evidence to support this idea using an alternative approach of co-
stimulation of B2 integrins and TLR4, Dectin-1 and TLR4, andp2 integrins and the as yet
unknown PRR that senses L. monocytogenes and induces IFN production. ITAM-associated
receptors selectively attenuated autocrine IFN signaling while preserving activation of
inflammatory NF-«B target genes.

Selective attenuation of IFN responses in the context of pathogen encounter can have
beneficial or detrimental effects on host defense, depending on context and the specific
pathogen. Type | IFNs are detrimental to host survival in certain bacterial infections, such as
Francisella tularensis and Listeria monocytogenes (22). Our results suggest that ITAM-
mediated attenuation of IFN signaling would be protective in infections by these pathogens
as it promotes macrophage survival that is important for pathogen clearance. Attenuation of
IFN-dependent chemokine production can also be beneficial by preventing excessive
inflammation and attendant toxicity. However, because ITAM-associated receptor signaling
can attenuate inflammatory cytokine production, ITAM signaling may also have deleterious
effects on the host response to L. monocytogenes. The latter possibility is supported by
evidence that mice lacking DAP12 have increased protection from L. monocytogenes (18,
40) and that CD11b-deficient mice can better clear L. monocytogenes at early timepoints (5).
The data collectively suggest a context-dependent role for ITAMs in innate immunity,
possibly determined by avidity of receptor ligation or availability of ligands. For example F.
tularensis and L. monocytogenes are not known to directly activate ITAM-associated
receptors, so a protective ITAM-activating signal would need to be delivered by
opsonization with antibodies or complement, or by endogenous ligands such as Fb.
Abrogation of IFN signaling can also compromise antiviral responses and decrease the
efficacy of antigen presentation, which will be detrimental to the host. Thus, the overall
effects of modulation of PRR responses and selective attenuation of autocrine IFN responses
by ITAM-associated receptors on host defense will vary according to the pathogen. ITAM-
TLR-IFN crosstalk and the ability to effectively prevent excessive IFN signaling may also
be important in autoimmune diseases, where allelic variants in FcyRs and the CD11b
subunit of B2 integrins have been linked to autoimmune diseases such as SLE that are
characterized by TLR-driven type | IFN production. In this context, hypomorphic alleles
encoding FcyR and CD11b variants may predispose to autoimmunity by enabling
unrestrained and excessive IFN responses.

In conclusion, ITAM-associated receptors modulate TLR and cytokine receptor signaling in
both a quantitative and qualitative manner. Preligation of ITAM-associated receptors
globally and quantitatively attenuates TLR responses and serves to restrain inflammation
and associated pathology. On the other hand, co-ligation of ITAM-associated receptors and
TLRs selectively attenuates autocrine IFN signaling and qualitatively changes TLR
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responses to make them appropriate for a given pathogen and the inflammatory micro-
environment that contains various endogenous ligands for ITAM-associated receptors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ligation of ITAM-associated 2 integrins and FcyRs inhibits proximal IFNAR
signaling

Primary human monocyte-derived macrophages were plated onto control FBS-coated wells,
fibrinogen (Fb) coated wells, or IgG coated wells for the indicated times, and then IFN-a.
(1000 U/mL) was added for an additional 2 h to assess induction of IFN-a response genes
(A,B,G) or 15 min to assess phosphorylation of Jakl and STAT1 (C,D,F).

A, Macrophages were plated for 2 and 4 h prior to addition of IFN-a. mMRNA expression was
measured by gPCR, and results are presented as mean + SD of triplicate wells normalized
relative to GAPDH mRNA. Data are representative of at least 3 independent experiments.
B, Cumulative data from macrophages plated for 2 h prior to addition of IFN-a. MRNA
expression was measured by gPCR and normalized relative to GAPDH mRNA. Results are
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presented as mean + SEM of 11 independent donors. Statistical analysis was performed
using the 2-tailed, paired Student t test, p = 0.0203.

C and D, Macrophages were plated for 6 h prior to addition of IFN-a. Whole cell lysates
were immunoblotted with Abs against phospho-STAT1 (Y701) and STAT1 (C) and Abs
against phospho-JAK1 (Y1022/1023) and JAK1 (D). Data are representative of at least 3
independent experiments.

E, Cell surface expression of both subunits of the type I IFN receptor was measured by flow
cytometry. Macrophages were plated for 3 or 4 h. Flow cytometry data from an experiment
showing strong downregulation of IFNAR1 are shown (top panels) and cumulative data
from 6 independent experiments are shown in the table (bottom). Percent inhibition was
calculated by subtracting isotype control staining and comparing IFNAR1 MFI of control
and Fb-stimulated cells.

F, Macrophages were plated for 1.5 h on control or IgG coated wells prior to addition of
IFN-a. Whole cell lysates were immunoblotted with Abs against phospho-STAT1 (Y701)
and STATL. Data are representative of at least 3 independent experiments.

G, Macrophages were plated for 1.5 h on control or 1gG coated wells prior to addition of
IFN-a. mMRNA expression was measured by gPCR, and results are presented as mean + SD
of triplicate wells normalized relative to GAPDH mRNA. Data are representative of at least
3 independent experiments.

H, Macrophages were stimulated for 4 h with zymosan (10 ug/mL) prior to addition of IFN-
a. Whole cell lysates were immunoblotted with Abs against phospho-STAT1 (Y701) and
STAT1. Data are representative of 3 independent experiments.
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Figure 2. Ligation of B2 integrins by CD11b antibodies inhibits IFN-a signaling

Primary human macrophages were plated onto control 1IgG2b coated wells or anti-CD11b
coated wells.

A, Macrophages were plated for 2 h and then IFN-a (50 U/mL) was added for an additional
2 h to assess induction of IFN-a response genes. mRNA expression was measured by qPCR,
and results are presented as mean * SD of triplicate wells normalized relative to GAPDH
mRNA. Data are representative of 3 independent experiments.

B, Macrophages were plated for 4 hr and then IFN-a (500 U/mL) was added for an
additional 15 min to assess phosphorylation of STAT1. Whole cell lysates were
immunoblotted with Abs against phospho-STAT1 (Y701) and STATL. Data are
representative of 3 independent experiments.
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Figure 3. B2 integrin inhibition of IFN-a signaling is mediated by a p38 and ERK-dependent
pathway

Primary human macrophages were pretreated with either the vehicle control DMSO or two
MAPK inhibitors: p38 inhibitor SB203580 (15 uM) and MEK inhibitor U0126 (15 uM) for
30 min. Macrophages were then plated onto control wells or fibrinogen (Fb) coated wells,
and IFN-a (1000 U/mL) was added for an additional 2 h to assess induction of IFN-a.
response genes (A) or 15 min to assess phosphorylation of STAT1 (B).

A, Macrophages were plated for 2 h prior to addition of IFN-a. mMRNA expression was
measured by gPCR, and results are presented as mean + SD of triplicate wells normalized
relative to GAPDH mRNA. Data are representative of at least 3 independent experiments.
B, Macrophages were plated for 4 h prior to addition of IFN-a. Whole cell lysates were
immunoblotted with Abs against phospho-STAT1 (Y701) and STATL. Data are
representative of 2 independent experiments.
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Figure 4. p2integrin ligation by fibrinogen induces USP18, a MAPK-dependent negative
regulator of IFN-a signaling

Primary human macrophages were plated onto control wells or fibrinogen (Fb) coated wells.
A, Cumulative data from macrophages plated for 4 h. mRNA expression was measured by
gPCR and normalized relative to GAPDH mRNA. Results are presented as mean + SEM of
6 independent donors. Statistical analysis was performed using the 2-tailed, paired Student t
test, p = 0.0198.

B, Macrophages were pretreated with either the vehicle control DMSO or two MAPK
inhibitors: p38 inhibitor SB203580 (15 uM) and MEK inhibitor U0126 (15 uM) for 30 min.
Macrophages were plated for 4 h, and IFN-a (1000 U/mL) was added for 15 min. Whole cell
lysates were immunoblotted with Abs against USP18 and p38a. Data are representative of 2
independent experiments.

C, Macrophages were pretreated with either the vehicle control DMSO or Syk inhibitor
piceatannol (80 uM) for 30 min. Macrophages were plated for 4 h, and IFN-co, (1000 U/mL)
was added for 15 min. Whole cell lysates were immunoblotted with Abs against USP18 and
p38a. Data are representative of at least 3 independent experiments.

D - E, Macrophages were nucleofected with non-specific (control) or USP18-specific short
interfering RNAs (siRNA), and 3 days later were plated onto control or Fb-coated wells and
stimulated with IFN-o for 2 hrs. D, Immunoblot shows knockdown efficiency. E, mRNA
expression was measured by gPCR and normalized relative to GAPDH mRNA. Error bars
represent SD of triplicate wells, and data are representative of 3 independent experiments. F,
Cumulative data from 3 donors is presented as mean + SEM. Transcript expression in IFN-
a-stimulated control cells was set as 100%, and expression in all other conditions was set
relative to that control. * p = 0.0175, paired Student t test; NS = not significant (p = 0.1963).
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Figure 5. Concurrent ligation of ITAM-coupled receptors and TLR4 inhibits induction of the

TLR4-induced IFN-B-mediated autocrine loop

Primary human macrophages were added to control or fibrinogen (Fb) coated wells with or
without LPS (10ng/mL) (A-C). White bars represent unstimulated controls cells at each
timepoint. MRNA expression was measured by qPCR, and results are presented as mean +

SD of triplicate wells normalized relative to GAPDH mRNA.

A, Expression of TNF, IL1B and IL10 mRNAs was measured. Data are representative of 3

independent experiments.

B, Induction of autocrine IFN-B mRNA expression was measured by gPCR, and IFN-
protein from culture supernatants was measured by ELISA. Data are representative of 3

independent experiments.

C, Induction of type I IFN dependent CXCL9 and CXCL10 mRNAs downstream of LPS
stimulation was measured. Data are representative of 3 independent experiments.

D, Cells were treated with zymosan (100ug/mL), LPS (10 ng/mL), or zymosan plus LPS.
Induction of LPS-dependent and type | IFN dependent mMRNAs were measured. Data are

representative of 3 independent experiments.
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Figure 6. Primary human Me pre-ligated with fibrinogen are protected from L. monocytogenes-
induced apoptosis

Primary human macrophages were plated onto control wells or fibrinogen (Fb) coated wells
for 18 h. Culture media was changed, and cells were infected with live L. monocytogenes
(wild-type strain 10403S) at MOI 10, 20 (A) or MOI 5 (B, C).

A, Flow cytometry was used to assess apoptosis, measured by annexin V binding to
phosphatidylserine in the DAPI negative population. In vitro infections were performed in
triplicate wells, and results are presented as mean frequency + SD of triplicate wells. Cell
death was measured by positive staining for both annexin V and DAPI. Data are
representative of at least 3 independent experiments.

B, Viable bacteria from macrophages were quantified 4 h post infection. 4 independent
experiments are shown, with each symbol representing a different donor. Statistical analysis
was done using the 2-tailed, paired Student t test, and intracellular burden between control-
infected and Fb-infected macrophages was not statistically different.

C, Induction of multiple infection induced mRNAs was measured by qPCR, and results are
presented as mean + SD of triplicate wells normalized relative to GAPDH mRNA. Data are
representative of at least 3 independent experiments.
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