Article

An essential role for IFN-3 in the induction of
IFN-stimulated gene expression by LPS
in macrophages

Faruk Sheikh,* Harold Dickensheets,* Ana M. Gamero," Stefanie N. Vogel,'*+
and Raymond P. Donnelly*’

*Division of Therapeutic Proteins, Center for Drug Evaluation and Research, U.S. Food and Drug Administration, Bethesda,
MD, USA; *Department of Biochemistry, Temple University School of Medicine, Philadelphia, PA, USA; and tDepartmem of
Microbiology and Immunology, University of Maryland School of Medicine, Baltimore, MD, USA

RECEIVED APRIL 4, 2014; REVISED JUNE 17, 2014; ACCEPTED JUNE 20, 2014. DOI: 10.1189/j1b.2A0414-191R

ABSTRACT

TLR agonists such as LPS and poly(l:C) induce expres-
sion of type | IFNs, such as IFN-«a and -8, by macro-
phages. To examine the role of IFN- in the induction of
ISGs by LPS, we compared the ability of LPS to induce
ISGF3 activity and ISG expression in bone marrow-de-
rived macrophages from WT and Ifnb1/~ mice. We
found that LPS treatment activated ISGF3 and induced
expression of ISGs such as Oas1, Mx1, Ddx58 (RIG-I),
and Ifih1 (MDAS5) in WT macrophages, but not in macro-
phages derived from Ifnb1~/~ mice or Ifnar1™’~ mice.
The inability of LPS to induce activation of ISGF3 and
ISG expression in Ifnb1 /- macrophages correlated with
the failure of LPS to induce activation of STAT1 and -2 in
these cells. Consistent with these findings, LPS treat-
ment also failed to induce ISG expression in bone mar-
row-derived macrophages from Stat2 KO mice. Al-
though activation of ISGF3 and induction of ISG expres-
sion by LPS was abrogated in Ifnb1~/~ and Ifnar1™/~
macrophages, activation of NF-«B and induction of
NF-«kB-responsive genes, such as Tnf (TNF-«) and lI1b
(IL-1B), were not affected by deletion of either the IFN-3
or IFN-aR1 genes. These findings demonstrate that in-
duction of ISGF3 activity and ISG expression by LPS is
critically dependent on intermediate production of IFN-3
and autocrine signaling through type | IFN receptors.

J. Leukoc. Biol. 96: 591-600; 2014.

Introduction

TLRs mediate responsiveness to a wide variety of infectious
agents and facilitate induction of many proinflammatory

Abbreviations: FliC=flagellin, GAS=(IFN) gamma-activated sequence, IFN-
aR=IFN-a receptor, Ifnart™'~=IFN-a/B receptor gene KO mouse, Ifinb1™/
~=IFN-B gene KO mouse, IRF=IFN regulatory factor, ISG=IFN-stimulated
gene, ISGF3=interferon-stimulated gene factor 3, ISRE=IFN-stimulated re-
sponse element, KO=knockout, MALP-2=macrophage-activating lipopep-
tide-2 kDa, MyD88=myeloid differentiation primary response gene 88,
Poly(1:C)=polyinosinic:polycytidylic acid, g°PCR=quantitative PCR,
RPA=RNase protection assay, STAT=signal transducer and activator of
transcription, Stat1™/~ (or Stat2~/7)=STAT1 (or STAT2) gene KO mouse,
TRIF=TIR domain adapter protein inducing IFN-B; WT=wild-type
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genes. LPS, or endotoxin, is a major outer membrane compo-
nent of Gram-negative bacteria and induces expression of a
wide variety of genes that constitute the innate immune re-
sponse to Gram-negative bacterial infections. LPS signals
through TLR4 on the cell surface of many cell types, especially
macrophages and neutrophils. It binds to MD2, a TLR4-associ-
ated protein, to facilitate the dimerization of TLR4 that is nec-
essary for productive signaling [1]. Signaling through TLR4
induces rapid activation of 2 distinct intracellular signaling
pathways that mediate activation of specific transcription fac-
tors, including NF-«B via the MyD88-dependent pathway and
IRF-3 via the MyD88-independent or TRIF-dependent signaling
pathway [2, 3]. Activation of these signaling pathways results in
expression of distinct gene signatures. For example, activation
of NF-kB via the MyD88-dependent signaling pathway induces
expression of multiple proinflammatory cytokines, such as
TNF-e, IL-1B, and IL-12. These cytokines in turn signal
through cytokine-specific receptors to induce a cascade of sec-
ondary biological responses.

A second major group of cytokines that are produced by
LPS-activated macrophages is the type I IFNs [4]. The murine
genome contains 14 highly related IFN-a genes and single ver-
sions of the more distantly related IFN-B, -¢, and -k genes [5,
6]. Activation of IRF-3 by viral infection or exposure to TLR
agonists such as LPS results in coexpression of several type I
IFNs, including IFN-a4, and - [7-9]. Type I IFNs mediate
their biological activities by binding and signaling through
type I IFN receptor complexes. IFN-a/ 8 receptor complexes
are composed of 2 noncovalently associated transmembrane
proteins, IFN-aR1 and -2, which are encoded by the corre-
sponding Ifnarl and Ifnar2 genes [10]. Signaling through type
I IFN receptors induces activation and nuclear translocation of
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ISGF3 transcription factor complexes that are composed of
STAT1, STATZ2, and IRF9. ISGF3 complexes subsequently bind
to ISREs in the promoters of various ISGs, to induce transcrip-
tion of these genes [11]. Signaling through type I IFN recep-
tors can also induce formation of STAT1 homodimers that
bind to GAS elements in the promoters of a distinct subset
of IFN-responsive genes. Studies in Ifnarl”/~ mice showed
that deletion of this gene abolishes responsiveness to all
type I IFNs and markedly increases susceptibility to viral in-
fections [12, 13].

The ability of LPS to induce IFN production by macrophages
was first reported many years ago [14, 15], and the importance of
NF-kB activation in the induction of proinflammatory gene ex-
pression by TLR agonists is well established. However, the role of
type I IFNs, particularly IFN-B, in the induction of macrophage
gene expression is not as well defined. In this study, we used
bone marrow—derived macrophages from Ifnbl /~ mice and
Ifnarl™/~ mice to examine the role of IFN-B and its receptor in
the induction of ISG expression by LPS in macrophages. We
found that LPS activates ISGF3 and induces expression of
ISGs in WT macrophages, but the ability of LPS to induce
activation of ISGF3 and ISG expression is abrogated in IFN-
B-null macrophages, as well as in IFN-a/ receptor-null
macrophages. These findings demonstrate a critical require-
ment for endogenous IFN-S expression in the induction of
ISG expression by LPS in macrophages.

MATERIALS AND METHODS

Culture medium

The complete medium used for culturing macrophages consisted of RPMI-
1640 medium (Life Technologies, Grand Island, NY, USA) supplemented
with 10% FBS (HyClone, Logan, UT, USA), 2 mM r-glutamine, and 50
ng/mL gentamicin.

Reagents

Ultrapure LPS from the Escherichia coli 0111:B4 strain was obtained from
InvivoGen (San Diego, CA, USA). poly(I:C), MALP-2, and recombinant FliC
were obtained from Imgenex Corp. (San Diego, CA, USA). Recombinant mu-
rine IFN-$ was obtained from R&D Systems, Inc. (Minneapolis, MN, USA).

Cells

Bone marrow—derived macrophage cultures were generated as described
elsewhere [16] from bone marrow aspirates extracted from the femurs of
WT BALB/c or C57BL/6 mice obtained from Jackson Laboratories (Bar
Harbor, ME, USA) or from specific gene KO mice, including [fnbl’/’
mice [17], Ifnar]”’~ mice [12], and Stat2~/~ mice [18]. The cells were
cultured at 1 X 10° cells/mL in complete RPMI-1640 medium containing
recombinant murine M-CSF (50 ng/mL) for 7-10 days at 37°C, after which
the M-CSF was washed off the cultures, and the cells were treated with LPS
or recombinant murine IFN-B, as indicated in the text.

EMSA

Nuclear protein extracts were prepared from cells after treatment with LPS
or IFN-B, according to a modification [19] of the original method de-
scribed by Dignam et al. [20]. A double-stranded oligonucleotide, based on
a DNA sequence in the promoter of the human ISG15 gene, was used as a
probe for ISGF3 in the gel shift assays [21]. This oligonucleotide contains
an ISRE that has a high affinity for ISGF3 complexes. The NF-«kB probe,
obtained from Promega Corp. (Madison, WI, USA; catalog no. E3292), was
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a consensus oligonucleotide based on an NF-kB binding site in the Igk
gene [22]. These probes were end-labeled with [y-**P]-ATP using T4 poly-
nucleotide kinase, and binding reactions were performed [23]. A portion
of each binding-reaction mixture (8 nlL per sample) was electrophoresed
on nondenaturing, 6% polyacrylamide gels (Invitrogen, Carlsbad, CA,
USA), using 0.25X Tris-borate-EDTA buffer (22 mM Tris-HCI [pH 8.0], 22
mM borate, and 0.5 mM EDTA). The gels were subsequently dried and
visualized by autoradiography.

Antibodies

The mouse monoclonal anti-phospho-Y’*'-STAT1 Ab was obtained from
Invitrogen Corp., and the rabbit polyclonal anti-phospho-Y**-STAT2 Ab
was obtained from Millipore Corp. (Temecula, CA, USA). The mouse
monoclonal anti-STAT1 Ab (sc-417) and the rabbit polyclonal anti-STAT2
Ab (sc-839) were obtained from Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA).

Western blot analysis

The levels of tyrosine-phosphorylated STAT1 and -2 were measured by
Western blot analysis, as described previously [24]. After treatment with
LPS or recombinant IFN-g, the cells were washed 3 times with Dulbecco’s
PBS, and whole-cell lysates were prepared. Proteins were resolved by elec-
trophoresis on 8% SDS-PAGE gels (Invitrogen), and then transferred to
polyvinylidene difluoride membranes. The levels of tyrosine-phosphorylated
STAT1 and tyrosine-phosphorylated STAT2 were visualized by ECL with
mouse monoclonal anti-phospho-Y*’-STAT1 Ab or rabbit polyclonal anti-
phospho-Y**"-STAT2 Ab, respectively.

Northern blot analysis

Total RNA was isolated from macrophages with RNAzol B (Tel-Test,
Friendswood, TX, USA) by the acid/guanidinium thiocyanate/phenol/
chloroform extraction method [25]. Equivalent amounts of RNA (10 pg/
lane) were size fractionated by electrophoresis in 1% agarose gels contain-
ing 0.66 M formaldehyde. The RNA was then transferred onto Nytran
membranes (GE Life Sciences, Pittsburgh, PA, USA) and cross-linked by
exposure to UV light. The membranes were hybridized and washed accord-
ing to standard procedures [26]. The cDNA probes used to detect ISG ex-
pression have been described previously. Gel-purified insert DNA was radio-
labeled by the random-primer method of Feinberg and Vogelstein [27].

RPA

RPAs were performed with the RiboQuant Multiprobe RNase Protection
Assay System (BD Biosciences, San Jose, CA, USA) [16]. The assays were
performed with a custom-designed template set containing probes for the
following genes: Tnf, Il1b, 1110, Socsl, and Socs3 and the housekeeping
genes Rpl32 and Gapdh. The probes were transcribed in the presence of
[a**P]-UTP (ICN Biomedicals, Irvine, CA, USA; catalog no. 58103). Pro-
tected RNA fragments were separated by electrophoresis through 6% poly-
acrylamide-7 M urea sequencing gels (CastAway Precast Sequencing System;
Stratagene, La Jolla, CA, USA) and visualized by autoradiography.

Real-time qPCR

Changes in gene expression identified by Northern blot analysis were veri-
fied by qRT-PCR analyses of individual ISGs [28]. Total cellular RNA was
isolated and treated with DNase, to remove any residual genomic DNA, by
using RT? qPCR-grade RNA isolation kits from Qiagen, Inc. (Valencia, CA,
USA). One microgram of purified RNA from each treatment group was
used as a template for synthesis of first-strand cDNAs with ReactionReady
First Strand cDNA synthesis kits (Qiagen). Specific primer assays for se-
lected ISGs were obtained from Qiagen and were analyzed on the
Mx3000P system (Agilent Technologies, Santa Clara, CA, USA). PCR ampli-
fication was performed by thermal cycling with SuperArray RT? Real-Time
SYBR Green PCR Master Mix with real-time detection by SYBR Green and
5-carboxy-X-rhodamine dyes on the Mx3000P instrument, per the manufac-
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turer’s instructions. Changes in gene expression levels were analyzed by
using MxPro software v.4.10 (Agilent), and the results are expressed as the
mean fold increase relative to the control levels after normalization to the
housekeeping gene, GAPDH. Changes in the relative levels of gene expres-
sion in treated vs. nontreated control cells were calculated by using the
2744¢T method [29]. Graphing and statistical analysis of qPCR results were
performed with Prism 5.0 (Graph Pad Software, San Diego, CA, USA). Val-
ues represent the mean = sp of triplicate determinations. Each of the ex-
periments in this study was performed at least 3 times (n=3) with 3 sepa-
rate sets of bone marrow-derived macrophages from WT, Ifnb1 /", and
Ifnarl”’/~ mice. The Northern blots and confirmatory qPCR analyses were
each performed 3 times with similar results.

RESULTS

Induction of ISGF3 activity by TLR agonists in
macrophages is IFN-f3 dependent

The activation of macrophages by signaling through TLRs in-
duces expression of many genes, including proinflammatory
cytokines, such as TNF-a, IL-1, and IL-12 and IFNs such as
IFN-a and -B. IFN-a and - can, in turn, induce autocrine ex-
pression of various ISGs in macrophages. To examine the role
of IFN-B in induction of ISGF3 activity by various TLR ago-
nists, we prepared cultures of bone marrow—derived macro-
phages from WT and IfubI~/~ mice [17] and treated the cells
with MALP-2 (100 ng/mL), poly(I:C) (10 wg/mL), LPS (100
ng/mL), or FliC (100 ng/mL) for 4 h at 37°C. At the end of
the incubation period, nuclear protein extracts were prepared
and assayed for ISRE DNA-binding activity by EMSA. As shown
in Fig. 1A, treatment with the TLR3 agonist poly(I:C), TLR4
agonist LPS, or TLR5 agonist FliC, but not the TLR2 agonist
MALP-2, induced ISGF3 activity in the WT macrophages. In
contrast, none of these agents induced ISGF3 activity in the
Ifnb1™/~ macrophages. Although none of the TLR agonists
(MALP-2, poly(I:C), LPS, or FliC) induced ISGF3 activity in
the IFN-B-null macrophages, all 4 of these agents induced acti-
vation of NF-«B in both WT (Ifnb1*/") and Ifnb1 /"~ macro-
phages (Fig. 1B), indicating that the cells responded to all 4 of
these TLR agonists.

Wild-type Ifnb1-/-

Wild-type

IFN-B8 mediates induction of ISG expression by LPS

Induction of ISGF3 activity by LPS in macrophages
requires expression of type I IFN receptors

IFN-a and - induce ISG expression by signaling through
type I IFN receptor complexes that are composed of the
IFN-a receptor-1 and -2 polypeptide chains encoded by the
Ifnarl and Ifnar2 genes, respectively [10]. To determine
whether type I IFN receptor expression is necessary for in-
duction of ISGF3 activity by LPS, cultures of bone marrow—
derived macrophages were prepared from WT, Ifnbl™/ ",
and Ifnarl”/~ mice, and treated with LPS (100 ng/mL) or
recombinant IFN-B (10 ng/mL) for 1 or 4 h at 37°C. Nu-
clear protein extracts were then prepared and assayed for
ISGF3 activity by EMSA. Fig. 2A shows that LPS treatment
induced delayed activation of ISGF3 in the WT macro-
phages, but this was not observed in the IFN-B-null macro-
phages or in the IFN-a/f8 receptor-null macrophages. In
contrast, recombinant IFN-B induced rapid activation of
ISGF3 in the WT macrophages and in the IFN-B-null macro-
phages, but not in the IFN-a/f receptor-null macrophages.

The magnitude of ISGF3 activity induced by LPS in the
WT macrophages was much greater at the 4 h time point
than at the 1 h time point, because it takes several hours
for the cells to produce endogenous IFN-S protein to in-
duce autocrine activation of ISGF3 [30, 31]. In contrast, in-
duction of ISGF3 activity by recombinant IFN-$ in the WT
macrophages was maximal at the 1-hour time point, because
no lag period is necessary for production of IFN-$ protein.
Although Ifnb1~/~ macrophages cannot produce IFN-,
they are fully responsive to exogenous IFN-B. In contrast,
the Ifnar]”’~ macrophages do not express type-I IFN recep-
tors and therefore cannot respond to endogenous IFN-3
produced in response to LPS stimulation or to treatment
with exogenous IFN-f.

To confirm that the ISGF3 complexes detected by EMSA
contained both STATI and -2, we preincubated the nuclear
protein extract derived from LPS-stimulated WT macro-
phages (Fig. 2A, lane 3) with rabbit anti-STAT1 or -2 Ab for
15 min before addition of the radiolabeled ISRE probe. As

Figure 1. Induction of ISGF3

Ifnb1-/- activity by TLR agonists in mac-
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Figure 2. Induction of ISGF3 activity by LPS in macrophages requires expression of type I IFN receptors. Cultures of bone marrow—derived mac-
rophages from WT, Ifnb1~/~, or Ifnarl~/~ mice were treated with LPS (100 ng/mL) or recombinant murine IFN-B (10 ng/mL) for 1 or 4 h at
37°C. (A) At the end of the incubation period, nuclear protein extracts were prepared and assayed for ISGF3 activity by EMSA with the ISRE
probe. (B) To confirm that the ISGF3 complexes contained both STAT1 and -2, we preincubated the nuclear protein extract derived from LPS-
stimulated WT macrophages (4 h) with rabbit anti-STATI or -2 Ab for 15 min before addition of the radiolabeled ISRE probe. Pretreatment with
either the anti-STAT1 or -2 Ab, but not a control rabbit IgG Ab, resulted in retardation of the ISGF3 complexes.

shown in Fig. 2B, pretreatment with either the anti-STAT1
or -2 Ab, but not a control rabbit IgG Ab, caused a super-
shift of the ISGF3 complexes, thereby confirming that these
complexes contain both STATI and -2.

The inability of LPS to induce ISGF3 activity in IFN-
B-null macrophages correlates with failure to induce
tyrosine phosphorylation of STAT1 and -2

ISGF3 complexes are heterotrimers composed of STAT1, STAT2,
and IRF-9, and formation of ISGF3 transcription factor com-
plexes is dependent on tyrosine phosphorylation of STATI and
-2. To examine the role of STATI and -2 in the activation of
ISGF3 by LPS, we treated bone marrow-derived macrophages
from WT and IfnbI~”~ mice with LPS (100 ng/mL) at 37°C for

A

Wild-type Ifnb1—/—
LPS: ' 0 1 2 424 0 1 2 4 24°hours
b b ISGF3

12 3 4 5 6 7 8 9 10

0 to 24 h. At the specified time points, nuclear protein extracts
or whole-cell lysates were prepared and assayed for ISGF3 activity
by EMSA and for activation of STAT1 and -2 by Western blot
analysis with anti-phospho-STAT1 and anti-phospho-STAT2 Abs.
Fig. 3A shows that LPS treatment induced time-dependent activa-
tion of ISGF3 in the WT macrophages but not in the IfnbI~"~
macrophages, confirming the data in Fig. 2A. The time-depen-
dent activation of ISGF3 induced by LPS in the WT macrophages
correlated well with the activation of STAT1 and -2, as measured
by Western blot analysis with anti-phospho-STATI1 and anti-
phospho-STAT2 Abs (Fig. 3B). In contrast, LPS treatment
did not induce phosphorylation of STAT1 or -2 in IFN-(-
null macrophages. These findings indicate that other type I
IFNs, such as IFN-a, do not play a significant role in the

Wild-type Ifnb1—/—
LPS: ' 0 1 2 424 0 1 2 4 24 hours
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< pY-Statt
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Figure 3. The inability of LPS to induce ISGF3 activity in IFN-B-null macrophages correlates with failure to induce tyrosine phosphorylation of
STAT1 and -2. Cultures of bone marrow—derived macrophages from WT or IfnbI~/~ mice were treated with LPS (100 ng/mL) at 37°C for 0 to 24
h. (A) At each time point, nuclear protein extracts were prepared and assayed for ISGF3 activity by EMSA. (B) A matching set of whole-cell lysates
was also prepared and used to measure activation of STATI and -2 by Western blot analysis with anti-phospho-STAT1 and anti-phospho-STAT2

Abs.
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activation of STAT1 and -2 or the generation of ISGF3 com-
plexes by LPS-stimulated macrophages.

The MyD88-dependent pathway leading to proinflammatory
cytokine expression is mediated via activation of NF-kB [1,
32]. To determine whether the inability of LPS to induce
ISGF3 activity in IFN-B-null macrophages correlates with a sim-
ilar inability to induce activation of NF-«kB, we examined the
ability of LPS to induce NF-kB activity in WT vs. Ifnb1~ /" mac-
rophages. As shown in Fig. 4A, LPS treatment induced equiva-
lent activation of NF-«B in both the WT and the IFN-B-null
macrophages. In addition, the TLR3 agonist poly(I:C), which
also induced activation of ISGF3 in the WT but not the
Ifnb1~/~ macrophages (Fig. 1A), induced equivalent levels of
NF-«B activity in WT and IfnbI/~ macrophages (Fig. 4B).
Therefore, in contrast to the activation of ISGF3, activation of
NF-«B by TLR agonists such as LPS and poly(I:C) is not de-
pendent on IFN-S.

IFN-f3 expression is necessary for induction of ISG
expression by LPS in macrophages

Activated ISGF3 catalyzes expression of multiple ISGs. To
examine the role of IFN-B in the induction of ISG expres-
sion by LPS, we prepared bone marrow—derived macro-
phages from WT, Ifnbl~/~, and Ifnarl~/~ mice and treated
the cells with LPS (100 ng/mL) or IFN-B (10 ng/mL) for 1
or 5 h at 37°C. Total RNA was then extracted and analyzed
by Northern blot analysis for expression of several ISGs, in-
cluding Oasl, MxI, Ddx58 (RIG-I), and Ifihl (MDAD). As
shown in Fig. 5A, both LPS and IFN-f induced expression
of all 4 ISGs in the WT macrophages; however, only IFN-f,
but not LPS induced expression of these genes in the
Ifnb1~/~ macrophages. It is noteworthy that although LPS
failed to induce expression of the Oasl, MxI, or Ddx58
genes in the Ifnbl~/~ macrophages, we observed weak in-
duction of the Ifihl gene that encodes MDAD in the
Ifnb1~/~ macrophages, suggesting that expression of this
gene is also positively regulated by cytokines other than

A Wild-type Ifab1--

T 1 1
LPS 0 1 2 424 0 1 2 4 24 :hours

«~NF-«xB

Ty

6 7 8 9 10

1 2 3 45

IFN-B8 mediates induction of ISG expression by LPS

IFN-B. As expected, neither LPS nor IFN-B induced ISG ex-
pression in the Ifnar]”/~ macrophages, because these cells
do not express type I IFN receptors.

In a related set of experiments, we compared the ability
of LPS and poly(I:C) to induce ISG expression in WT vs.
Ifnb1~/~ macrophages. The cells were treated with LPS or
poly(I:C) for 4 or 24 h at 37°C, and then RNA extracts were
prepared and assayed by qPCR for expression of several
ISGs, including MxI, Isg20, and Irf7. As shown in Fig. 5B,
treatment with LPS or poly(I:C) induced significant expres-
sion of these ISGs in the WT macrophages, but the levels of
expression were markedly decreased in the IFN-B-null mac-
rophages. Therefore, although LPS and poly(I:C) signal via
distinct TLRs in macrophages, they share a common re-
quirement for IFN-B expression to induce downstream ISG
expression.

To determine whether the induction of proinflammatory
genes, such as Tnfand I11b, by LPS is also dependent on IFN
signaling, we compared the ability of LPS to induce expression
of these genes in macrophages derived from WT and If-
narl~’~ mice. Macrophage cultures were treated with LPS
(100 ng/mL) or IFN-B (10 ng/mL) for 0, 2, 4, or 6 h at 37°C.
At each time point, RNA was extracted and analyzed by RPA
for expression of the following genes: Tnf (TNF-«), I11b (IL-
1B), 1110 (IL-10), Socs1, and Socs3. As shown in Fig. 6, IFN-8
treatment induced detectable expression of /110 and Socs1
mRNA in the WT macrophages, but not in Ifnarl”/~ macro-
phages. In contrast, LPS induced strong expression of TNF-c,
IL-1B, and Socs3 mRNA in both the WT and the Ifnarl™"~
macrophages. LPS treatment also induced delayed expression
(=4 h) of the IL-10 gene in the WT macrophages but not in
the Ifnarl”’~ macrophages. Therefore, the Tnf, 111b, and Socs3
genes are inducible by LPS, but do not require IFN-a/ recep-
tor signaling for induction; whereas, LPS induction of other
genes, such as /710 and Socsl, is mediated via production of
endogenous IFN-$ and signaling through cognate IFN-a/3
receptors.

Wild-type Ifnb1-"-

I 11T 1
poly(lC) 0 1 2 4 24 0 1 2 4 24 :hours

Lh i

6 7 8 9 10

¢

1 2 3 45

Figure 4. Activation of NF-kB by LPS or poly(I:C) is not suppressed in IFN-B-null macrophages . Cultures of bone marrow-derived macrophages
from WT or Ifnblf/’ mice were treated with (A) LPS (100 ng/mL) or (B) poly(L:C) (10 ug/mL) at 37°C for 0 to 24 h. At the specified time
points, nuclear protein extracts were prepared and assayed for NF-kB activity by EMSA.

www jleukbio.org

Volume 96, October 2014 Journal of Leukocyte Biology 595

€20z fenige4 g0 uo Jesn Aysieniun ajdwa ] Aq 6¥85£69/L6S/7/96/2101E/0Ig¥N3|/W 0o dnoolwsepede//:sdpy woly papeojumoq



JLB

Wild type Ifnb1 —/— Ifnar1 —/— 4hbr 24 hr
= =" = =" = = ) WT Ifnb1 -/- WT Ifnb1 - /-
s EgE8 25 8, 25¢E¢ ) : | sooon ’
8% %5 £ &8 %% EE Sy EE 2 600 2 000
el MW
> LR ek <« Ifnb1 o o 3
50 250+
"‘? gg ,'jé 2004
3 X 1504
> . . - «~Oaslg = 20 = 1007
0 T T -—*— 04
> LB ] <= Mxf WT bl - wT Iinb1 -/~
124t it i 50+ } 1t |
2 c c
> e - , h «<Ddxss S o S 401
] %] 1%
E ‘ s 2 30
(=% o
> Py [ <~ Ifih1 ] 61 ]
o o 204
El 34 ‘g’ 104
|| .- U - - £
A S = 0
> .i...m.“.. <—Gapdh . wWT ’ Ifnb1 -/- WT Ifnb1 -/-
80+ | it i 450+ | it 1
12 3 4 5 6 7 8 9 10 11 12 13 14 15 c =
Ag 604 % 3504
Figure 5. IFN-f3 expression is required for induction of ISG ® o 2504
expression by LPS or poly(I:C) in macrophages. Cultures of L% 409 5‘ 100
bone marrow-derived macrophages from WT, IfnbI /", and E o0 E gg
Ifnarl™’~ mice were treated with LPS (100 ng/mL) or IFN-3 - = gg
(10 ng/mL) for 1 or 5 h at 37°C. (A) At the specified time Ol T T T 04— r T 7
points, total RNA extracts were prepared and analyzed by WT - WT -
Northern blot analysis for expression of several ISGs, includ- 2000 } §—motole 50000~ | L
ing Oasl, Mxl, Ddx58 (RIG-1), and Ifih] (MDA5). The blot < 15004 c 238881 m
was also probed to measure TNF-a mRNA expression levels. ‘% 1000 a ‘% 2000
(B) Another set of bone marrow-derived macrophages from g 5004 g 1500:
WT or Ifnbl™/~ mice were treated with LPS or poly(I:C) for 4 50 ai 1000
4 or 24 h at 37°C. At the specified time points, RNA extracts £ 301 £ o0
were prepared and assayed by qPCR for expression of several TS T 10 !_!
ISGs, including Mx1, Isg20, and Irf7. o=z g - 0 S T o
O \g"o *\0 S 8% \\\O © \g% ~\\o © & \\\O
S TS TS & TS F VL

For most of the experiments described in this report, the cells
were treated with LPS at a concentration of 100 ng/mL. To de-
termine whether higher concentrations of LPS (e.g., 1 or 10 ug/
mL) would overcome the failure of LPS at 100 ng/mL to induce
activation of ISGF3 and ISG expression in IFN-B-null macro-
phages, we examined a full range of LPS concentrations (10, 1,
0.1, 0.01 and 0.001 ug/mL) for their ability to induce activation
of STAT1 and -2 and ISG expression in WT vs. Ifnbl~/~ macro-
phages. As shown in Fig. 7A, treatment with LPS at higher con-
centrations (i.e., 1 or 10 ug/mL) induced activation of STAT1
and -2 in the WT macrophages, but not in the IFN-B-null macro-
phages. In addition, treatment with LPS at 1 or 10 ug/mL in-
duced ISG expression (Irf7, Isg20, MxI, Cxcl10, Oaslg, and Ddx58)
in the WT macrophages, but not in the IFN-B-null macro-
phages (Fig. 7B). These findings demonstrate that higher
concentrations of LPS (1 or 10 ug/mL) do not overcome
its inability to induce STAT activation and ISG expression
in IFN-B-null macrophages.

STAT?2 is necessary for induction of ISG expression
by LPS in macrophages

Several studies have shown that activation of ISGF3 and induc-
tion of ISGF3-responsive genes by LPS necessitates activation
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and nuclear translocation of STATI1 [7, 30, 31]. However, the
role of STATZ in the induction of macrophage ISG expression
by LPS has not been defined. To examine the role for STAT2
in the induction of ISGF3-responsive genes by LPS, we com-
pared the ability of LPS and IFN-B to induce expression of
several ISGs in bone marrow—derived macrophages from WT
vs. Stat2 /" mice. As shown in Fig. 8A, LPS treatment induced
expression of all 4 of the ISGs that we examined, including
Irf7, Mx1, Oasl, and Ifihl (MDAbD), in WT macrophages but
not in Stat2 /~ macrophages. IFN-§ treatment also induced
expression of these ISGs in the WT macrophages but not in
the Stat2”/~ macrophages.

A companion set of bone marrow—derived macrophages
from WT and Stat2”/~ mice were treated with recombinant
IFN-B (10 ng/mL) or LPS (100 ng/mL) for 6 or 24 h at 37°C.
At the specified time points, RNA extracts were prepared and
assayed by qPCR for expression of several genes, including
Stat2, Irf7, Ifihl (MDAD), Ddx58 (Rig-1), Isg20, and I112b. As
shown in Fig. 8B, both IFN-8 and LPS markedly up-regulated
ISG expression levels in the WT macrophages but not in the
Stat2~/~ macrophages. In addition, the Stat2 gene itself was
up-regulated by treatment with IFN-S or LPS in the WT mac-
rophages, but not in the Stat2~/~ macrophages. Therefore,
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Figure 6. The ability of LPS to induce expression of pro-inflamma-
tory cytokine genes, such as TNF-a and IL-1, does not require sig-
naling through type I IFN receptors. Bone marrow-derived macro-
phages from WT or Ifnarl /™ mice were treated with LPS (100 ng/
mL) at 37°C for 0, 2, 4, or 6 h. At the specified time points, RNA
extracts were prepared and analyzed by RPA for expression of sev-
eral genes, including Tnf (TNF-«), 111 (IL-1B8), 1110 (IL-10), Socsl,
and Socs3.

STAT?2 is essential for the induction of ISG expression by both
IFN-B and LPS in macrophages.

DISCUSSION

Our studies showed that LPS activates ISGF3 in WT macrophages
but not in IFN-B-null macrophages. In contrast, the ability of LPS
to induce activation of NF-kB and expression of NF-kB-responsive
genes, such as TNF-a and IL-13, was not diminished in IFN-£-
null macrophages. Although the ability of LPS to induce ISGF3
activity was abrogated in IfnbI-deficient macrophages, ISGF3 activ-
ity could still be induced in these cells by treatment with exoge-
nous IFN-B. These findings demonstrate that although Ifnbl~ "~
macrophages cannot produce IFN- in response to LPS, they re-
main fully responsive to exogenous IFN-B. Moreover, our find-
ings show that IFN-B is the predominant type I IFN produced by
WT macrophages when stimulated by LPS. In contrast, both LPS
and recombinant IFN-S failed to induce activation of ISGF3 in
macrophages derived from Ifnarl”/~ mice, thus demonstrating
an essential role for type I IFN receptor signaling in the activa-
tion of ISGF3 by both LPS and IFN-$ in macrophages.

The murine genome contains 14 distinct but highly ho-
mologous IFN-a genes, but only a single IFN-B8 gene [5, 6].
It is remarkable that deletion of the IFN-B gene alone was
sufficient to abrogate the ability of LPS to induce activation
of ISGF3 and ISG expression in macrophages. We were sur-
prised to find that there is no significant role for the IFN-«
genes in these responses. Furthermore, a study by others
showed that treatment with neutralizing anti-IFN-8 but not
anti-IFN-a Abs blocks the activation of STAT1 and induc-
tion of ISG expression by LPS in macrophages [31]. These
findings provide additional evidence to support our conclu-
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sion that the activation of ISGF3 and induction of ISG ex-
pression by LPS in macrophages is largely mediated by
IFN-B, with little or no role for IFN-a.

Formation of ISGF3 complexes necessitates activation and
assembly of heterotrimers consisting of STAT1, STAT2, and
IRF9 [11]. We found that induction of ISGF3 activity by LPS
in macrophages correlated temporally with tyrosine phos-
phorylation of STAT1 and -2. The ability of LPS to induce
ISGF3 activity also correlated well with its ability to induce
expression of ISGs such as MxI, Oasl, Ddx58 (RIG-I), and
Ifihl1 (MDAD). LPS treatment markedly up-regulated expres-
sion of these genes in WT macrophages, but not in
IfnbI~/~ macrophages or in macrophages derived from If-
narl~/~ mice. Several other ISGF3-inducible genes, includ-
ing Irf7 and Isg20, were also markedly up-regulated by LPS
or the TLR3 ligand poly(I:C) in the WT macrophages, but
not in the IfnbI~/~ macrophages. In contrast, induction of
NF-«kB-responsive genes such as Tnf (TNF-a), 1116 (IL-13),
and Socs3 by LPS did not require intermediate production
of IFN-B or expression of IFN-a/ 3 receptors.

We found that LPS stimulation differentially regulates expres-
sion of the SocsI and Socs3 genes in macrophages. The ability of
LPS to induce expression of Socs3 was IFN independent; whereas,
the ability of LPS to induce expression of SocsI was IFN depen-
dent (Fig. 6). These findings are consistent with those in other
studies that also suggest a role for IFN-B production in the induc-
tion of SocsI gene expression by TLR agonists such as LPS and
CpG [33-35]. Like the SocsI gene, the 1L-10 gene (/110) was also
inducible by LPS in WT macrophages but not in Ifnarl-deficient
macrophages. This observation is consistent with a previous re-
port that implicated IFN-B in the induction of macrophage IL-10
expression by LPS [36].

Other studies have shown that induction of genes such as
Ccl12 (MCP-5), Cxcl10 (IP-10), and Nos2 (iNOS) by LPS is me-
diated in a STAT1l-dependent manner via intermediate expres-
sion of IFN-B [30, 31]. In contrast, induction of other LPS-
responsive genes such as Tnf (TNF-a), 1116 (IL-18), and Cxcll
(KC) is not dependent on activation of STAT1 or expression
of IFN-B. A subsequent study by Thomas et al. [37] using mac-
rophages derived from IfnbI~/~ mice showed that IFN-B is
essential for induction of STATI1-dependent LPS-responsive
genes, such as Ccl12 (MCP-5), Cxcl10 (IP-10), and Nos2
(iNOS), but not for induction of STATl-independent genes,
such as Tnf (TNF-a), 1116 (IL-1B), and Cxcll (KC). Our find-
ings extend these earlier reports by demonstrating that LPS-
mediated induction of classic ISGF3-reponsive genes, such as
Oasl, Mx1, Ddx58 (RIG-I), and Irf7, is critically dependent on
the expression and activity of endogenous IFN-S.

The original analyses of IFN-mediated ISG expression in
macrophages derived from Stat!”’~ and Stat2”’~ mice
showed that induction of classic ISGs, such as MxI, Oasl,
Eif2ak2 (PKR), and Irf7, is STAT1 and -2 dependent [18, 38,
39]. Transcription of these ISGs is driven, in large part, by the
binding of ISGF3 complexes to ISRE elements in the promot-
ers of these genes. In contrast, a distinct subset of ISGs can be
induced in a STAT1-dependent, but STAT2- and ISGF3-inde-
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pendent, manner. This subset includes ISGs, such as Irfl, Cxcl9
(Mig), Cxcl10 (IP-10), Cxcll1 (I-Tac), and Gbp, whose transcrip-
tion is preferentially induced by the binding of activated
STAT1 homodimers to GAS elements in the promoters of these
genes [40]. Like the ISGF3-responsive genes, induction of these
genes by LPS is dependent on IFN-S signaling; however, tran-
scription of these genes is predominantly mediated by the bind-
ing of STAT1 homodimers to GAS elements in their promoters,
rather than the binding of ISGF3 complexes to ISREs.

We found that LPS treatment induces activation (i.e., ty-
rosine phosphorylation) of STATI and -2 and expression of
classical ISGs, such as MxI, Oasl, and Irf7, in WT macro-
phages, but not in macrophages derived from Stat2™/~ mice.
StatI”’~ mice exhibit modest resistance to endotoxin chal-
lenge [41]; whereas, Sta2”/~ mice display heightened sensitiv-
ity to LPS [42]. The molecular basis for the increased sensitiv-
ity of Stat2~/~ mice to endotoxin challenge is not clear, be-
cause although LPS-induced expression of STAT2-dependent
ISGs, such as MxI, Oasl, and Irf7, is largely abolished in these
animals, expression of proinflammatory cytokines, such as
TNF-a, IL-18, IL-6, and IL-12, is also significantly decreased.
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A recent report showed that IFN-f can bind and signal
via the IFN-aR1 chain alone without recruiting the IFN-aR2
chain [43]. Activation of this IFN-aR2-independent signal-
ing pathway by IFN-B results in expression of a unique sub-
set of ISGs, including Irgl, Prok2, Treml, and Tgm2. If-
narl”/~ mice are protected from challenge with high-dose
LPS; whereas, IfnarZ*/f mice are as susceptible as WT mice.
These findings suggest that the subset of genes induced by
signaling through the IFN-aR1 chain alone, independent of
the IFN-aR2 chain, contribute more substantially to the
pathogenesis of Gram-negative endotoxemia than the classi-
cal ISGs induced by signaling through conventional IFN-
aR1/IFN-aR2 heterodimeric complexes. Furthermore, re-
lated studies by others showed that treatment with a neu-
tralizing anti-IFN-aR1 mAb protects mice against
development of endotoxin-induced lethality in 2 distinct
murine models of Gram-negative septicemia [44]. Together,
these studies suggest that blocking signaling through the
IFN-aR1 chain, but not the IFN-aR2 chain, provides a use-
ful therapeutic approach to the treatment of bacterial endo-
toxemia.
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Figure 8. STAT2 is necessary for induction of ISG expression by
LPS in macrophages. Cultures of bone marrow—derived macro-
phages from WT or Stat2”~/~ mice were treated with LPS (100 ng/
mL) or IFN-B (10 ng/mL) for 1 or 4 h at 37°C. (A) At the speci-
fied time points, RNA extracts were prepared and analyzed by
Northern blot analysis for expression of several ISGs, including Ir/7,
Mx1, Oasl, and Ifihl (MDAD). (B) Another set of bone marrow—
derived macrophages from WT and Stat2~/~ mice were treated with
recombinant IFN- (10 ng/mL) or LPS (100 ng/mL) for 6 or 24 h
at 37°C. At the specified time points, RNA extracts were prepared
and assayed by qPCR for expression of several genes, including
Stat2, Irf7, Ifihl (MDAS5), Ddx58 (Rig-I), Isg20, and I112b.
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The role of IFNs in regulating host responses to viral in-
fections has been explored extensively. However, the role of
IFNs in regulating host responses to bacterial infections has
received less attention. Nevertheless, several studies have
been undertaken to address this subject, and they showed
that type I IFNs can play either a positive or negative role
in regulating the host response to bacterial infection [45].
Mancuso et al. [46] demonstrated that type I IFN signaling
is essential for host resistance to infectious challenge by sev-
eral distinct bacterial species, including group B strepto-
cocci, Streptococcus pneumonia, and L. coli. After an infectious
challenge with these bacteria, IFN-f KO mice and IFN-a/f3
receptor KO mice died from unrestrained bacteremia;
whereas, the WT mice survived. In a related study, Kaplan
et al. [47] reported that most Gram-positive and -negative
bacteria induce production of IFN-B by macrophages. How-
ever, Staphylococcus awreus induced very little IFN-f expres-
sion in macrophages, resulting in failure to protect against
a cutaneous challenge with live bacteria. These in vivo stud-
ies underscore the essential role for IFN-B and type I IFN
receptor signaling in host responses to bacterial infection.

The precise role of IFN-f in the pathogenesis and resolu-
tion of bacterial endotoxemia is not yet fully defined. How-
ever, several studies have shown that IFN-B KO mice are more
resistant to high-dose LPS challenge than are WT mice [37,
41]. These findings indicate that IFN-S may contribute sub-
stantially to the pathogenesis of endotoxemia induced by in-
fection with Gram-negative bacteria and suggest that selectively
antagonizing the activity of IFN-f could have therapeutic value
in the treatment of Gram-negative septicemia.
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