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SUMMARY

Type I interferon (IFNa/b) pathways are fine-tuned to
elicit antiviral protection while minimizing immuno-
pathology; however, the initiating stimuli, target tis-
sues, and underlying mechanisms are unclear. Using
models of physiological and dysregulated IFNa/b re-
ceptor (IFNAR1) surface expression, we show here
that IFNAR1-dependent signals set the steady-state
IFN signature in both hematopoietic and stromal
cells. Increased IFNAR1 levels promote a lung envi-
ronment refractory to early influenza virus replication
by elevating the baseline interferon signature.
Commensal microbiota drive the IFN signature spe-
cifically in lung stroma, as shown by antibiotic treat-
ment and fecal transplantation. Bone marrow
chimera experiments identify lung stromal cells as
crucially important for early antiviral immunity and
stroma-immune cell interaction for late antiviral
resistance. We propose that the microbiota-driven
interferon signature in lung epithelia impedes early
virus replication and that IFNAR1 surface levels
fine-tune this signature. Our findings highlight the
interplay between bacterial and viral exposure, with
important implications for antibiotic use.

INTRODUCTION

Interferons (IFNs) were discovered by Isaacs and Lindenmann

(1957) as host-produced antiviral substances. More than 60

years of research have established the critical importance to hu-

man health of type I IFN (IFNa/b), as it induces transcription of

interferon-stimulated genes (ISGs) that encode proteins with

various antiviral functions (Finter et al., 1991; Garcı́a-Sastre

and Biron, 2006; Isaacs and Lindenmann, 1957) in both infected

and neighboring cells. Antiviral protection is established either
This is an open access article und
by directly targeting the viral life cycle or by disrupting cellular

metabolism and suppressing the translational machinery (Kris-

tiansen et al., 2011; Pavlovic et al., 1992; Versteeg and Garcı́a-

Sastre, 2010). Induction of the antiviral state is necessary to

restrict the damage caused by viral pathogens; however,

emerging evidence shows that excessive production of IFN,

driven either by pathogen (Bosinger and Utay, 2015; Chen

et al., 1999; Li et al., 2018; Stifter and Feng, 2015; Teijaro

et al., 2013; Utay and Douek, 2016; Wilson et al., 2013) or by

host-encoded determinants (Davidson et al., 2014; Gougeon

and Herbeuval, 2012; Jacquelin et al., 2009; Lee-Kirsch et al.,

2007), can cause severe disease, as has been demonstrated

for influenza, HIV infection, tuberculosis, lupus, and Aicardi-Gou-

tiéres syndrome.

The dual nature of IFNa/bmakes them a preferential target for

regulation by both invading pathogens and host regulatory

mechanisms. In fact, virus isolates that lack the ability to modu-

late the IFNa/b response (such as laboratory-rescued DNS1

influenza viruses) are severely attenuated in vitro and in vivo

but can replicate in IFN-incompetent Vero cell lines (Egorov

et al., 1998; Garcı́a-Sastre et al., 1998), highlighting the impor-

tance of immunomodulation to viral fitness. Much research has

focused on understanding the myriad mechanisms by which

influenza A virus inhibits the IFNa/b response (Bergmann et al.,

2000; Garcı́a-Sastre, 2011; Rajsbaum et al., 2012; Versteeg

and Garcı́a-Sastre, 2010; Xia et al., 2015).

To avoid tissue damage and immune paralysis due to exces-

sive IFNa/b signaling, host organisms have also evolved several

levels of regulation of IFNa/b signaling (François-Newton et al.,

2011; Gracias et al., 2013; Yoshimura et al., 2007). An important

mechanism of IFNa/b regulation is the transient downregulation

of IFNAR1 surface expression by targeted ubiquitination after

signaling, which has been shown to be critical for protection

against caerulin-induced pancreatitis and other inflammatory

processes (Bhattacharya et al., 2014; Huangfu et al., 2012;

Qian et al., 2011; Zheng et al., 2011). The importance of this

host strategy in viral infection has yet to be established. There-

fore, we aimed to understand how transient downregulation of
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Figure 1. IFNAR1-Mediated Signals Determine Baseline ISG Signa-

tures in Stromal and Hematopoietic Lung Cells

(A) ISG expression determined by qRT-PCR in magnetic-activated cell sorting

(MACS)-separated CD45+ and CD45� cells from the lungs of C57BL/6 mice

(n = 6 samples from six animals) treated with aIFNAR1 antibody on days 0 and

2. Lungs were harvested on day 4.

(B) As in (A) from lungs of untreated C57BL/6 Ifnar1+/+ and C57BL/6 Ifnar1�/�

mice (n = 4 or 5 samples from four or five animals).

Expression levels ofOasl2 and Rsad2 are shown relative to transcription of the

Hprt housekeeping gene. All bars represent mean ± SEM. Significance was

determined using the Mann-Whitney U test: *p < 0.05, **p < 0.01, and ***p <

0.001.
IFNAR1 after stimulation can affect excessive IFNa/b signaling.

We used mice homozygous for a point mutation at the IFNAR1

serine residue 526 (Ifnar1S526A; hereafter Ifnar1SA or SA+), which

are unable to ubiquitinate IFNAR1 following stimulation of the re-

ceptor complex, preventing the subsequent downregulation of

IFNAR1 and thereby enhancing the IFN signal (Bhattacharya

et al., 2014; Zheng et al., 2011).We find that regulation of IFNAR1

surface levels is the key to fine-tuning the degree of IFNa/b prim-

ing in the naive lung. As a consequence, Ifnar1SA mice are more

resistant to influenza virus infection, because of increased base-

line ISG levels. Moreover, we show that in both wild-type (WT)

and Ifnar1SA mice, microbiota enhance the IFNAR1-driven ISG

expression specifically in epithelial cells. Thus, lung epithelia

are important receivers of tonic signals that determine the

strength of subsequent, infection-induced IFNa/b signaling and

promote resistance to viral infection.
RESULTS

IFNAR1-Dependent Signals Drive the ISG Signature in
Lung Stromal and Hematopoietic Cells
Baseline activation of the IFN pathway in uninfected animals has

been hypothesized to be due to tonic IFNb signaling (Gough
246 Cell Reports 28, 245–256, July 2, 2019
et al., 2012). To explore whether this applies to both hematopoi-

etic and stromal cells, we measured ISG levels in CD45-positive

and CD45-negative lung cells. First, we delivered two doses of

aIFNAR1 antibody (MAR1) separated by 48 h, followed by har-

vesting lungs on day 2 post-second injection into C57BL/6

mice. Both cell populations showed a clear downregulation of

classical ISGs such as Rsad2 and Oasl2 upon treatment, indi-

cating that tonic levels of IFN signaling drive the ISG baseline

in these cell compartments (Figure 1A). Accordingly, lower levels

of ISG expression were found in both cell populations in lungs

from IFNAR1-deficient (Ifnar1�/�) mice in which IFNa/b signaling

is constitutively absent (Figure 1B), indicating that steady-state

ISG levels are driven by IFNAR1-dependent signals both in he-

matopoietic and stromal cells.

IFNAR1 Levels Regulate ISG Baseline Expression and
IFN-Driven Immune Responses
The above results show that IFNAR1-mediated signals are

required to maintain the lung baseline ISG signature, and tuning

IFNAR1 levels is one way of controlling the magnitude of the IFN

signal (Levin et al., 2011; Liu et al., 2009; Moraga et al., 2009). We

therefore used IFNAR1SA mice that express a variant of the

IFNAR1 receptor chain that is not ubiquitinated and as a result

cannot be degraded after ligand binding and signaling via the

JAK/STAT pathway, leading to prolonged IFN signaling because

of the inability to shut down the signal (Bhattacharya et al., 2014;

Zheng et al., 2011). To confirm this lack of IFNAR1 downregula-

tion, we first treated bone marrow-derived macrophages

(BMDMs) with limiting dilutions of IFNa4. Upon IFN treatment,

BMDMs from Ifnar1+/+ C57BL/6 mice downregulated surface

expression of IFNAR1 in a dose-dependent manner, whereas

cells derived from Ifnar1SA mice maintained nearly constant

IFNAR1 expression for the lower IFNa4 concentrations (Figures

2A and S1A). Fluorescence-activated cell sorting (FACS) anal-

ysis of cells from naive Ifnar1SA lungs showed elevated baseline

IFNAR1 expression levels on both CD45+ immune cells and

CD45� epithelial and endothelial cells (Figures 2B, 2C, S1B,

and S1C), indicating that continuous IFNAR1 degradation con-

tributes to setting the physiological cell surface IFNAR1 levels

in a dynamic equilibrium. Steady-state ISG expression was

elevated in the lungs of Ifnar1SA mice (Figure 2D), showing that

IFNAR1 surface levels control the ISG signature. IFNAR1

blockade led to a rapid reduction of ISG levels, indicating that

the ISG signature is in a dynamic equilibrium requiring constant

IFN signals (Figure 2E). Importantly, we found increased ISG

levels in both stromal and hematopoietic cells (Figure 2F), and

surface expression of IFN-inducible Sca-1 and PDCA1 proteins

was elevated on Ifnar1SA lung immune cells compared with

C57BL/6 (Figure S1D). Together, these data show that cell sur-

face IFNAR1 levels regulate physiological levels of ISG expres-

sion in both stromal and hematopoietic cell compartments.

This finding has important implications for lung immunity, as

constitutive activation of the type I IFN pathway is emerging as

a significant mechanism of immune homeostasis at mucosal

sites of uninfected mice (Gough et al., 2012; Kawashima et al.,

2013).

Changes in the baseline ISG expression in immune cells did

not correspond to alterations in the immune cell composition
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Figure 2. IFNAR1 Levels Tune Baseline ISG

Expression in Lung Stroma and Immune

Cells

(A) Surface IFNAR1 expression determined by

flow cytometry of bone marrow-derived macro-

phages (BMDMs) stimulated with varying con-

centrations of IFNa4 for 24 h. IFNAR1 expression

was normalized to respective mock-treated

BMDMs. n = 3 mice per group, 2 3 105 cells per

animal.

(B and C) Relative IFNAR1 expression on epithelial

cells (CD45�, EPCAM+) (B) or endothelial cells

(CD45� CD31+) (C) determined by flow cytometry

and normalized to the respective C57BL/6 cell

populations. Dashed line indicates mean of

C57BL/6-derived cells. n = 15 mice per group.

(D) ISG expression determined by qRT-PCR in

whole lungs of C57BL/6 or Ifnar1SAmice (n = 17 per

group).

(E) ISG expression determined by qRT-PCR

decreases rapidly in the lungs of Ifnar1SA mice

(n = 3–6 per group) after treatment with aIFNAR1

antibody. Treatment delivered either once on day

0 (day 1 and day 2 harvests) or every 48 h (day 6

harvest).

(F) CD45+ and CD45� MACS-separated cells from

whole lungs of C57BL/6 or Ifnar1SA mice (n = 5–12

per group) were analyzed for ISG expression by

qRT-PCR.

(G) Depletion of pDCs does not reduce baseline

ISG expression in Ifnar1SA mice. Mice (n = 3 per

group) treated with 400 mg aPDCA1 on day 0, day

2, and day 4. Whole lungs harvested on day 6 for

gene expression analysis by qRT-PCR.

All gene expressions shown as relative to Hprt

housekeeping gene. All bars represent mean ±

SEM. Results are compiled from at least two ex-

periments. Significance was determined using the

Mann-Whitney U test (B, C, D, and G), 2-way

ANOVA with Tukey’s multiple comparisons test (A

and F), or 1-way ANOVA (E): *p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001.
of Ifnar1SAmouse lungs (Figure S1E). This is in line with unaltered

immune cell composition in the lungs of Ifnar1�/� mice (Fig-

ure S1F), indicating that a tonic type I IFN signal maintains the

IFN signature in immune cells, but not their steady-state survival

or recruitment. A notable exception is plasmacytoid dendritic

cells (pDCs), whose numbers are reduced in the absence of

IFN signaling (Figure S1F), in line with published observations

(Kadowaki et al., 2000). pDCs are both maintained by and an

important source of type I IFNs. To determine whether the ISG

expression observed in WT and Ifnar1SA mice was due to

pDC-derived IFN, we used depleting antibodies against

PDCA1, a primary marker for pDCs. Depletion of pDCs did not

alter ISG expression in lungs (Figure 2G), indicating that other

cells are responsible for establishing the baseline ISG expression

in WT and Ifnar1SA mice.
Ifnar1SA Mice Are Less Susceptible to Influenza Virus
Infection
Given the protective and pathological potential of type I IFNs, we

wanted to test whether reduced IFNAR1 downregulation en-

hances immunopathology or facilitates immune-mediated pro-

tection during influenza virus infection. We found that Ifnar1SA

mice were more resistant to influenza virus infection than WT

mice (Figure 3A). Virus gene expression (Ward et al., 2004) was

significantly reduced at 8 h, and influenza virus replication was

significantly reduced at 2 days post-infection in Ifnar1SA mice

(Figures 3B and 3C). To confirm this in a more clinically relevant

infection model, we performed influenza virus infection of WT

or Ifnar1SA mice that carry a transgene encoding human MxA,

the major restriction factor for influenza virus in humans

(Deeg et al., 2017). When these mice were infected with a highly
Cell Reports 28, 245–256, July 2, 2019 247
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Figure 3. Increased Lung ISG Signature Protects from Influenza Virus Infection by Blunting Infection Early

(A) Weight loss of Ifnar1SA and C57BL/6 mice (n = 5 per group) upon intranasal infection with 50 TCID50 PR8 virus.

(B) Total M gene mRNA at 8 h post-infection with 1,000 TCID50 PR8 delivered intranasally, as determined by qRT-PCR on cDNA created with oligo(dT) primers

(n = 8 mice per group).

(C) Viral load determined using standard TCID50 assay on Madin-Darby canine kidney (MDCK) cells. Mice (n = 9 per group) were infected with 8,000 TCID50 X31

virus and lungs harvested on day 2.

(D) MxAtg/tg and Ifnar1SAMxAtg/tg mice (n = 11 per group) were infected intranasally with 2,500 plaque-forming units (PFU) hvPR8-NS1(1-126) and monitored for

weight loss.

(E–G) MACS-separated CD45� (E and F) and CD45+ (G) cells from lungs of Ifnar1SA and C57BL/6 mice (n = 5–15 per group) were used to determine viral load and

ISG expression (E) or IFN expression (F and G) using qRT-PCR. Mice were intranasally infected with PBS or 2,000 TCID50 PR8 virus for 16 h. cDNA was syn-

thesized using oligo(dT) primers.

Results are compiled from at least two separate experiments. All bars represent mean ± SEM. Significance was determined using either two-way ANOVA with

Sidak’s multiple comparisons test (A and D) or the Mann-Whitney U test (B, C, and E–G): *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. hpi, hours post-

infection.
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virulent variant of PR8 virus harboring a truncation in the IFN

antagonist NS1 (Kochs et al., 2009), we found less weight loss

in Ifnar1SAMxAtg/tg mice than in controls (Figure 3D), similar to

the above results (Figure 3A).

To test if the pre-existing ISG levels or increased responsive-

ness conferred antiviral protection in Ifnar1SA mice, we

measured the antiviral state in lung stromal cells. Reduced viral

burden in Ifnar1SA stromal cells corresponds to higher ISG levels

in these cells compared with WT mice (Figure 3E) at 16 h post-

infection, a time point at which we could not detect a further

infection-mediated increase in ISG levels in WT or Ifnar1SA

mice. Correspondingly, neither stromal cells nor immune cells

showed induction of IFN mRNAs this early in infection (Figures

3F and 3G). Similarly, no increase in ISG levels was found in

stroma or immune cells at 8 h post-infection, when virus load

was already reduced in Ifnar1SA mice (Figures S2D and S2E

versus Figure 3B). These results indicate that the pre-existing

antiviral state, not rapid ISG upregulation, determines the

observed early blunting of viral replication.

In line with this interpretation, we found reduced, not

increased, IFN protein levels at 48 h post-infection (Figure S2A)

in Ifnar1SA mice. At this time point, immune cell recruitment

into the lung is not different between WT and Ifnar1SA mice (Fig-

ure S2B). Proinflammatory cytokines were also reduced at

5 days post-infection in Ifnar1SAMxAtg/tg mice (Figure S2C).

Together, these data demonstrate that the IFN-driven steady-

state ISG signature in lung stroma is an important determinant

of early anti-influenza control that subsequently leads to reduced

immune responses, because of reduced viral load.

An alternative explanation for the reduced immune response

was that Ifnar1SA mice are intrinsically less reactive. We tested

this and found in vitro higher reactivity of Ifnar1SA airway epithe-

lial cultures to IFNa and in vivo a higher immune cell recruitment

into poly(I:C)-treated Ifnar1SA lungs compared with WT con-

trols, confirming previous findings (Bhattacharya et al., 2014;

Figures S2F and S2G). The reduced immune response we find

in influenza virus-infected Ifnar1SA mice is therefore a direct

consequence of reduced virus load as early as 8 h into the

infection.

Elevated ISG Expression in CD45� Cells Is Critical for
Early Protection against Influenza Virus Infection
To demonstrate the relative contributions of both CD45+ and

CD45� cells in the resistance of Ifnar1SA mice to influenza virus,

we created bone marrow (BM) chimeras between C57BL/6 and

Ifnar1SA mice. Chimeras were infected 6–8 weeks after BM

reconstitution. As in previous experiments, all Ifnar1SA chimeras

exhibited considerably less weight loss than their C57BL/6

counterparts (Figure 4A). Additionally, C57BL/6 mice that

received Ifnar1SA BM displayed significantly greater weight

loss than Ifnar1SA recipients (Figure 4B). In particular, these

mice showed more severe signs of disease during the first

days of viral infection, suggesting that CD45� cells are critical

to early blunting of virus-induced illness. Conversely, Ifnar1SA

mice that receivedWT BM lost more weight late during infection

compared with controls receiving Ifnar1SA BM (Figure 4C). To

confirm that different cellular compartments contribute to pro-

tection early and late in infection, we performed 2-way
ANOVA on the relative body weight values on day 3 and day 9

post-infection. We find that the source of variation on day 3 is

the stroma genotype, while the source of variation on day 9 is

interaction between stroma and BM genotypes (Figure 4D).

These data demonstrate that IFNAR1-driven signals in CD45�

cells are required to confer early protection, while IFNAR1-

driven signals on hematopoietic cells contribute to protection

in the later stage of infection.

Microbiota Drive the Steady-State ISG Signature in Lung
Stroma but Not Immune Cells
To better understand the cause of elevated ISG levels in Ifnar1SA

mice, we first tested the hypothesis of a unique microflora in the

Ifnar1SA colony.WhenWTmicewere co-housed for 1monthwith

Ifnar1SA mice, whole-lung homogenates revealed no change in

ISG expression in either WT or Ifnar1SA mice or because of co-

housing, and the increase in Ifnar1SA over WT mice was main-

tained (Figure S3A). These results indicate that elevated ISG

expression in the Ifnar1SA mice is not due to their particular

microflora.

Mice treated with oral antibiotics are more susceptible to viral

infections, including influenza A virus (Abt et al., 2012; Goulding

et al., 2011; Ichinohe et al., 2011; Oh et al., 2016; Steed et al.,

2017), partly by regulating the activation threshold of the im-

mune response. To determine whether ISG expression in the

lung was directly affected by the microbiota, we treated mice

with a cocktail of antibiotics ad libitum via their drinking water

for 4 weeks and compared ISG expression in lungs of untreated

and antibiotic-treated WT and Ifnar1SA mice. No treatment-

induced ISG difference was found when whole lungs were eval-

uated (Figure 5A); however, separation of CD45� and CD45+

cells revealed a decline in ISG expression in the stromal

compartment but not in cells of hematopoietic origin (Figures

5B and 5C).

Microbiota Drive Anti-influenza Virus Protection in Lung
Stroma
To see if elevated ISG expression and the associated antiviral

state might lead to stronger resistance, we first tested whether

in Ifnar1SAmice, reduction of ISGs by antibiotics relieves the viral

replication block. To test this hypothesis, WT and Ifnar1SA mice

were treated with or without antibiotics for 4 weeks, followed by

infection with influenza virus. As shown above (Figure 3A), un-

treated Ifnar1SAmiceweremore resistant to influenza virus infec-

tion compared with their C57BL/6 counterparts. However, anti-

biotic-treated Ifnar1SA mice were as susceptible as WT

controls, indicating that microbiota-driven signals are respon-

sible for the resistance phenotype found in Ifnar1SA mice (Fig-

ure 5D). However, antibiotic treatment did not lead to significant

changes in resistance of WT mice, which may be due to the lack

of the critical influenza restriction factor, MX1, in most inbred

mouse strains, including C57BL/6 mice. We therefore repeated

experiments in Mx1-competent mice (Mordstein et al., 2008), a

model that more closely reflects the human host situation in

which a functional Mx gene (MxA) is present. We find that in

Mx1+/+ mice, antibiotics treatment significantly increased viral

gene expression and viral replication early in infection (Figures

5E and 5F), indicating that the presence of the relevant influenza
Cell Reports 28, 245–256, July 2, 2019 249
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Figure 4. Stromal and Immune Cells Both Contribute to Resistance of Ifnar1SA Mice to Influenza Infection

(A–C) Lethally irradiated WT or Ifnar1SAmice (n = 6–10 per group) were reconstituted with 107 cells from either WT or Ifnar1SABMs. Mice were infected with 8,000

TCID50 X31 and monitored for weight loss. Groups are represented by black closed circles (C57BL/6 donor into C57BL/6 recipient, A), red closed triangles

(Ifnar1SA donor into Ifnar1SA recipient, A–C), red open circles (Ifnar1SA donor into C57BL/6 recipient, B), and black open triangles (C57BL/6 donor into Ifnar1SA

recipient, C).

(D) Detailed representation and 2-way ANOVA of weight loss at day 3 and day 9 of the experiment described in (A)–(C).

Results shown are compiled from two separate weight-loss experiments; bars represent mean ± SEM. Statistical significance was determined using 2-way

ANOVA with Tukey’s multiple-comparisons test (A–C) or 2-way ANOVA using stroma and BM genotypes as factors, with Sidak’s multiple-comparisons test (D):

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. dpi, days post-infection.
restriction factor reveals the effect of the microbiota on early

influenza virus control.

We expanded these findings and found that both in Mx1+/+

Ifnar1wt and Mx1+/+Ifnar1SA mice, antibiotic treatment signifi-

cantly increased weight loss and mortality, while the Mx1+/+

mice expressing IFNAR1SA still tended to be better protected

than their WT counterparts (Figure 6A). Consistent with loss of

early virus control, we find elevated virus load at 16 h post-

infection in antibiotic-treated mice (Figure 6B). Because anti-

biotic treatment reduces the antiviral state specifically in lung

stromal cells (Figures 5B and 5C), our results indicate that the

microbiota-driven IFN priming in the lungs acts on stromal cells

to establish an antiviral state able to blunt influenza virus infec-

tion at the earliest stages.

To further confirm that gut microbiota are indeed responsible

for the observed changes in baseline ISG expression, we treated

antibiotic-exposed mice with fecal material of control mice

through oral gavage (fecal transplantation [FT]). This treatment

reversed the antibiotic-induced ISG reduction in lung stromal

cells (Figure 6C). These effects were found both in Ifnar1wt and

Ifnar1SA mice. In a more global analysis, we performed RNA

sequencing on lung stroma from untreated, antibiotic-treated

(Abx), and Abx/FT-treated mice (Figure 6D). Unbiased gene set

enrichment analysis (GSEA) performed against the MsigDB
250 Cell Reports 28, 245–256, July 2, 2019
database showed that the top pathway reduced in lung stroma

from Abx mice is IFNa/b signaling, and several more immune-

and IFN-related pathways were found among the ten top-

scoring pathways (Figures 6D and 6E). In addition, all these path-

ways were enhanced by FT treatment. Table S1 lists the genes

from the two (largely overlapping) top-scoring IFN-related path-

ways that we found differentially expressed in our treatment

groups and that are shown in Figure 6E. Consistently, FT treat-

ment reversed the antibiotic-induced susceptibility to influenza

virus infection (Figure 6F). Taken together, these results demon-

strate that the presence of microbiota increases the IFN-driven

antiviral state in lung stroma and thereby increases protection

from influenza virus infection.

DISCUSSION

Here, we identify tonic, microbiota-driven signals to lung stromal

cells as a homeostatic mechanism that keeps epithelial cells in

an IFN-primed state and thereby renders mice resistant to influ-

enza virus infection through early blunting of the viral life cycle.

We show that constant IFNa/b signaling is required, as anti-

body-mediated IFNAR1 blockade reduces the primed state

within 24–48 h of treatment. Taking advantage of mice in which

IFNAR1 downregulation is impaired by targeted mutation of a
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Figure 5. Reduced ISG Expression in Stro-

mal Compartment of Antibiotic-Treated

Mice Predisposes Them to Severe Influenza

(A) ISG expression of whole lungs from naiveWT or

Ifnar1SA mice (n = 4 or 5 per group) given either

plain water (closed symbols) or a cocktail of oral

antibiotics (open symbols) for 4 weeks.

(B and C) Gene expression of MACS-sorted CD45+

(B) or CD45� (C) cells from mice (n = 9 or 10 per

group) as in (A).

(D) WT or Ifnar1SA mice (n = 11 per group) given

either plain water or antibiotics for 4 weeks prior to

infection with 8,000 TCID50 of X31. Mice were

monitored for weight loss.

(E) Mx1+/+ mice (n = 5–7 per group) were treated

with antibiotics for 3 weeks and infected with

25,000 TCID50 of hvPR8NS1(1–126) for 8 h. cDNA

synthesized with oligo(dT) primers.

(F)Mx1+/+ mice (n = 10–14 per group) were treated

with antibiotics for 3 weeks and infected intrana-

sally with 4 3 104 PFU of Udorn virus. After 48 h,

lungs were harvested and virus titers determined

by plaque assay on MDCK cells.

All qRT-PCR results shown are relative to the

housekeeping gene Hprt. All bars represent mean

± SEM. Results are compiled from at least two

experiments. Significance was determined using

either 2-way ANOVA (D) or the Mann-Whitney U

test (A–C, E, and F): *p < 0.05, **p < 0.01, ***p <

0.001, and ****p < 0.0001.
single amino acid residue in the IFNAR1 molecule (IFNAR1SA),

we also find that setting IFNAR1 surface levels is a mechanism

constantly at work to fine-tune the baseline ISG signature. Using

these mice for BM chimera experiments, we demonstrate the

importance of stromal cell IFN signals for the early control of

influenza virus load, while the immune cell compartment plays

a role later during infection. Expression profiling of lung stroma

from antibiotic-treated mice shows that microbiota maintain pre-

dominantly the IFN signature and additional immune-related

pathways in these cells, and FT reverses the antibiotic-induced

ISG reduction.

Previously, germ-free mice were shown to be more suscepti-

ble to influenza virus infection (Abt et al., 2012), but type I IFN-

driven signals were not specifically assessed in those mice.

Studies with antibiotic-treated mice (Abt et al., 2012; Ganal

et al., 2012; Ichinohe et al., 2011; Oh et al., 2016; Steed et al.,

2017) suggested that microbiota-driven viral resistance

was linked to either increased IL-1b and IL18 transcript levels
(Ichinohe et al., 2011) or to IFNa/b (Abt

et al., 2012; Ganal et al., 2012; Steed

et al., 2017). In these previous studies,

the antiviral functions requiring a tonic

IL-1b, IL-18, or IFN signal were identified

in natural killer (NK) cells and macro-

phages. In addition, when antibiotic-

treated mice were infected with a rela-

tively low infectious dose of influenza vi-

rus, the adaptive immunity, including anti-

body, CD4, and CD8 responses, was
reduced, leading to increases in virus levels on day 12 or 14 of

infection (Abt et al., 2012; Ichinohe et al., 2011). Experiments in

which lymphocytic choriomeningitis virus (LCMV) and murine

cytomegalovirus (MCMV) inoculates were given systemically

(Abt et al., 2012; Ganal et al., 2012) showed that microbiota

enhanced immune cell activation. Therefore, effects on innate

or adaptive immunity were implied in microbiota-driven antiviral

resistance. Here we show that microbiota ablation affects the

ISG signature in the lung most strongly in stromal cells, including

epithelial cells, rather than in the immune cell compartment. In

addition, the inverse correlation between the level of ISG and

levels of viral transcription and replication at early time points,

prior to IFN production and ISG induction by infection, indicates

that microbiota-driven antiviral resistance precedes both adap-

tive immunity and innate immune cell function, and depends

on the cell-intrinsic antiviral effects in the virus target cells, the

lung epithelia. Together, this and previous studies demonstrate

that microbiota-driven signals can act at multiple levels, inducing
Cell Reports 28, 245–256, July 2, 2019 251
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Figure 6. Microbiota Sustain Protective IFN-Driven Antiviral State in Lung Stroma

(A)Mx1+/+ orMx1+/+Ifnar1SAmice (n = 10–19 per group) were given either water or antibiotics for 4 weeks, prior to intranasal infection with 2,500 TCID50 of hvPR8-

NS1(1–126) virus. Mice were monitored for weight loss and survival.

(B) Mice (n = 8–11 per group) were infected as in (A) with 25,000 TCID50 of hvPR8-NS1(1–126) virus and sacrificed 16 h post-infection. M gene expression was

determined in MACS-sorted CD45� cells. cDNA was generated using oligo(dT) primers.

(C) C57BL/6 mice (n = 6–14 per group) were treated as described in (A) or received antibiotics for 3 weeks and subsequently received two FTs 1 week prior to

infection. CD45� cells were MACS-purified from lungs, RNA prepared, and Irf7 gene expression determined by qRT-PCR.

(D) RNA prepared as in (C) was used for RNA sequencing (RNA-seq) followed by gene set enrichment analysis (GSEA). Top panels show GSEA for the highest

scoring gene set identified (IFNa/b signaling), with negative enrichment for the comparison Abx versus water and positive enrichment for Abx+FT versus Abx

treatment. Bottom panel shows the normalized enrichment scores (NES) and false discovery rate (FDR) q-values (next to bars) for the highest scoring gene sets

from the comparison (Abx versus water) that were also significantly changed in the comparison (Abx+FT versus Abx). n = 3 or 4 mice per group.

(E) Heatmap of expression of the genes contained in the gene sets ‘‘IFNa/b signaling’’ and ‘‘IFN signaling’’ pathways in the indicated treatment groups.

(F)Mx1+/+ mice (n = 6–19 mice per group) were given either water or antibiotics for 4 weeks or antibiotics for 3 weeks followed by FT prior to intranasal infection

with 2,500 TCID50 of hvPR8-NS1(1–126) virus. Mice were monitored for weight loss.

All bars represent mean ± SEM. Results are compiled from at least two experiments. Significance was determined using the Gehan-Breslow-Wilcoxon test (A),

unpaired t test (B), Mann-Whitney U test (C), or 2-way ANOVA (F): *p < 0.05, **p < 0.01, and ****p < 0.0001.
an antiviral state in non-immune cells at mucosal barriers to con-

trol infection early on, and enhancing the functionality of immune

cells leading to improved innate and adaptive immunity later in

infection.
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We find that treatment with antibiotics reduces ISG expression

mainly in stromal cells, but less so in hematopoietic cells,

demonstrating that the main recipients of the microbiota-

driven IFN signal are non-immune cells. A consequence of



this microbiota-dependent, pre-established ISG signature in

epithelia is that already the earliest steps of influenza virus infec-

tion are blunted, with virus transcripts significantly reduced

within the first 8 h of infection, and titers reduced by more than

5-fold within the first 2 days (Figures 5E and 5F). Subsequent

antiviral immune responses are massively diminished because

the virus stimulus itself is reduced early. This explains the

apparent contradiction that Ifnar1SA mice, which clearly have

increased responses to IFN and show increased immune re-

sponses to inert stimuli (Figure S2G), show a less strong IFN

response during viral infection compared with WT controls (Fig-

ures S2A and S2C). Importantly, this allows us to clearly identify

the basis of enhanced protection in Ifnar1SA mice. Because

these mice have higher baseline ISGs but a weaker infection-

induced IFN response, protection is due to the baseline effects,

not to enhanced acute responses.

We show here that antibiotics treatment increases susceptibil-

ity in Ifnar1wtmice that express the central influenza virus restric-

tion factor Mx1 (Figure 6A), which more closely resembles the

presence of the homolog MxA in humans. In these mice, we

observe early blunting of the infection, rather than enhanced

(adaptive) immune responses later in infection as shown in pre-

vious studies. Most likely, the highly efficient Mx-driven intracel-

lular antiviral response acts more rapidly and more directly and

thus highlights the early effects of antibiotics treatment.

The exact origin and nature of the signal leading from micro-

biota to enhanced epithelial ISG signatures remain to be deter-

mined. Previous research has suggested that the microbiota-

driven signal promoting an ISG signature in lung stromal cells

could originate either from the gut or the lung. However, in the

work presented here, the rescue of the phenotype by FT through

oral gavage strongly suggests a gut involvement in this effect.

Although a systemic impact of antibiotics treatment is docu-

mented, it is intriguing that in the lungs, immune cells which

are presumably more exposed to systemic effects show less

impact than epithelial cells, which could easily receive signals

from bacteria in the airway lumen. It is also unknown whether

the elevated ISG expression noted in the stromal compartment

of the Ifnar1SAmice is due to direct recognition of bacterial path-

ogen-associated molecular patterns by the lung epithelial cells

or a response to IFNs produced by a lung-resident immune

cell or a systemic source. We have tested and excluded pDCs

as the cellular source of IFNa/b driving elevated set point ISG

expression levels in Ifnar1SA lungs (Figure 2G). Alternatively,

lung-resident immune cells such as alveolar macrophages may

produce a tonic IFNb signal readily detectable by lung epithelial

cells. Although our BM chimeras clearly indicate that the stroma

genotype determines severity early in infection, we cannot

formally exclude the possibility that a very early immune cell infil-

trate also contributes to early virus control in Ifnar1SA mice. This

and the involvement of bacterial metabolites (Steed et al., 2017;

Trompette et al., 2018) that act locally or systemically need to be

investigated in the future.

Our study argues that caution should be exercised when treat-

ing patients with antibiotics. Between 2000 and 2015, worldwide

antibiotic consumption is believed to have increased by 65%,

much of whichmay be linked to inappropriate treatment of pollu-

tion- and viral-based illnesses (Klein et al., 2018). Our results
suggest that inappropriate use of oral antibiotics could predis-

pose patients tomore severe influenza, because of reduced anti-

viral resistance of the epithelia.

We and others have shown previously that lung epithelia both

produce and respond to type III IFN as well as type I IFN (Crotta

et al., 2013). The data shown here suggest that the baseline ISG

signature is not maintained by type III IFN, which would be pro-

duced in parallel to type I IFNs. These results are consistent with

previous suggestions indicating an important role for IFNb in

maintaining tonic signaling (Erlandsson et al., 1998; Fleetwood

et al., 2009; Gough et al., 2010, 2012; Takaoka et al., 2000;

Thomas et al., 2006). We were not able to detect baseline tonic

IFNa, IFNb, IFNg, or IFNl protein expression in Ifnar1SA or WT

mice; however, strong upregulation of ISG expression in

numerous cell types, including those not expressing type III

IFN receptor, and the ablation of this signature by IFNa/b recep-

tor-blocking monoclonal antibodies (mAbs), indicate that type I

IFNs are present and active.

Interestingly, the strategy of elevated baseline ISGs is used by

other tissues in the body to protect critical cell populations from

infection. In the heart, elevated ISG baseline in cardiomyocytes

protects this critical cell population, and cardiac fibroblasts ex-

press elevated levels of IFNAR1 on the surface, which make

them more sensitive to IFNb stimulation, preventing them from

becoming a reservoir for viral infection (Zurney et al., 2007).

Similar results have recently come to light regarding endothelial

cells, in which IFITM3 is known to be constitutively expressed

and helps prevent systemic spread and viral-mediated break-

down of the endothelial barrier by influenza virus (Sun et al.,

2016; Tundup et al., 2017). Finally, hematopoietic stem cells

also express elevated levels of ISGs, preventing infection from

a wide range of viruses (Wu et al., 2018).

Given the enhanced protection conferred by increased

IFNAR1 surface expression, the question arises as to why the

IFN system is not physiologically tuned at a higher set point. Pre-

vious studies using Ifnar1SA mice have shown that a range of in-

flammatory conditions are enhanced in these mice, indicating

that a price must be paid for tuning up the IFN system constitu-

tively (Bhattacharya et al., 2014). In the human population, it was

shown for high-activity polymorphisms in the MDA5 gene that

there is a trade-off between improved antiviral protection and

increased inflammation (Cen et al., 2013; Crampton et al.,

2012; Funabiki et al., 2014; Gorman et al., 2017). Use of the

Ifnar1SA mice allowed us to assess the role of IFNa/b receptor

levels in setting the ISG baseline. We find that a slight elevation

of IFNAR1 surface expression in Ifnar1SA cells is enough to in-

crease ISG expression in immune cells and the stromal compart-

ment. This is clinically relevant because cells from individuals

with Down syndrome, who carry an extra copy of the Ifnar1/2

genes on chromosome 21, have been shown to express

elevated IFNAR1 surface levels. Blood cells from these individ-

uals produce increased amounts of proinflammatory cytokines

in response to virus, and recent studies (Sullivan et al., 2016)

have found an enhanced blood ISG signature in Down syndrome

patients. Changes in blood proteomics of Down syndrome indi-

viduals resemble those found in type I interferonopathies and

other autoinflammatory conditions (Sullivan et al., 2017). Using

Ifnar1SA mice, we demonstrate here that fine-tuning surface
Cell Reports 28, 245–256, July 2, 2019 253



IFNAR1 levels is critical to balance the antiviral and proinflamma-

tory properties of the IFN system.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and treatments
All mouse strains including Ifnar1+/+ (wild-type), Ifnar1�/� and Ifnar1SA (Bhattacharya et al., 2014; Zheng et al., 2011) are on the

C57BL/6J background and were bred at either MRC-NIMR or the Francis Crick Institute under specific pathogen free conditions.
e2 Cell Reports 28, 245–256.e1–e4, July 2, 2019
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All protocols for breeding and experiments were approved by internal ethics committees at the Francis Crick Institute as well as

the MRC-NIMR. All experiments were a part of the project license approved by the Home Office, UK, under the Animals (Scientific

Procedures) Act 1986. MxAtg/tg mice were generated as previously described (Deeg et al., 2017), and these mice were crossed to

Ifnar1SA mice to generate the MxAtg/tg Ifnar1SA mouse line on the C57BL/6J background. Both colonies were maintained in specific

pathogen free conditions at the University of Freiburg. For co-housing procedures, two cages of 6-8 week old female Ifnar1SA and

wild-type mice were co-housed for four weeks prior to determination of lung baseline ISG expression. Antibiotics-treated mice were

given the following cocktail for 3-4 weeks: 100 mg ampicillin, 100 mg vancomycin, 100 mgmetronidazole, and 100 mg gentamicin in

100 ml water (changed twice a week). For fecal transplants, two fecal pellets from the control group were homogenized in 1 ml PBS,

and 200 ml volumewere gavaged orally. Gavage occurred twice (on day 2 and day 5) post antibiotics treatment and then animals were

infected with influenza virus on day 7 post-antibiotics treatment (Steed et al., 2017).

Viruses, titers, and cells
Influenza A viruses X31, PR8, and hvPR8-NS1(1-126) (Kochs et al., 2009) were grown in eggs and filtered (0.2 mm) prior to titration. All

virus stocks were tested for contaminants by overnight incubation in LBmedia, as well as for standard pathogens by microbiological

services facility at the Francis Crick Institute. TCID50 determined by plating MDCK cells overnight on a 48 well plate in DMEM + 10%

FCS + 1% Penicillin/Streptomycin. When cells reached 75%–80% confluency, plates were washed, and 4-6 replicates of virus were

serially diluted 1:10 in 250 ml total volume. Inoculum was left for 1 hour at 37�C, aspirated, and replaced with serum free DMEM + 1%

Penicillin/Streptomycin + 0.5 mg/ml TPCK trypsin. Cells incubated at 37�C for 2-3 days. Infected cells were then washed with PBS

prior to incubation with 200 ml of 0.25% turkey red blood cells (A kind gift from Professor John McCauley and Public Health England)

for 1 hour at 4�C. Plates were thoroughly washed with cold PBS, and analyzed for positivity either by clearance of cells, or turkey red

blood cell binding. Calculations to determine TCID50 carried out using the Reed andMuenchmethodology (Reed andMuench, 1938).

MDCKcells weremaintained in DMEM+1%Penicillin/Streptomycin + 10%FCS. Duringmaintenance passages, a prophylactic dose

of Plasmosin was included in the media at 2.5 mg/ml to prevent contamination with mycoplasma.

METHOD DETAILS

ISG expression in mice
Mice from six different colonies were examined for expression of ISGs. Lungswere harvested and stored in RNALater at either�80�C
for long term storage or �20�C until homogenized with a Kinematica Polytron PT 10-35 homogenizer in 3 ml RLT buffer (QIAGEN) +

b-mercaptoethanol. 600 ml of homogenized lung tissuewas used to isolate RNAusing the RNeasyMini Kit or RNeasyMicro Kit (CD45-

cells). cDNA was created either using the QuantiTect Reverse Transcription Kit with oligo(dT) primers or by using random hexamer

primers using qPCRBIO cDNA synthesis kit as per manufacturer’s instructions. RT-qPCR was performed on an Applied Biosystems

Quantstudio 3 RT-qPCR machine with 1x qPCRBIO Probe Mix Lo-ROX, and 1x taqman primers. Levels of RNA were normalized

prior to cDNA synthesis. Results were normalized to the housekeeping gene Hprt. Lung RNA samples processed from MxAtg/tg

and Ifnar1SAMxAtg/tg were collected in Trizol prior to homogenization and RNA purified using RNeasy columns.

Viral infection, interferon and poly I:C stimulation of mice
For inert intranasal viral stimulus, 6-10 weeks old C57BL/6 and Ifnar1SAmicewere anesthetised with isofluorane, then stimulatedwith

50 mg poly I:C for 6 hours in a 50 ml inoculum. For viral infections, Ifnar1SA and C57BL/6 mice were infected with either PR8 (50-2,000

TCID50) or X31 (8,000 TCID50) intranasally in a 30-50 ml inoculum. Mx1+/+ Ifnar1SA and Mx1+/+ were infected intranasally with 2,500-

25,000 TCID50 of hvPR8-NS1(1-126) in 50 ml. Ifnar1SAMxAtg/tg mice were infected at the University of Freiburg using 2,500 PFU of

hvPR8-NS1(1-126) in a 40 ml volume.Mx1+/+ Ifnar1SA andMx1+/+were infected intranasally with 4x104 PFUUdorn virus (Klinkhammer

et al., 2018).

Depletion and blockade by antibodies
IFNAR1 blocking antibody was delivered in vivo (200 ml of 2 mg/ml intraperitoneally) to block IFNAR1 signaling, as described in the

figure legends. pDC depletion of C57BL/6 and Ifnar1SA mice was achieved by intraperitoneal injection of mice with 200 ml of anti-

PDCA1 antibody at 2 mg/ml.

Differentiation of bone marrow derived cells and primary mouse tracheal epithelial cell culture (mTEC)
Bonemarrowderivedmacrophages (BMDMs) were generated using L929-conditionedmedia containingM-CSF for 7 days. Cell pop-

ulations confirmed by CD11b and CD11c expression. For BMDMs cell stimulations, 2x105 BMDMs were plated on flat bottomed 96

well plates, allowed to rest overnight, and stimulated with varying concentrations of IFNa4. Isolation and culture of primary mTEC

were performed as previously described (You et al., 2002). Briefly, cells isolated by enzymatic treatment were seeded onto

0.4 mm transwells (Greiner) coated with a collagen solution. At confluence, media was removed from the upper chamber to establish

an air-liquid interface (ALI). Fully differentiated, 10-14 days-old post ALI cultures were routinely used for experiments.
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CD45 isolation from lung tissue
Single cell suspensions acquired as described in the flow cytometry materials and methods section. CD45+/� separation was

achieved byMACSmagnetic separation columns according tomanufacturer specifications. Briefly, pelleted cells were resuspended

in MACS buffer + 10 ml CD45 microbeads per 107 cells, and incubated for 15 min at 4�C. Labeled cells were added to equilibrated

magnetic separation columns (LS column, Miltenyi), and washed three times in the presence of a strong magnet. Both positive and

negative fractions were collected, pelleted by centrifugation, and resuspended in the appropriate amount of RLT buffer according to

manufacturer instructions (QIAGEN). RNA isolated, and cDNA synthesized as described above.

RNaseq
RNA extracted fromMACS-separated lungCD45- cells was normalized to 1 ng and cDNA synthesis was performed using theOvation

RNA-Seq System V2 with 8 PCR cycles. Libraries were constructed from cDNA using the Ovation Ultralow System V2 with 100 ng

cDNA input and 8 PCR cycles. Sequencing was performed on the HiSeq 4000 system (Illumina) with Single End 75 bp reads.

Read quality trimming and adaptor removal was carried out using Trimmomatic (version 0.36). Reads were aligned to the mouse

genome (Ensembl GRCm38 release 89) using STAR (version 2.5.2a) and gene level counts were obtained using the RSEM package

(version 1.2.31). For RSEM, all parameters were run as default except ‘‘–forward-prob’’ that was set to 0.5. Differential expression

analysis was carried out with DESeq2 package (version 1.20.0) within R version 3.5.1. Genes were considered to be differential ex-

pressed with padj % 0.05.

Gene Set Enrichment analysis (GSEA, version 2.2.3) was performed for each pairwise comparison using gene lists ranked using the

Wald statistic. Geneset pre-ranked analysis was carried with respect of genesets C2 canonical pathways v5.2 and C5 biological pro-

cesses v5.2. All parameters were kept as default except for enrichment statistic that was changed to classic and the max size which

was changed to 500,000. Gene signatures were considered significant if FDR q-value % 0.05.

Flow cytometry analysis
Harvested lung tissue from infected and naive animals were processed into single cell suspensions by digestion for 30 min in DNaseI

and Liberase at 37�C. Lungswere homogenized in C tubes (Miltenyi) usingGentleMax dissociator and passed through a 100 mmfilter.

After red blood cell lysis, cells were centrifuged and resuspended in 2 mL AB-IMDM (kindly prepared by the Crick Media Preparation

STP). Single cell suspensions were incubated with anti-FcgRIII/II for 10 min prior to addition of antibodies for flow cytometry. Cells

were incubated with antibodies for 30 min at 4�C, washed and fixed with 4% PFA and subsequently analyzed on a Fortessa cell

analyzer (BD Bioscience).

Protein analysis
BAL fluid was recovered from infected mice, centrifuged at 1,300 rpm, 5 min at 4 �C and supernatant collected. Concentrations of

IFNa, b and lweremeasured by ELISA as per themanufacturer’s instructions. Concentrations of CXCL10 and IL-6 were assessed by

using 36-Plex Mouse ProcartaPlex Panel as per the manufacturer’s instructions and read on a Bio-Plex 200 System (BioRad).

QUANTIFICATION AND STATISTICAL ANALYSIS

All results are expressed as mean ± s.e.m. Statistical significance determined by a p value < 0.05 as determined by either using two-

way ANOVAwith appropriate multiple corrections test as necessary, unpairedMann-Whitney U test, or t test. All statistics performed

by using GraphPad Prism 7 software. In general, all in vivo experiments utilize at least three mice, and each symbol in the graph rep-

resents one animal. In vitro experiments are performed in triplicates with samples from at least two individual mice. Symbols indi-

cating significance are as follows: p < 0.05 = *; p < 0.01 = **; p < 0.001 = ***; and p < 0.0001 = ****; Sample sizes were dictated to

adhere to the UK Home Office 3R principles, while providing appropriate statistical power.

DATA AND CODE AVAILABILITY

The GEO accession number for the RNaseq dataset reported in this paper is GEO: GSE129073.
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