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Abstract

Macrophages use an array of innate immune sensors to detect intracellular pathogens and to tailor 

effective antimicrobial responses. In addition, extrinsic activation with the cytokine interferon 

gamma (IFNγ) is often required as well to tip the scales of the host-pathogen balance toward 

pathogen restriction. However, little is known about how host pathogen sensing impacts the 

anti-microbial IFNγ-activated state. We observed that in the absence of IRF3, a key downstream 

component of pathogen sensing pathways, IFNγ-primed macrophages more efficiently restricted 

the intracellular bacterium Legionella pneumophila and the intracellular protozoan parasite 

Trypanosoma cruzi. This effect did not require IFNAR, the receptor for Type I interferons known 

to be induced by IRF3, nor the sensing adaptors MyD88/TRIF, MAVS, or STING. This effect 

also did not involve differential activation of STAT1, the major signaling protein downstream of 

both Type 1 and Type 2 interferon receptors. IRF3-deficient macrophages displayed a significantly 

altered IFNγ-induced gene expression program, with upregulation of microbial restriction factors 

such as Nos2. Finally, we found that IFNγ-primed but not unprimed macrophages largely 

excluded the activated form of IRF3 from the nucleus following bacterial infection. These data are 

consistent with a relationship of mutual inhibition between IRF3 and IFNγ-activated programs, 

possibly as a component of a partially reversible mechanism for modulating the activity of potent 

innate immune effectors (such as Nos2) in the context of intracellular infection.
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Summary sentence:

IRF3 modulates multiple responses of IFNγ-primed macrophages to intracellular bacteria, 

including production of nitric oxide; meanwhile, IFNγ reciprocally inhibits IRF3, contributing 

to immune homeostasis.

Graphical Abstract
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INTRODUCTION

Interferon gamma (IFNγ) is a potent activator of macrophage defense mechanisms that 

restrict intracellular pathogens, such as the bacterial agents of Legionnaire’s disease, 

salmonellosis, tularemia, pneumonic plague, and tuberculosis, and the parasitic agents of 

Chagas disease, toxoplasmosis, and leishmaniasis 1,2. While macrophages depend mostly on 

NK, NKT, and T cells for the production of IFNγ, macrophages also collect information 

about infection using their own pathogen sensors that regulate cell-intrinsic defenses. 

Previous studies suggest a synergy between several pathogen sensing pathways and IFNγ 
activation in macrophages at the level of signaling and transcription 3–7. For example, 

IFNγ-mediated restriction of the cytosolic bacterial pathogen Shigella flexneri in fibroblasts 
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was found to be dependent on the activity of the RIG-I/MAVS RNA sensing pathway and 

on the upregulation of this pathway by IRF1 8. Despite our knowledge of microbial ligands 

and the pathways induced when they are sensed, we know little about whether and how these 

innate sensing pathways affect restriction of bacteria in macrophages activated by IFNγ.

Legionella pneumophila is a Gram-negative vacuolar bacterial pathogen of unicellular 

amoeba that can opportunistically colonize mammalian macrophages and, in humans, lead 

to Legionnaire’s disease or Pontiac fever. Several innate sensing pathways are known 

to mediate macrophage responses to L. pneumophila 9, including inflammasome 10–12, 

Toll-like receptor (TLR) 13,14, and cytosolic DNA 15–17 and RNA 18 sensing pathways. 

Despite the vacuolar localization of L. pneumophila, there is evidence that bacterial 

nucleic acids and other pathogen ligands reach sensors throughout the macrophage via 

the specialized secretion system Dot/icm 19,20. Infected macrophages with an intact NAIP5-

NLRC4 inflammasome pathway undergo rapid pyroptosis upon exposure to bacterial 

flagellin 21. Resting macrophages that lack elements of the NAIP5 pathway or are infected 

with flagellin-deficient L. pneumophila are permissive for bacterial growth 20–22. However, 

macrophages in this scenario become restrictive upon addition of IFNγ 23.

To test the hypothesis that innate sensing pathways interact with the IFNγ-induced anti-

microbial state, we quantified IFNγ-induced restriction of intracellular bacteria in bone-

marrow derived macrophages (BMMs) from mice deficient in key components of pathogen 

sensing pathways, including the TLR, DNA- and RNA-sensing pathways. We found a strong 

increase in restriction of L. pneumophila in IFNγ-primed BMMs deficient in the key sensing 

pathway protein IRF3. This restriction is independent of Type I IFN signaling through 

IFNAR, as well as of signaling through MAVS, STING, and MyD88/TRIF. We then sought 

to determine how IRF3 modifies the anti-bacterial state, and in turn, to determine whether its 

activity is subject to reciprocal control by IFNγ.

MATERIALS AND METHODS

Ethics Statement

This study was carried out in strict accordance with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health. Mice were 

handled according to all applicable institutional, state, and federal animal care guidelines, 

under animal care protocols approved by the Massachusetts General Hospital Animal Care 

and Use Committee (animal welfare assurance # A3596–01, protocol # 2003N000284).

Mice

IRF3-deficient mice (intrinsically deficient in expression of the critically overlapping 

gene Bcl2L12, and therefore designated Irf3−/−/Bcl2L12−/− mice24) were provided by Dr. 

Meixiong Wu with permission from Dr. Tadatsugu Taniguchi. Irf7−/− mice were provided 

by Dr. Evelyn Kurt-Jones. Irf3−/−/Bcl2L12−/−/Irf7−/− and Ifnar−/− mice were provided by Dr. 

Kate Fitzgerald. Sting−/− mice were provided by Dr. Glen Barber. Bone marrow derived 

from Mavs−/− mice was provided by Dr. Akiko Iwasaki. Myd88−/−/Trif−/− mice were 
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provided by Dr. Ruslan Medzhitov. Age and sex-matched C57BL/6J mice were obtained 

from Jackson laboratories.

BMM isolation and culture

Bone marrow was collected from femurs and tibiae of 2–6 month old mice. Red blood 

cells were lysed using TAC RBC lysis buffer (Sigma). Cells were passed through a 70 μm 

cell strainer and plated on non-tissue culture treated petri dishes in RPMI-1640 medium, 

supplemented with 10% FBS, L-glutamine, penicillin/streptomycin, MEM nonessential 

amino acids, HEPES, sodium pyruvate, β-mercaptoethanol, heat-inactivated FBS, and 

human MCSF (10ng/ml, R&D Systems). BMMs were collected by pipetting and reseeded 

into assay plates in supplemented media without penicillin/streptomycin after 5 days of 

differentiation, and stimulated or infected after 7–12 days of differentiation. BMMs were 

seeded in 96-well tissue culture-treated assay plates at 4×104-5×104 cells/well, unless 

otherwise noted. BMMs were primed overnight for 16–24 hours, unless otherwise noted. 

Cytokines used to stimulate BMMs were from Millipore (IFNγ) or Peprotech (TNFα). Nos2 

inhibitors (L-NOARG, L-NIL, 1400W) were from Sigma.

Bacterial strains and parasites

The bioluminescent L. pneumophila strain LP02 ahpC::lux ΔflaA was previously described 
25. T. cruzi strain CL-Brener trypomastigotes were provided by Dr. Ricardo Gazzinelli.

L. pneumophila and T. cruzi infections and quantification

L. pneumophila strains were maintained on N-(2-acetamido)-2-aminoethanesulfonic acid 

(ACES) buffered charcoal-yeast extract agar supplemented with FeNO3, cysteine, and 

thymidine. For experimental assays, L. pneumophila was grown in ACES-buffered yeast 

extract broth at 37°C to a density greater than 3 OD600. Bacteria were washed with PBS 

twice before infection, then resuspended in fresh BMM media. BMMs were infected at a 

moiety of infection (MOI) of 4 by replacing cell culture media with bacterial suspension as 

above. Infected BMMs were centrifuged for 10 minutes at 1400rpm in an Allegra X15-R 

centrifuge (Beckman Coulter), then incubated for two hours in a cell culture incubator. 

Media was then removed and replaced with fresh supplemented BMM media containing 

thymidine. Bioluminescence was measured over two days after infection using the Envision 

Multilabel Reader (Perkin Elmer).

Trypomastigote forms of T. cruzi CL-Brener were maintained in LLC-MK2 cells as 

described 26 and harvested from supernatants. For T. cruzi infection, IFNAR-blocking 

antibody (Leinco) was included in cell media starting at one day prior to infection. 

BMMs were infected with purified trypomastigotes at an MOI of 5 by replacing media 

with a suspension of parasites in media, and incubated for two hours in a cell culture 

incubator. BMMs were washed three times with warm PBS, and media was removed and 

replaced with fresh BMM media containing cytokines and IFNAR-blocking antibody at 

2hpi as well as daily from 3dpi onward. For extracellular parasite quantification, well 

contents were agitated briefly to resuspend trypomastigotes, 20ul of supernatant was applied 

to a Neubauer hemocytometer, and motile trypomastigotes were counted manually. For 

intracellular parasite quantification, infected macrophages were washed three times with 
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PBS, fixed with 4% paraformaldehyde for 10 minutes, permeabilized with 0.25% Triton-X, 

stained with 1ug/ml 4’,6-diamidino-2-phenylindole (DAPI) for 5 minutes, and imaged using 

a confocal microscope (Olympus) at 20X. BMMs and parasites were quantified on the basis 

of brightfield images (BMM traces) and DAPI staining (BMM nuclei and parasite nuclei/

kinetoplastids).

For quantification of nitrite/nitrate byproducts of NO synthesis in infected or stimulated 

BMMs, the Griess assay (Promega) was used according to the kit instructions. Absorbance 

was quantified with the Envision Multilabel Reader (Perkin Elmer).

Measurement of type I interferon activity in BMM supernatants

Activity of type I interferons was measured using a p53−/− mouse embryonic fibroblast 

(MEF) reporter cell line with a stably integrated Cignal lentiviral ISRE-luciferase construct 

(Qiagen). ISRE-Luc reporter MEFs were seeded in 96-well plates at a density of 6×103 

cells/well. BMMs were cultured in 96-well plates and infected with L. pneumophila as 

described above, or with Sendai virus (Charles River Labs) at an MOI of 2. Plates were 

centrifuged at each timepoint to separate supernatant from cells and bacterial debris, and 

supernatants were collected and frozen. Thawed supernatants were transferred to ISRE-Luc 

reporter MEFs and incubated for 24 hours. Luciferase reporter activity was assayed by 

addition of firefly luciferase substrate (Promega), and luminescence was quantified with the 

Envision Multilabel Reader (Perkin Elmer).

RNA-seq

Total RNA was prepared using RNeasy columns (Qiagen). RNA-seq libraries were prepared 

as described previously 27. Briefly, poly-A mRNA was captured using selection beads 

(Oligo-dT Dynabeads, Life Technologies). mRNA was fragmented using zinc chloride 

(Ambion), and 3’ ends were dephosphorylated prior to ligation of RNA adapters (Illumina) 

using T4 RNA ligase (New England Biosciences). Reverse transcription was performed 

using reverse transcriptase (Agilent), ssDNA was removed using ExoSap-IT (Affymetrix), 

and RNA was removed using acetic acid and sodium hydroxide. DNA adapters (Illumina) 

were ligated using T4 RNA ligase (New England Biosciences). PCR was performed with 

barcoded primers (Illumina) and Phusion DNA polymerase (New England Biosciences) to 

barcode and amplify libraries. Sequencing was performed using a HiSeq 2500 (Illumina). 

Quantification of read counts per gene were obtained using the RSEM package in R 
28, followed by TMM normalization across samples 29. Data were filtered to include 

only significantly expressed transcripts, defined as those with for which transcript-wise 

maximum expression value (across conditions) fell above the 50th percentile across all 

normalized counts (TMM ≥5.74), using a custom script in R. Differentially expressed genes 

were identified using DESeq2, and p-values were adjusted using the Benjamini-Hochberg 

correction. Heatmaps were generated by plotting the z-score across each row (gene) using 

the heatmap.2 function in R.

Western blotting

Bone marrow cells from B6 mice were seeded into 6-well tissue culture-treated plates 

at 1.5×106 cells/well, then cultured for 7 days in the presence of MCSF. BMMs were 
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stimulated with 10U/ml IFNγ for 24h, and infected with L. pneumophila at an MOI of 4. 

Media was changed completely before infection and at 2hpi. Cells were washed three times 

in PBS and lysed in RIPA buffer (Boston Bioproducts) with protease inhibitor (Roche).

Nuclear and cytoplasmic protein extracts were collected at the indicated timepoints using the 

Thermo NE-PER Nuclear Protein Extraction Kit (Pierce). Protein from 3×106 macrophages 

was loaded into each well of a Bis-Tris 4–12% polyacrylamide gel (Novex), separated 

by electrophoresis, transferred to a polyvinylidene fluoride membrane, blocked with 5% 

milk in Tris-buffered saline with Tween (TBST), and incubated overnight at 4°C with 

primary antibodies in 5% nonfat dry milk in TBST or, for phospho-protein antibodies, 

in 5% bovine serum albumin (BSA) in TBST. Membranes were washed, incubated with 

secondary antibody in 5% BSA in TBST for one hour at room temperature, washed 

again, and incubated with for 5min with detection reagent (Amersham). Antibodies 

were from Abcam (β-actin), Cell Signaling Technologies (IRF3, IRF3pSer396 [murine 

IRF3pSer388], IKKεpSer172, TBK1, TBK1pSer172), Jackson Immunoresearch (HRP-

conjugated secondary antibodies), and Santa Cruz (TBP).

Immunofluorescence microscopy

BMMs were seeded onto 8-well glass chamber slides (Nunc) at 2×104 cells/well. At each 

timepoint, BMMs were washed three times with PBS, then fixed with 4% paraformaldehyde 

(Electron Microscopy Sciences) in PBS for 10 minutes. BMMs were permeabilized with 

0.25% Triton-X and blocked with 5% goat or donkey serum (Jackson Immunoresearch) and 

5% BSA (Cell Signaling Technologies). Primary antibody incubation was done overnight at 

4°C, followed by washing three times with PBS and incubation with Alexa-fluorophore 

conjugated secondary antibody (Life Technologies) for one hour in the dark. BMMs 

were then washed, counterstained with DAPI, mounted on coverslips, and imaged using 

a confocal microscope (Olympus) at 63X.

shRNA knockdown

High titer lentivirus encoding shRNA targeting TBK1 or control pLKO.1 lentivirus was 

obtained from The RNAi Consortium at the Broad Institute 30. Bone marrow cells were 

seeded at 1.5×106 cells/well in non-tissue culture treated 6-well plates and cultured in the 

presence of MCSF. At day 3, cells were spin-infected with shRNA-encoding lentivirus 

supplemented with 8 μg/mL polybrene (Sigma). Fresh MCSF-supplemented media was 

exchanged at day 4. At day 5, infected cells were selected by adding puromycin (Life 

Technologies) to a final concentration of 4.5 μg/mL. At day 7, surviving cells were collected 

and reseeded in 96-well plates for L. pneumophila infection assays as described above.

Statistical Analyses

Growth curve analysis (Mirman, 2014) was used to compare time courses of bacterial 

bioluminescence. Mixed-effect models were constructed using the package lme4 in R 

version 4.0.2. In each comparison, time, the key dependent variables (genotype, IFNβ 
treatment, or anti-IFNAR antibody treatment) as well as the interaction between these terms 

were treated as fixed effects, while biological (mouse) replicates, with nested technical 

(well) replicates, were treated as random effects. For growth curves with predominantly 
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linear trends after the first timepoint, a linear model was used with the first data point 

omitted. For growth curves with predominantly concave or convex trends, a second-order 

(quadratic) orthogonal polynomial was fit to the timepoint values and the linear and 

quadratic terms (as well as their interaction with the key dependent variable) were used as 

fixed effects. Statistical significance (p-values) of the fixed-effect terms were determined 

with an F-test using Satterthwaite degrees of freedom and type III sum of squares 

implemented with the lmerTest package in R.

Statistical significance for the Griess nitrite assay was calculated using the unpaired 

Student’s t test. For T. cruzi, the unpaired Wilcoxon rank-sum test was used where indicated. 

Significance was defined as (*** P≤0.0005; ** P≤0.005; * P≤0.05).

RESULTS

IRF3 inhibits the maintenance but not the establishment of the IFNγ-activated state

Because pathogen sensors are often highly redundant for bacterial sensing, we focused 

on the role of transcription factors that are downstream of multiple sensors. We analyzed 

the impact of two transcription factors, IRF3 and IRF7, which are essential elements 

downstream of many innate immune sensors, on the IFNγ-activated antibacterial state in 

macrophages. We designed experiments to test whether pathogen sensing alters (strengthens 

or attenuates) the maintenance of a pre-existing IFNγ-primed state, as well as whether 

pathogen sensing alters the establishment of such a state during initial exposure to IFNγ 
(Fig. 1A). To study the effects of IRF3 and IRF7 on maintenance of a pre-existing 

IFNγ-primed state, we primed bone marrow-derived macrophages (BMMs) with IFNγ, 

replacing media with IFNγ-free media at the time of L. pneumophila infection (Fig 1A, 

top). Conversely, to test the effects of IRF3 and IRF7 on establishment of the IFNγ-activated 

state, unprimed BMMs were first infected with bacteria and then stimulated with IFNγ (Fig. 

1A, bottom).

BMMs were infected with LP02 ΔflaA lux, a flagellin-deficient strain that does not induce 

pyroptosis through NAIP5/NLRC4, and is constitutively bioluminescent in a manner that 

has been shown to correlate closely with bacterial growth by CFU 25. As expected, the 

bacteria exhibited logarithmic growth in unprimed B6 BMMs, but were highly restricted 

in B6 BMMs primed with IFNγ in a dose-dependent manner (Fig. 1B), as expected for 

flagellin-deficient L. pneumophila 23. We found that unprimed IRF3/IRF7-deficient BMMs 

were slightly more permissive to L. pneumophila compared to B6 BMMs (Fig. 1B, top), 

but this was not statistically significant (p=0.28). Surprisingly, lack of IRF3 and IRF7 

significantly enhanced IFNγ-mediated restriction of bacteria in IFNγ-primed BMMs (Fig. 

1B, top; 3 U/ml IFNγ: p=3.0e-7, 10U/ml IFNγ: p=1.1e-11), in contrast to our original 

hypothesis of synergy between innate sensing and IFNγ-mediated host defense.

Further experiments with macrophages deficient in either IRF3 or IRF7 showed that lack of 

IRF3 is wholly responsible for the enhanced bacterial restriction observed in IFNγ-primed 

IRF3/IRF7-deficient BMMs (Fig. 1C; 3 U/ml IFNγ: p=0.012, 10U/ml IFNγ: p=3.7e-3, 

100U/ml IFNγ: p=4.7e-3), while IRF7-deficient BMMs are phenotypically identical to B6 

BMMs in our model of IFNγ-mediated bacterial restriction (Fig. 1D). Together, our results 
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suggest that IRF3 inhibits the maintenance of the IFNγ-primed state in L. pneumophila 
infected BMMs.

We next asked whether IRF3/7 also affect the establishment of the IFNγ-activated state by 

stimulating BMMs with IFNγ at two hours post-infection (hpi). Under these conditions, 

IFNγ-mediated bacterial restriction was similar in B6 and IRF3-deficient as well as IRF7-

deficient BMMs (Fig. 1C–D, bottom), suggesting that IRF3-mediated pathways involved 

in sensing of L. pneumophila affect the maintenance, but not the establishment of the 

IFNγ-activated state.

The adaptors MYD88/TRIF, MAVS, and STING do not account for the inhibitory effects of 
IRF3 on restriction of bacteria by IFNγ-primed BMMs

To determine the effects of other innate pathogen-sensing pathways on IFNγ-dependent 

bacterial restriction, we first considered the roles of the Toll-like receptors (TLRs), 

membrane-associated sensors of bacterial components and nucleic acids. We used mice 

lacking both MyD88 and TRIF to eliminate signaling downstream of TLR ligand sensing. 

We found that MyD88/TRIF deficiency did not increase normal permissiveness to L. 
pneumophila growth in unprimed BMMs, but led to slightly increased growth in BMMs 

primed with IFNγ (Fig. 2, top; 3 U/ml IFNγ: p=4.3e-3, 10U/ml IFNγ: p=5.9e-4), consistent 

with a model in which macrophage-intrinsic TLR signaling enhances maintenance of the 

anti-bacterial state established by priming with IFNγ.

To further investigate whether the TLR and IFNγ signaling pathways synergize when 

activated at the same time, we stimulated macrophages with IFNγ at 2hpi. In this 

scenario, Myd88−/−/Trif−/− BMMs exhibited a significant reduction in IFNγ-dependent 

bacterial restriction compared to B6 BMMs across a wide range of concentrations of 

IFNγ (Fig. 2, bottom; 3 U/ml IFNγ: p=1.4e-6, 10U/ml IFNγ: p=2.1e-9, 100U/ml IFNγ: 

p=2.1e-7). In contrast to our results with IRF3, we conclude that TLR pathways not only 

significantly synergize with simultaneous IFNγ signaling to establish the anti-bacterial state 

in macrophages, but also, given sufficiently strong IFNγ priming, facilitate the maintenance 

and robustness of this state.

We next asked whether intracellular nucleic acid sensing affects IFNγ-dependent bacterial 

restriction. Previous work in macrophages had identified key roles for MAVS 15,18 and 

STING 16 in sensing L. pneumophila RNA and DNA, respectively. Activation of these 

sensing pathways was associated with IRF3 activation by phosphorylation and nuclear 

translocation, and with transcription of type I interferons, key transcriptional targets of 

IRF3. We therefore hypothesized that deficiency in STING or MAVS might phenocopy 

deficiency in IRF3. In contrast to these expectations, and similar to the results in Myd88−/−/

Trif−/− BMMs, we found evidence of a positive, rather than negative, role for MAVS and/or 

STING-dependent sensing pathways in both the establishment (Fig. S1, top; Sting−/−: 3 

U/ml IFNγ: p=9.1e-3, 100U/ml IFNγ: p=0.02; Mavs−/−: 100U/ml IFNγ: p=0.031), and 

maintenance (Fig. S1, bottom; Sting−/−: 3 U/ml IFNγ: p=2.1e-3, 10U/ml IFNγ: p=5.5e-5) of 

the IFNγ-activated state.
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IFNAR signaling does not inhibit the IFNγ-activated state during L. pneumophila infection 
of macrophages

We next considered how the downstream effects of IRF3 activation repress the IFNγ-

induced anti-bacterial state. Since Type I IFNs are potent immune regulators induced by 

IRF3 activation 19, we tested a role for signaling through IFNAR, the Type I interferon 

receptor. The targets of Type I and II interferons partially overlap 31–33, and prior studies 

have shown that Type I and II IFN-stimulated pathways can reinforce 34,33,35–41 or 

antagonize 33,42–44 each other in a context-dependent manner. In the setting of bacterial 

and mycobacterial infection, however, prior work has shown antagonizing effects of Type 

I IFN on IFNγ-dependent macrophage activation through a variety of mechanisms 45–47, 

including induction of antagonistic effectors 43 and downregulation of the IFNγ receptor 44. 

Based on these prior data, we expected IFNAR deficiency to phenocopy lack of IRF3 and 

enhance IFNγ-dependent bacterial restriction.

Contrary to our expectations of antagonistic effects between Type I and Type II IFN 

pathways in the context of bacterial infection, we found that IFNAR deficiency slightly 

decreased restriction of L. pneumophila growth in IFNγ-primed BMMs (Fig. 3A, top right; 

10U/ml IFNγ: p=1.4e-3). We also noted a small, but statistically insignificant increase in 

bacterial growth in unprimed Ifnar−/− BMMs, as shown before 25 (Fig. 3A, left), as well 

as in BMMs stimulated with IFNγ during infection (Fig. 3A, bottom right). To assess 

signaling via IFNAR a different way, IFNAR-blocking antibodies were used during infection 

and subsequent incubation. Inhibition of IFNAR signaling in this way did not consistently 

affect growth or restriction of L. pneumophila in resting or IFNγ-primed B6 or IRF3/IRF7-

deficient BMMs (Fig. S2A, first row) except for a slight enhancement in bacterial restriction 

in B6 BMMs at 10U/ml IFNγ (p=0.014). Even at this condition, however, the enhancing 

effect of IRF3/IRF7 deficiency on bacterial restriction was not abrogated by anti-IFNAR 

antibody (Fig. S2A, first vs second row). In BMMs stimulated with IFNγ during infection, 

a small increase in IFNγ-mediated restriction of L. pneumophila was also seen in IFNAR-

blocked BMMs compared to BMMs treated with isotype control antibody in B6 BMMs 

(Fig. S2A, third row; 10U/ml IFNγ: p=0.015) as well as in IRF3/IRF7-deficient BMMs 

(Fig. S2A, fourth row; 3U/ml IFNγ: p=1.7e-3, 10U/ml IFNγ: p=2.5e-3).

These results suggest that IRF3-mediated repression of the IFNγ-primed state proceeds 

through a novel, IFNAR-independent mechanism. In fact, we found that the level of 

endogenous production of Type I IFNs by B6 BMMs during L. pneumophila infection is 

low. Supernatants from L. pneumophila-infected B6 BMMs were unable to activate ISRE-

driven transcription in a reporter cell line, in contrast to the robust ISRE activation observed 

using supernatants from BMMs infected with Sendai virus (Fig. S2B). In addition, IFNβ 
transcript levels in L. pneumophila infected BMMs were less than 0.1% of those in Sendai 

virus-infected BMMs, and were not increased by IFNγ priming.

Even when added exogenously at high levels, Type I IFNs do not suppress the IFNγ-primed 

state. In fact, in both B6 and IRF3/IRF7-deficient IFNγ-primed BMMs infected with 

L. pneumophila, stimulation with IFNβ at 2hpi appeared to potentiate IFNγ-dependent 

effectors, significantly enhancing bacterial restriction throughout the course of infection 

(Fig. 3B, top; B6: 3U/ml IFNγ: p=0.012, 10U/ml IFNγ: p=2.9e-9; IRF3/IRF7 DKO: 3U/ml 
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IFNγ: p=1.8e-8, 10U/ml IFNγ: p=4.3e-13). In unprimed BMMs, exogenous IFNβ also 

modestly contributed to bacterial restriction, but the magnitude of the effect was smaller 

than in IFNγ-primed BMMs (Fig. 3B, left; p=2.3e-4). Notably, the relative timing of 

IFNβ and IFNγ stimuli was critical to its qualitative effect on the IFNγ-activated state. 

In contrast to our results with IFNγ-primed BMMs, in both B6 and IRF3-deficient unprimed 

BMMs stimulated with IFNγ 2h after L. pneumophila infection, simultaneous stimulation 

with exogenous IFNβ significantly attenuated IFNγ-dependent bacterial restriction (Fig. 

3B, bottom; B6: 3U/ml IFNγ: p=5.6e-4, 10U/ml IFNγ: p=4.9e-10, 100U/ml IFNγ: 

p=3.2e-8; IRF3/IRF7 DKO: 3U/ml IFNγ: p=1.7e-4, 10U/ml IFNγ: p=2.0e-5, 10U/ml IFNγ: 

p=3.1e-10), likely by direct inhibition of IFNγ signaling 43,44,46,47. In summary, while 

Type I and II interferons clearly interact to modulate anti-bacterial activities, Type I IFN 

signaling is not required for the observed inhibitory effect of IRF3 on the maintenance of the 

IFNγ-primed state in BMMs.

STAT1 phosphorylation downstream of IFNγ signaling is similar between B6 and IRF3-
deficient BMMs

After finding that type I IFN signaling through IFNAR is unlikely to contribute to the 

inhibitory effects of IRF3 on IFNγ-primed BMMs, we asked whether type II IFN signaling 

by IFNγ itself is affected by the presence of absence of IRF3. Engagement of the IFNγ 
receptor has been shown to result in crosslinking of the receptor, followed by activation 

of at least two distinct kinase classes: Janus kinases 1 and 2 and phosphatidylinositol 

3-kinase; these pathways converge at the transcription factor STAT1 which is subsequently 

phosphorylated at Y701 and S72748. In our prior work, we have shown that knockdown of 

Stat1 transcripts in BMMs using shRNA completely eliminates IFNγ-mediated restriction of 

L. pneumophila in these cells (not shown), supporting the model that STAT1 is essential to 

IFNγ priming. We therefore hypothesized that increased STAT1pY01 and/or STAT1pS727 

may contribute to enhanced IFNγ-induced antibacterial activity in IRF3-deficient BMMs 

relative to B6 BMMs. Contrary to this hypothesis, however, we observed similar or slightly 

decreased levels of STAT1pY01, and similar levels of STAT1pS727 in IRF3-deficient IFNγ-

primed BMMs compared to similarly treated B6 BMMs (Fig. 4). Therefore, our data do 

not support a role for differential activation of STAT1 downstream of IFNγ signaling in the 

observed inhibition of IFNγ-mediated antibacterial activity by IRF3.

IFNγ inhibits L. pneumophila-induced phosphorylation of IRF3

We hypothesized that IFNγ-primed BMMs might partially overcome IRF3-mediated 

repression in order to mount an effective antimicrobial response. We asked whether IRF3 

activation is affected by IFNγ priming in infected BMMs in the L. pneumophila bacterial 

infection model. We started by monitoring the activity of nuclear IRF3 based on detection of 

phosphorylation status at mouse Ser388 (human Ser396) 49–51 in BMM nuclear lysates by 

Western blot. We found that IRF3pSer388 is absent from the nuclei of uninfected BMMs, 

but is strongly detected in the nucleus of unprimed BMMs within one hour of infection by 

L. pneumophila, where it remains through at least 8hpi (Fig. 5A). In IFNγ-primed BMMs, 

however, IRF3pSer388 is only weakly detected in nuclear extracts at all timepoints after 

infection (Fig. 5A). These data suggest that IFNγ priming disrupts canonical IRF3 activation 

downstream of L. pneumophila infection.
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To further investigate the differential localization of IRF3 in innate immune responses based 

on IFNγ priming status, we performed immunofluorescence microscopy of unprimed or 

IFNγ-primed B6 BMMs before or after L. pneumophila infection or after LPS stimulation, 

which has also been shown to activate IRF3 phosphorylation and nuclear localization 52. 

Consistent with the results of Western blot analysis in L. pneumophila-infected BMMs (Fig. 

5A), we observed IRF3 in the nuclei of unprimed BMMs two hours after either infection 

with L. pneumophila or stimulation with LPS. In IFNγ-primed BMMs, however, IRF3 was 

found in an unexpected cytosolic speckling pattern, which persisted after either infection or 

LPS stimulation (Fig. 5B).

IRF3 phosphorylation at Ser388 requires the activity of IKKε and TBK1 49,53, kinases 

which are themselves regulated by phosphorylation 54. We next monitored IKKε and TBK1 

phosphorylation to determine whether the significant decrease in IRF3pSer388 we observed 

in IFNγ-primed, infected BMMs is due to decreased activity of these kinases. We found that 

IKKε and TBK1 are indeed phosphorylated in BMMs following L. pneumophila infection, 

and that this response remains intact in macrophages primed with IFNγ (Fig. 5C). This 

suggests that IRF3 is inhibited directly in IFNγ-primed and infected BMMs, rather than by 

regulation of its kinases.

Further supporting the lack of connection between IRF3 phosphorylation and the activation 

of its activating kinases, we found that genetic deficiency in IKKε or shRNA-mediated 

knockdown of TBK1 did not phenocopy IRF3 deficiency (Fig. S3). We note that we could 

not assess the ability of BMMs deficient in both Ikkε and TBK1 to phenocopy IRF3 

deficiency, because of the confounding requirement for at least one of these kinases for 

bacterial growth in unprimed BMMs (Fig. S3, left). Finally, we found that phosphorylated 

IRF3 does not accumulate in the cytoplasm of IFNγ-primed BMMs (not shown), suggesting 

that IRF3 is not stably phosphorylated in these cells. Together, these data suggest that 

despite the presence of activated IKKε and TBK1, IRF3 is not stably phosphorylated at 

Ser388 in response to L. pneumophila infection in IFNγ-primed BMMs. Therefore, while 

L. pneumophila infection leads to early phosphorylation and nuclear localization of IRF3 in 

unprimed BMMs, IFNγ priming appears to significantly inhibit these events.

IRF3/7 deficiency affects the transcriptional programs of unprimed, IFNγ-primed, and L. 
pneumophila-infected BMMs

To identify genes that may account for the observed inhibition of the IFNγ-induced anti-

bacterial state, we used RNA sequencing to quantify gene expression in B6 or mutant 

IRF3/IRF7-deficient BMMs in the settings of rest, IFNγ priming, and/or L. pneumophila 
infection. We observed 93 significantly expressed genes that were up- or down-regulated 

by ≥3-fold in IFNγ-primed IRF3/IRF7-deficient BMMs vs. B6 (WT) BMMs following 

infection with L. pneumophila (Fig. S4A–H). Among these, 43 genes were differentially 

expressed based on IRF3/IRF7 genotype only in BMMs that were IFNγ-primed prior to 

infection (Fig. S4A), including genes encoding intracellular iron homeostasis regulators 

(Lcn2, Ftl2), transcription factors (Lyl1, Egr3, Epas1, Batf3, Krc), viral response and 

cytokine genes (Oasl2, Ifit3, Mx1, Il23a), a macrophage-derived inflammatory neuropeptide 

(Npy)55 a GPCR ligand (Niacr), a p47 GTPase (Gm12250), and genes involved in apoptotic 
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(Chek2, Nptx1, Serpinb2, Fah) or non-apoptotic cell death (Cd00if). Some of the 93 genes 

(in Fig. S4A–H) were IRF3/IRF7-regulated in IFNγ-primed BMMs, but not unprimed 

BMMs, regardless of L. pneumophila infection status (Fig. S4D). These included inducible 

nitric oxide synthase (Nos2) as well as chemokines (Gdf15, Cxcl11), scavenger receptors 

(Scarf1), and a cation channel implicated in macrophage activation (Trpv4). In contrast, 

some of the 93 genes were IRF3/IRF7-regulated in infected BMMs regardless of IFNγ-

priming status, but not in uninfected BMMs (Fig. S4B). This subset included genes encoding 

the transcription factor Plac8 and the IFNγ-inducible GTPase Gm4951/Ifgga2. In addition, 

expression of 28 of the 93 genes was also IRF3/IRF7-regulated at baseline in unprimed 

BMMs as well as in IFNγ-primed infected BMMs (Fig. S4E), including the viral response 

gene Oasl1, a homolog of iron homeostasis protein mitoferrin (AK08749), as well as 

genes encoding secreted factors including G-CSF (Csf3) and the acute-phase reactant serum 

amyloid A3 (Saa3). A non-overlapping set of 139 genes were differentially regulated based 

on genotype in BMMs that were either primed with IFNγ or infected with L. pneumophila, 

but not both (Fig. S4I–S4M); the relevance of these genes to our infection model is unclear. 

We conclude that several IFNγ-induced effectors are dysregulated in infected cells in 

the absence of IRF3/IRF7, and thus may contribute to the enhanced microbial restriction 

observed in IRF3/IRF7-deficient BMMs.

Nos2 is upregulated, but is not required for superior IFNγ-mediated restriction of L. 
pneumophila in IRF3-deficient BMMs

Inducible nitric oxide (iNOS, Nos2) is one of the canonical mediators of the IFNγ-mediated 

response to intracellular bacteria and parasites 56–59. Nos2 transcription was synergistically 

induced in macrophages by priming with 10U/ml IFNγ and by L. pneumophila infection. 

Interestingly, transcript levels in IFNγ-primed macrophages were approximately fivefold 

higher in IRF3-deficient BMMs relative to wild type BMMs before or after infection 

(Fig. S4D), suggesting that increased Nos2 may play a role in the enhanced capacity of 

IRF3-deficient BMMs to restrict intracellular bacteria.

Consistent with the trend in Nos2 transcript levels, IRF3-deficient BMMs primed with 

100U/ml of IFNγ produced significantly more nitrite metabolites (a marker of Nos2 

activity) in response to bacterial infection than did identically primed B6 BMMs (Fig. 6A, 

right). However, this relative increase in nitrite production was not seen in IRF3-deficient 

BMMs primed with 10U/ml IFNγ (Fig. 6A, middle), which nevertheless exhibit enhanced 

bacterial restriction relative to B6 BMMs (Fig. 1C). To further test the role of Nos2, we 

used selective or nonselective Nos2 inhibitors to treat macrophages during IFNγ stimulation 

and infection. Treatment with the inhibitors L-NIL, 1400W and L-NOARG suppressed 

nitrite production by both B6 and IRF3-deficient BMMs (Fig. 6A), but did not affect 

restriction of L. pneumophila in either B6 or IRF3-deficient IFNγ-primed BMMs (Fig. 6B). 

Together, these results suggest that enhanced Nos2 activity is dispensable for the enhanced 

IFNγ-dependent restriction of L. pneumophila in IRF3-deficient BMMs, the latter being 

dependent on redundant mechanisms.
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IRF3 suppresses IFNγ-activated defense mechanisms against the intracellular parasite T. 
cruzi

The role of Nos2 in pathogen restriction varies with pathogen species. Unlike IFNγ, Nos2 

has in fact been shown to be dispensable for restriction of L. pneumophila in mouse 

macrophages and in murine models in vivo 60,61. However, the role of Nos2 in intracellular 

pathogen restriction in macrophages is well known to vary among microbe species 56,62. 

For example, the intracellular protozoan parasite T. cruzi, the etiologic agent of Chagas 

disease, has been shown to be restricted in a Nos2-dependent manner in IFNγ-activated 

macrophages 63. In order to assess the relevance of IFNγ-dependent enhanced Nos2 

induction that we observed in IRF3-deficient BMMs to a range of intracellular pathogens, 

we applied the T. cruzi infection model to compare IRF3-deficient and B6 BMMs. This 

infection model differs from the L. pneumophila model in several notable ways, including 

co-stimulation of BMMs with TNFα to potentiate Nos2-dependent restriction of T. cruzi in 

response to IFNγ 64,65, and a known impact of Type I IFN on T. cruzi infection 66, which we 

addressed by using IFNAR-blocking antibody throughout the infections described.

In macrophages co-stimulated with 100U/ml IFNγ and TNFα, IRF3-deficient BMMs 

produced significantly more Nos2 activity-byproduct nitrites than B6 BMMs both before 

(top) and after (bottom) infection with T. cruzi (Fig. S5A). IRF3-deficient BMMs primed 

with 100U/ml IFNγ and co-stimulated with TNFα released significantly fewer parasites 

into cell supernatants at 6 and 7 days post-infection (dpi) than similarly treated B6 BMMs 

(Fig. S5B, top). This IRF3-dependent effect was Nos2-dependent, since it was abolished in 

BMMs treated with the Nos2 inhibitor L-NIL (Fig. S5B, bottom). Microscopic examination 

of intracellular T. cruzi parasites revealed a significantly lower proportion of infected BMMs 

at 5dpi among IRF3-deficient BMMs primed with 100U/ml IFNγ and co-stimulated with 

TNFα, compared to similarly treated B6 BMMs (Fig. S4C). Under these conditions, IRF3-

deficient BMMs also exhibited a lower median burden of parasites per infected BMM 

compared to B6 BMMs (Fig. S5D, top), though this was not statistically significant. 

Treatment with L-NIL to inhibit Nos2 activity largely eliminated the difference in T. cruzi 
infection rates between IRF3-deficient and B6 BMMs (Fig. S5C, bottom right). These 

results suggest that restriction of intracellular T cruzi in IFNγ-primed BMMs requires Nos2, 

both of which are negatively affected by IRF3.

DISCUSSION

Our studies of the role of innate sensing pathways in regulating IFNγ-mediated innate 

immunity in macrophages have led us to identify a novel inhibitory role for IRF3 in 

the maintenance of the IFNγ-activated state. This is in contrast to prior work that has 

identified positive synergies between IFNγ and pathogen sensing pathways 3–7, as well as 

our observations on the positive effect of the sensing/signaling proteins MyD88, TRIF, and 

IFNAR on the establishment and the maintenance of the IFNγ-induced anti-bacterial state. 

We also noted a lack of effect of the sensing proteins STING and MAVS on the maintenance 

of the IFNγ-primed state. The inhibitory action of IRF3 is therefore not likely to depend on 

MyD88/TRIF, STING, MAVS or IFNAR for its effects. In addition, our data show that IRF3 

deficiency does not enhance IFNγ signaling itself, based on assessments of phosphorylation 
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of the IFNGR signaling mediator STAT1 at either Y701 or S727. One limitation of our work, 

as with all work using Irf3−/−/Bcl2L12−/− mice, is that these mice also lack expression of 

BCL2L12, due to overlap of a critical 5’ segment of Bcl2L12 with the targeted portion of 

Irf3 with on the opposite strand 24. While Bcl2L12 deficiency could theoretically contribute 

to any phenotype observed in cells from these mice, our RNAseq data indicate that Bcl2L12 
is not transcribed at a notable level under the conditions of our experiments in B6 BMMs.

Many genes are dysregulated in IRF3/IRF7-deficient BMMs when compared to B6 BMMs 

that are primed with IFNγ and/or infected with L. pneumophila, suggesting that IRF3 

is a critical regulator of gene expression during establishment and maintenance of the 

anti-bacterial state. A canonical activity of IRF3 is the induction of Type I interferons 

and downstream signaling via IFNAR, and Type I IFNs can in turn antagonize the effects 

of IFNγ 42–45,67. However, the effects of IRF3 that we observe on IFNγ-primed BMMs 

appear to be independent of IFNAR. In our model, expression of IFNα and IFNβ in 

IFNγ-primed and L. pneumophila-infected BMMs was low, as measured both by RNA-seq 

and by quantification of ISRE activation by supernatants. IFNAR deficiency did not enhance 

IFNγ-mediated activity of these BMMs, in contrast to what prior data would suggest; 

meanwhile, the addition of exogenous Type I IFN in our model system synergized with 

rather than antagonized IFNγ-mediated bacterial restriction. Therefore, we propose that the 

IFNγ-inhibiting activity of IRF3 at the transcriptional level lies beyond Type I interferons 

and their targets. Several candidate mechanisms are discussed below.

Increased transcription and activity of Nos2 is observed in IFNγ-primed BMMs lacking 

IRF3, and is required for enhanced IFNγ-mediated restriction of T. cruzi in these cells 

relative to B6 BMMs. Nos2 is therefore a critical IRF3-modulated element affecting 

antimicrobial activity in IFNγ-primed BMMs. In the L. pneumophila infection model, 

however, our experiments with Nos2 inhibitors showed that it is dispensable for IFNγ-

mediated bacterial restriction in either IRF3-deficient or B6 BMMs. Our results are 

consistent with prior observations regarding the redundancy of Nos2 in restriction of L. 
pneumophila in a human monocyte cell line 68, as well as with recent results in mouse 

BMMs69.

The mechanism of enhanced effector function of Nos2 on T. cruzi in IRF3-deficient 

BMMs has not yet been addressed in our work, but at least two broad possibilities exist. 

First, elevated relative levels of nitric oxide may directly decrease parasite burdens by 

direct antimicrobial effect of reactive nitrogen intermediates. Alternatively, it may decrease 

parasite burdens indirectly, through its signaling properties that modulate host cell function 
70. These possibilities may be addressed in further studies.

Another set of pathways that may be affected by IRF3 deficiency involve iron trafficking in 

the infected macrophage. While not tested further here, another potential effector targeted 

by the inhibitory activity of IRF3 is lipocalin 2 (Lcn2), which was synergistically induced 

by IFNγ and L. pneumophila in IRF3/IRF7-deficient but not B6 BMMs. LCN2 restricts 

iron availability in the vacuoles of pathogenic bacteria including S. typhimurium, M. 
avium, C. pneumoniae, and B. abortus, in some cases in an IFNγ-dependent manner 71,72. 

Further work may assay iron content within IRF3-deficient and wildtype macrophages 
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directly, though assessing iron located in the relevant cellular compartments (eg, Legionella-

containing vacuoles) in bioavailable forms can be challenging. Interestingly, LCN2 has been 

shown to play an immunomodulatory role in pulmonary, intestinal, and hepatic infection 

and inflammation models 73,74, suggesting that iron content alone may not fully reflect the 

potential role of LCN2 in potentiating IFNγ-mediated immune responses in IRF3-deficient 

BMMs. The connection between iron metabolism and nitric oxide signaling in this setting is 

another area for possible further study, as NO has been shown to induce expression of the 

iron transporter ferroportin (Slc40a1) 75, which has in turn has been shown to affect cytokine 

levels in mouse macrophages 76. We have not noted a significant difference in transcription 

of ferroportin in our model, but further studies of protein-level expression of this and other 

regulators of iron metabolism are warranted.

How might IRF3 alter the transcriptional program of wildtype IFNγ-primed BMMs 

to inhibit the production of Nos2, Lcn2, and other antimicrobial effectors? We had 

originally hypothesized that IRF3 is activated downstream of microbial pattern recognition 

receptors or other sensors after infection. However, our RNA-seq analysis revealed profound 

transcriptional differences between B6 and IRF3/IRF7-deficient BMMs even prior to 

infection, in BMMs that were either completely unstimulated or primed with IFNγ only. 

These results are consistent with a tonic baseline activity of IRF3, a function separate 

from and in addition to its known role as an acute immune signaling mediator. One 

potential model by which tonic activity of IRF3 might take place is by altering chromatin 

conformation at the promoters or enhancers of IFNγ-activated genes. Mechanistically, IRF3 

may induce a repressor that destabilizes the IFNγ-primed state, as seen in other contexts 77, 

or it may directly repress a promoter element. Further studies with ChIP-Seq and ATAC-Seq 

using wildtype or IRF3-deficient BMMs could address these possibilities.

Since we have observed that IRF3 translocation to the nucleus is drastically reduced in 

IFNγ-primed BMMs, it is also possible that cytosolic rather than nuclear IRF3 affects 

gene expression indirectly, through a noncanonical mechanism. For example, IRF3 might 

bind and sequester a transcription factor needed to maintain the IFNγ-primed state – a 

model of action previously demonstrated for cytosolic IRF3 in T cells 78. In certain cellular 

contexts, mounting evidence implicates IRF3 as a cytoplasmic effector in non-transcriptional 

processes, including induction of apoptosis in virally infected cells79 and inhibition of 

NFκB signaling80 by direct binding to cytosolic Bax or IKKβ, respectively. Future studies 

involving overexpression of constitutively active IRF3 have the potential to elucidate these 

mechanisms, though studies would likely require using a macrophage cell line model due to 

the low efficiency of transduction of overexpression constructs in primary BMMs.

The speckled cytosolic distribution of IRF3 we have observed in IFNγ-primed BMMs both 

before and after L. pneumophila infection (or LPS stimulation), in lieu of phosphorylation 

and nuclear localization in infected non-primed BMMs, shows that the function of IRF3 

itself is differentially regulated in the context of the IFNγ-primed state. Recruitment of 

IRF3 to cytosolic puncta has been observed in other studies, suggesting that this localization 

may play a role in its activation 81,82 or degradation 83. Along this direction, preliminary 

studies in our laboratory shown selective expression of an IRF3 phosphatase in IFNγ-

primed BMMs; further work will be required to determine whether this antagonist of 
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IRF3 is functionally active in this setting, and whether it is recruited to IRF3-containing 

speckles. In addition, it is possible that recruitment of IRF3 to cytosolic foci could prevent 

its phosphorylation by active IKKε/TBK1 kinases, or could prevent the translocation of 

phosphorylated IRF3 to the nucleus. Studies using overexpression of IRF3 mutants that 

cannot translocate to the nucleus 79 may be valuable in future studies to elucidate the 

contribution of cytoplasmic IRF3 to inhibition of the IFNγ-activated state.

Our work with T. cruzi-infected BMMs confirmed that IRF3 can play a Type I IFN-

independent role in suppressing IFNγ-mediated responses to intracellular parasites as well 

as bacteria, despite significant differences in pathogen detection, restriction, virulence and 

life cycle. Key differences in the experimental system used with T. cruzi infection should be 

considered in interpreting these results; in particular, since TNFα is required to co-stimulate 

BMMs together with IFNγ, and since macrophages were stimulated with IFNγ and TNFα 
both before (priming) and after T. cruzi infection. For instance, the decrease in proportion 

of infected macrophages observed in IRF3-deficient vs. B6 BMMs over the course of T. 
cruzi infection across all conditions, including in macrophages activated by TNFα alone, 

suggests an iNOS-independent and possibly TNFα–induced mechanism that preferentially 

restricts the spread of T. cruzi in populations of IRF-deficient macrophages. Interestingly, 

recent work with the intracellular parasite Toxoplasma gondii showed that IRF3 is critical 

to the intracellular growth of this parasite in MEFs in a manner independent of Type I 

IFNs 84. This study noted a genotype-dependent decrease in per-cell infectious burden of 

T. gondii in unprimed macrophages, a result we did not observe in our work with T. cruzi. 
This difference may be accounted for by differences in the biology or lifecycle of the two 

parasitic species, or may indicate a distinct set of IFNγ-independent mechanisms restricting 

T. cruzi in IRF3-deficient- BMMs.

When considered together with our observations regarding the effects of IRF3 on the 

IFNγ-primed state, these results are consistent with an antagonistic relationship between 

exogenous macrophage activation via IFNγ and bacterial sensing via IRF3 in the 

modulation of the anti-bacterial state. Macrophages carry out important roles in modulating 

their environment, including maintaining innate immunity, priming adaptive immunity, 

and repairing tissue damage85. The presence of an intrinsic IRF3-dependent suppressor 

mechanism for IFNγ-mediated effectors in macrophages is likely part of a homeostatic 

process that controls potentially harmful immune activation by powerful antimicrobial 

effectors such as nitric oxide. Since IRF3 is known to be activated during viral infection, its 

actions may be essential to preclude the triggering of unneeded antibacterial or antiparasitic 

defense mechanisms by IFNγ, which is produced by activated T cells during viral infection. 

Further work using co-infection models will be useful to address this possibility. In addition, 

future experiments in animals will test the role of IRF3 in balancing the need for host 

protection against intracellular bacteria and parasites with the risk of tissue damage caused 

by activated macrophages during infection with these pathogens in vivo 86.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

B6 C57BL/6J

BMM bone marrow-derived macrophage

DAPI 4’,6-diamidino-2-phenylindole

Dot/Icm defect in organelle trafficking/intracellular multiplication

FBS fetal bovine serum

GTPase guanosine triphosphate hydrolase

HPI hours post infection

IFN interferon

IFNAR type I interferon receptor

IKK inhibitor of NFκB (IκB) kinase

IL interleukin

iNOS inducible nitric oxide synthase

IRF interferon response factor

ISRE interferon-sensitive response element

LPS lipopolysaccharide

MAVS mitochondrial antiviral-signaling protein

MCSF macrophage colony-stimulating factor

MEF mouse embryonic fibroblast

MOI multiplicity of infection

mRNA messenger RNA

MYD88 myeloid differentiation primary response gene 88

NAIP NLR family, apoptosis inhibitory protein

NFκB nuclear factor κ-light-chain-enhancer of activated B cells
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NK natural killer

NKT natural killer T

NLRC NOD-like receptor (NLR) with N-terminal caspase activating and 

recruitment domain

NO nitric oxide

NOD nucleotide-binding oligomerization domain

RIG-I retinoic acid-inducible gene I

RNAi RNA interference

shRNA short hairpin RNA

STING stimulator of type I IFN gene

TBK tank-binding kinase

TLR toll-like receptor

TNF tumor necrosis factor

TRIF toll-interleukin 1 receptor (TIR)-domain-containing adaptor inducing 

IFNβ
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Fig. 1: Contribution of IRF3 and IRF7 to the maintenance and establishment of the IFNγ-
activated state in BMMs
(A) Design of the L. pneumophila infection assay to assess the effects of genetic 

perturbations on the maintenance (top) or establishment (bottom) of the IFNγ-activated 

state.

(B-D) BMMs from B6 and (B) Irf3−/−/Bcl2L12−/−/Irf7−/− (labeled IRF3/IRF7 DKO), (C) 

Irf3−/−/Bcl2L12−/− (labeled IRF3 KO), and (D) Irf7−/− (labeled IRF7 KO) mice were 

stimulated with IFNγ at concentrations of 0, 3, 10, or 100U/ml either before infection 

(i.e., ‘primed’) (B, C-D top panels) or at 2hpi (C-D bottom panels), then infected with 

L. pneumophila. Bacterial bioluminescence was measured over two days of infection. In 

(B, C, and D), data points show represent biological replicates (mice) (one, two, and 

three, respectively) and error bars represent the standard error of the mean across technical 

replicates (wells) (four, five, and five, respectively). p-values indicate the significance of the 

effect of genotype on bacterial growth over time under the conditions in each sub-panel, 

based on a linear mixed-effect model.
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Fig. 2: Contribution of MyD88 and TRIF to the maintenance and establishment of the IFNγ-
activated state in BMMs
Myd88−/−Trif−/− BMMs were compared to B6 BMMs using the L. pneumophila growth/

restriction assay described in Fig. 1. Data points represent three biological replicates (mice) 

per genotype, and error bars represent the standard error of the mean across five technical 

replicates (wells). p-values indicate the significance of the effect of genotype on bacterial 

growth over time under the conditions in each sub-panel, based on a linear mixed-effect 

model.
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Fig. 3: Lack of contribution of Type I interferons to IRF3-mediated suppression of the IFNγ-
activated state in primed BMMs
(A) Ifnar−/− BMMs were compared to B6 BMMs using the L. pneumophila growth/

restriction assay as described in Fig. 1. Data represent three biological replicates (mice) 

per genotype, and error bars represent the standard error of the mean across five technical 

replicates (wells). p-values indicate the significance of the effect of genotype on bacterial 

growth over time under the conditions in each sub-panel, based on a linear mixed-effect 

model.

(B) Irf3−/−/Bcl2L12−/−/Irf7−/− (labeled IRF3/IRF7 DKO) and B6 BMMs were used in 

the L. pneumophila growth/restriction assay as described in Fig. 1, and were additionally 

treated with 50U IFNβ or mock-treated (vehicle) starting at 2hpi. Error bars represent the 

standard error of the mean across four to five technical replicates (wells). p-values indicate 

the significance of the effect of IFNβ treatment on bacterial growth over time under the 

conditions in each sub-panel, based on a linear mixed-effect model.
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Fig. 4: Stat1 phosphorylation is not enhanced in IRF3-deficient BMMs after IFNγ priming
Irf3−/−/Bcl2L12−/− (labeled KO) and B6 BMMs were unprimed or were primed with 10U/ml 

IFNγ, and infected with L. pneumophila. Cytoplasmic protein extracts were collected at 

the indicated timepoints after infection, and analyzed by Western blotting for STAT1pY701, 

STAT1pS727, total STAT1, and β-actin. Results are representative of three independent 

experiments. The slight increase in STAT1pY701 seen in IFNγ-primed Irf3−/−/Bcl2L12−/− 

BMMs relative to B6 BMMs at 0hpi was not seen in the other two experiments, and is 

considered to be insignificant.
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Fig. 5: Effect of L. pneumophila infection on IRF3 phosphorylation and distribution in IFNγ-
primed vs. unprimed BMMs
(A) B6 BMMs were primed with 10U/ml IFNγ and infected with L. pneumophila. Nuclear 

protein extracts were collected at the indicated timepoints after infection, and analyzed 

by Western blotting for murine IRF3pSer388 and TBP. Data are representative of three 

independent experiments.

(B) Immunofluorescence microscopy analysis of IRF3 localization in B6 BMMs primed 

with 0, 10, or 100 U/ml IFNγ, then fixed 2 hours after infection with L. pneumophila or 

stimulation with LPS.
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(C) B6 BMMs were primed with 10U/ml IFNγ and infected with L. pneumophila. 

Cytoplasmic protein extracts were collected at the indicated timepoints after infection, and 

analyzed by Western blotting for IKKεpSer172, TBK1pSer172, TBK1, and β-actin.

(D) B6 BMMs were stimulated with 10U/ml IFNγ and infected with L. pneumophila. 

Cytoplasmic protein extracts were collected at the indicated timepoints after infection, and 

analyzed by Western blotting for murine IRF3pSer388, IRF3, and β-actin.
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Fig. 6: Increased activity of IFNγ-induced Nos2 is observed in IRF3-deficient BMMs, but is 
dispensable for increased restriction of L. pneumophila
(A) Irf3−/−/Bcl2L12−/− (labeled IRF3 KO) and B6 BMMs were unprimed or primed with 

3 (not shown), 10, or 100 U/ml IFNγ, then infected with L. pneumophila. The Nos2 

inhibitors L-NOARG, L-NIL or 1400W were used to treat BMMs before and after infection 

at concentrations 5-fold (low), 25-fold (medium), or 125-fold (high) times the IC50 of the 

compound. Nitrite levels in supernatants two days after infection were measured using the 

Griess assay to assess Nos2 activity. Data represent two technical replicates per sample. 

Asterisks indicate the significance of the difference in nitrite production between mutant and 

B6 genotypes, calculated using the unpaired Student’s t test.

(B) Irf3−/−/Bcl2L12−/− BMMs were compared to B6 BMMs using the L. pneumophila 
growth/restriction assay described in Fig. 1. BMMs were mock-treated or treated with the 

Nos2 inhibitors L-NOARG, L-NIL, or 1400W at concentrations 5-fold (low, not shown), 

25-fold (medium, not shown), or 125-fold (high) times the IC50 of each inhibitor for two 

hours before infection and thereafter. Data for conditions not shown are not significantly 

different from the data shown. Error bars represent the standard error of the mean across 

four technical replicates (wells). p-values indicate the significance of the effect of genotype 

on bacterial growth over time under the conditions in each sub-panel, based on a linear 

mixed-effect model.
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