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SUMMARY

Highly pathogenic human respiratory coronaviruses
cause acute lethal disease characterized by
exuberant inflammatory responses and lung dam-
age. However, the factors leading to lung pathology
are not well understood. Using mice infected with
SARS (severe acute respiratory syndrome)-CoV,
we show that robust virus replication accompanied
by delayed type I interferon (IFN-I) signaling or-
chestrates inflammatory responses and lung immu-
nopathology with diminished survival. IFN-I remains
detectable until after virus titers peak, but early
IFN-I administration ameliorates immunopathology.
This delayed IFN-I signaling promotes the accu-
mulation of pathogenic inflammatory monocyte-
macrophages (IMMs), resulting in elevated lung
cytokine/chemokine levels, vascular leakage, and
impaired virus-specific T cell responses. Genetic
ablation of the IFN-ab receptor (IFNAR) or IMM
depletion protects mice from lethal infection,
without affecting viral load. These results de-
monstrate that IFN-I and IMM promote lethal
SARS-CoV infection and identify IFN-I and IMMs
as potential therapeutic targets in patients infected
with pathogenic coronavirus and perhaps other
respiratory viruses.

INTRODUCTION

Highly pathogenic respiratory coronaviruses (CoV) such as

severe acute respiratory syndrome CoV (SARS-CoV) and

Middle East respiratory syndrome CoV (MERS-CoV) pose

substantial challenges to public health (Peiris et al., 2004;

Zumla et al., 2015). During the 2002–2003 epidemic, SARS-

CoV infected approximately 8,000 individuals, with a 10%

overall mortality (Peiris et al., 2004). More recently, MERS-
Cell Host &
CoV was identified in 2012 in a patient in the Middle East

(Zaki et al., 2012). Since its emergence, MERS-CoV has in-

fected 1,626 patients, resulting in 586 deaths (January 15,

2016, 36.0% mortality) (WHO, 2016). The identification of

MERS-CoV and other zoonotic CoVs (Ge et al., 2013; Men-

achery et al., 2015) makes it likely that these viruses will

continue to cross species and cause additional disease out-

breaks in human populations.

Factors responsible for the unusually high pathogenicity of

SARS-CoV and MERS-CoV are incompletely understood.

High initial virus titers and increased monocyte-macrophage

and neutrophil accumulation in the lungs associated with

elevated serum pro-inflammatory cytokine (IL-1, IL-6, IL-8,

CXCL-10, and MCP-1) levels accompanied extensive lung

damage in SARS patients (Franks et al., 2003; Nicholls

et al., 2003; Wong et al., 2004). Studies of SARS patients

with severe disease revealed diffuse alveolar damage, epithe-

lial necrosis, and fibrin and hyaline deposition, characteristic

of acute lung injury (ALI) (Nicholls et al., 2003; Peiris et al.,

2004). Additionally, fatal SARS in humans was accompanied

by robust and persistent expression of IFN and IFN-stimulated

genes (ISGs) (Cameron et al., 2007, 2008), associated with

impaired T cell and antibody responses (Cameron et al.,

2007; Cui et al., 2003). Thus, the deleterious clinical manifes-

tations of SARS-CoV could stem from a combination of

exuberant innate immune responses and virus-induced direct

cytopathic effects. Consistent with a dysregulated innate im-

mune response in patients, infection of human macrophages

and dendritic cells is abortive, with elevated expression of

several pro-inflammatory cytokines and chemokines but

delayed expression of type I interferon (IFN-I), critical for initi-

ation of the anti-viral innate immune response (Law et al.,

2005; Spiegel et al., 2006; Yen et al., 2006). IFN-I induction

is also delayed after infection of a human airway epithelial

cell line (Menachery et al., 2014).

Among animal models employed to study SARS-CoV path-

ogenesis, infection of mice with a mouse-adapted strain of

SARS-CoV (MA15, referred to as SARS-CoV herein) replicates

many features of SARS in humans (Roberts et al., 2007).

Young mice from many strains (e.g., C57BL/6, 129) support
Microbe 19, 181–193, February 10, 2016 ª2016 Elsevier Inc. 181
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Figure 1. Type I Interferon Signaling Pro-

motes Lung Pathology following Lethal

SARS-CoV Infection

(A and B) Percentage of initial weight (A) and sur-

vival (B) of mice infected with SARS-CoV.

(C) Clinical scores determined at days 3 and 5 p.i.

(D) SARS-CoV titers in the lungs as determined by

plaque assay (ND, not determined).

(E) Gross lung pathology at days 3 and 5 p.i.

(F) Microscopic changes in the lungs of naive and

SARS-CoV-challenged mice at day 5 p.i.

(G and H) Weight curves (G) and survival (H)

of SARS-CoV infected anti-IFNAR or control

(MOPC21) antibody treated mice.

Data are representative of 2–3 independent ex-

periments with 4–5mice/group. Data in (A), (C), and

(D) are represented as ±SEM. *p < 0.05, **p < 0.01,

and ***p < 0.001. Gross and histopathology results

are derived from 4–5 mice/group. See also Figures

S1 and S2.
SARS-CoV replication in the lungs but develop mild or subclin-

ical disease, mimicking mild human disease (Frieman et al.,

2010; Page et al., 2012; Zhao et al., 2011). In contrast, infec-

tion of BALB/c mice with SARS-CoV resulted in rapid virus

replication associated with increased monocyte/macrophage

accumulation, pulmonary edema, hyaline membrane forma-

tion, diffuse alveolar damage, and destruction of the alve-

olar/airway epithelium (Gralinski and Baric, 2015; Roberts

et al., 2007; van den Brand et al., 2014), similar to the disease

observed in patients with severe SARS. Infected aged mice of

all strains examined also developed severe disease, paralle-

ling the age dependence observed in human SARS (Chen

and Subbarao, 2007; van den Brand et al., 2014; Zhao et al.,

2011).

Although fatal outcomes due to immunopathological events

following SARS-CoV infection have been well established,
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factors initiating detrimental inflamma-

tory responses are not well understood.

Since persistent elevation of IFN-I

suggested a pathogenic role in SARS

patients, we explored the possibility

that IFN-I was critical in the initiation of

events that led to lethal lung immu-

nopathology, using BALB/c mice. Previ-

ous studies showed that IFN-I, II, and

III signaling or combinations thereof

were dispensable for protection of

young C57BL/6 or 129 mice after

SARS-CoV infection (Frieman et al.,

2010; Mahlakõiv et al., 2012). However,

these studies did not address the role

of IFN-I in the context of severe disease.

Here, we show that IFN-I signaling is

detrimental in highly susceptible SARS-

CoV-infected BALB/c mice, in large

part by promoting the influx of pa-

thogenic inflammatory monocyte-

macrophages (IMMs), and suggest that

targeted antagonism of this pathway
would improve outcomes in patients with severe coronavirus

infections.

RESULTS

Abrogation of IFN-I Signaling Prevents Morbidity and
Mortality in SARS-CoV-Infected BALB/c Mice
To examine whether IFN-I signaling contributed to severe SARS

in mice, we infected 7- to 9-week-old BALB/c mice and mice

lacking expression of IFNab receptor (Ifnar�/�) with a lethal

dose (3 3 104 PFU) of SARS-CoV and monitored disease

severity. BALB/c mice infected with SARS-CoV exhibited leth-

argy, ruffled fur, hunched posture, and labored breathing as early

as day 3 post infection (p.i.), accompanied by progressive weight

loss and death of approximately 85% of mice by day 8 p.i. (Fig-

ures 1A–1C). In marked contrast, infected Ifnar�/� mice all



survived the infection, exhibiting only moderate (�15%) weight

loss and mild to moderate clinical disease (Figures 1A–1C);

even at a higher dosage (105 PFU), all Ifnar�/� mice survived

(Figure S1A). Middle-aged BALB/c mice (8–9 months) are highly

susceptible to infection with SARS-CoV, but even in these mice

survival was increased in the absence of IFN-I signaling

(Figure S1B).

Total lung virus loads were the same in young BALB/c and

Ifnar�/� lungs at all days p.i., except for a modest increase at

day 3 p.i. in Ifnar�/� mice (Figure 1D). SARS-CoV virus was

completely cleared from the lungs of Ifnar�/� mice by day 10

p.i. (Figure 1D). Gross examination of the lungs revealed exten-

sive hyperemia and congestion in BALB/c mice at days 3 and

5 p.i., while those from Ifnar�/� mice appeared nearly normal

(Figure 1E). Histopathological examination of lungs showed

marked alveolar edema, terminal bronchiolar epithelial slough-

ing, and thickening of interstitial septa in BALB/c mice at day 5

p.i, while Ifnar�/� lungs showed minimal alveolar edema with

increased peribronchial-perivascular immune cell infiltration

(Figure 1F). Acute lung injury following SARS is often accompa-

nied by accumulation of protein-rich edema fluid in the perivas-

cular and alveolar spaces (Franks et al., 2003; Gu et al., 2005;

Nicholls et al., 2003). To assess vascular leakage, we measured

Evan’s blue extravasation in the lungs at day 5 p.i. Lung micro-

vascular leakage was very prominent in SARS-CoV-infected

BALB/c mice but was significantly reduced in Ifnar�/� mice

(Figure S2).

While these results suggest a critical role for IFN-I signaling in

severe disease, developmental abnormalities in the absence of

IFNAR signaling could also contribute to improved outcomes.

To exclude this possibility, we treated BALB/c mice with either

IFN-ab receptor (IFNAR)-blocking or isotype control antibody

prior to and after SARS-CoV infection. Consistent with the dis-

ease manifestations in Ifnar�/� mice, anti-IFNAR antibody treat-

ment significantly reduced weight loss and increased survival

compared to control antibody-treated mice (Figures 1G and 1H).

To determine the generality of the above results, we infected

BALB/c and Ifnar�/� mice with MHV-1 and influenza A virus

(IAV, PR8 strain), two RNA viruses that also cause acute respira-

tory illness in mice. In agreement with previous studies (Cer-

vantes-Barragán et al., 2009; Seo et al., 2011), IFN signaling

was critical for protection: all Ifnar�/� mice succumbed to a

sub-lethal MHV-1 and PR8 infection, while only �10% of

MHV-1 and 20% of PR8-infected BALB/c mice, respectively,

died (Figures S1C and S1D). These results suggest that there

are unique features of the SARS-CoV infection that result in

IFN-I signaling being pathogenic rather than protective.

Rapid SARS-CoV Replication and Delayed IFN-I
Expression in Lungs
The results from previous reports (Frieman et al., 2010; Roberts

et al., 2007; Zhao et al., 2009) and those in Figure 1D demon-

strate rapid kinetics of SARS-CoV replication in the lungs; as

shown in Figure 2A, virus titers are nearly maximal by 16 hr p.i.

Immunohistochemical (IHC) examination of SARS-CoV-infected

lungs revealed virus replication in the lung airways and paren-

chyma with viral antigen staining detected in type II pneumo-

cytes at 16 hr p.i. (Figure 2B). By 24 and 48 hr p.i., we detected

viral antigen distributed throughout the lung airways and in pa-
Cell Host &
renchyma with intense antigen distribution in type II and to a

lesser extent in type I pneumocytes (Figure 2B), similar to find-

ings in SARS-CoV-infected human autopsy samples (Gu et al.,

2005; Nicholls et al., 2003). The distribution and number of virus

antigen-containing cells were the same in BALB/c and Ifnar�/�

mice, consistent with the virus titers shown in Figure 2A.

IFN-I is critical for initiation of a protective immune response,

but IFN-I was not detected in the broncho-alveolar lavage fluid

(BALF) of BALB/c mice until 24 hr p.i. Similarly, other cytokines

and chemokines involved in the innate response also showed

delayed expression in the BALF (Figure 2C). In contrast, Ifnar�/�

mice had significantly reduced levels of cytokines and chemo-

kines in the BALF compared to BALB/c mice (Figure 2C). Since

this delayed inflammatory mediator expression might contribute

to a subsequent excessive innate immune response, we next

examined whether IFN-I delivered prior to the peak of virus repli-

cation would reverse this phenotype and enhance survival. For

this purpose, we administered recombinant IFN-b (2000 U) intra-

nasally at various times after infection. In agreement with previ-

ous results (Kumaki et al., 2011), IFN-I delivered 6 hr p.i., prior

to the peak of virus replication, but not at 24 hr p.i., completely

protected mice from weight loss and clinical disease. IFN-b de-

livery at 12 hr p.i. resulted in an intermediate level of protection

(Figure 2D). Treatment with IFN-b at 6 hr p.i. moderately reduced

virus titers in the lungs at day 1 p.i (Figure 2E).

We next investigated the cellular source of IFN-I in SARS-CoV-

infected lungs. Since plasmacytoid dendritic cells (pDCs) and

alveolar macrophages (AMs) are known to be important sources

of IFN-I in RNA virus infections (Killip et al., 2015), we initially

purified pDCs (Siglec-H+) and AMs (Siglec-F+) using magnetic

beads and measured IFN-b and IFNa4 mRNA levels by qRT-

PCR. While Siglec-H is expressed on pDCs and macrophage

subsets in lymphoid tissues, it is primarily expressed on pDCs

in the lungs (Swiecki et al., 2014; data not shown). pDCs from in-

fected mice expressed significantly higher levels of IFN-b and

IFNa4 mRNA compared to Siglec-H� cells (Figure 2F). Consis-

tent with these results, human pDCs are also robust IFN pro-

ducers after SARS-CoV infection in vitro (Cervantes-Barragan

et al., 2007). AMs also expressed IFN-I, but not to a greater

extent than non-AMs. We also stained tissue sections for

IFN-b to assess IFN-I in other pulmonary cells and detected

expression in airway cells and interstitial cells (Figure 2G).

Collectively, these results suggest that many cell types, but

most importantly pDCs, express IFN-I after SARS-CoV infection

in mice and likely humans.

Type I Interferon Signaling Regulates Recruitment and
Activation of IMMs
Next, we assessed whether IFN-I orchestrated innate cell

recruitment in SARS-CoV-infected mice. Total numbers of neu-

trophils, AMs, natural killer (NK) cells, and pDCs were compara-

ble in SARS-CoV-infected BALB/c and Ifnar�/� lungs at days 1

and 3 p.i. (Figure S3A). In contrast, there was a dramatic increase

in numbers of Ly6ChiCD11b+ cells in the lungs of BALB/c mice,

and this increase was abrogated in the absence of IFN-I

signaling (Figures 3A and 3B). At day 3 p.i. there was an approx-

imately 6-fold increase in the numbers of infiltrating

Ly6ChiCD11b+ cells in the lungs of BALB/c compared to Ifnar�/�

mice (Figure 3B). Phenotypic examination revealed that these
Microbe 19, 181–193, February 10, 2016 ª2016 Elsevier Inc. 183
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cells expressed CCR2, F4/80, and CD11c, but not Ly6G and

Siglec-H, suggesting that they were IMMs (Serbina et al., 2003)

(Figure 3C). Furthermore, surface levels of CD69, BST-2,

CD80, and CD86 were significantly higher on IMMs harvested

from BALB/c compared to Ifnar�/� lungs (Figure 3D), consistent

with greater activation. CCL2, CCL7, and CCL12, which are li-

gands for CCR2, as well as GM-CSF, a macrophage growth fac-

tor, are involved in IMM recruitment (Shi and Pamer, 2011; Song

et al., 2015). While the expression of CCR2 ligands was signifi-

cantly reduced at 24 and 72 hr p.i., GM-CSF expression was

reduced at 16 hr p.i., but not at later times, in the lungs of Ifnar�/�

compared to BALB/c mice (Figure S3B). CCL2 was produced

predominantly by IMMs when measured directly ex vivo (Fig-

ure S3C), and direct IFN-I signaling was sufficient to induce

CCR2 ligand expression by bone marrow cells (Figure S3D).

Thus, IFN-I signaling promoted accumulation of highly activated

IMMs in SARS-CoV-infected lungs, and this process was ampli-

fied by IMM production of CCR2 ligands.

To determine whether IMMs were also responsible for

increased pro-inflammatory cytokine expression, we stained

IMMs from BALB/c and Ifnar�/�mice directly ex vivo for intracel-

lular TNF, IL-6, IL-1-b, and iNOS. These analyses revealed signif-

icantly higher percentages and numbers of IMMs that produced

these pro-inflammatory cytokines in BALB/c compared to

Ifnar�/� lungs (Figure 3E). We next assessed whether IMMs

were the predominant source of these cytokines in SARS-CoV-

infected lungs by depleting IMMs with anti-CCR2 antibody

(MC21 mAb) since CCR2 is specifically expressed at high levels

on pro-inflammatory monocytes (Mack et al., 2001). MC21 anti-

body specifically depleted CD11b+Ly6Chi IMMs, reducing the

levels to those observed in Ifnar�/� mice (Figures S4A and

S4B). MC21 monoclonal antibody treatment significantly

reduced levels of CCL2, TNF, and IL-6 in the BALF (Figure S4C),

directly establishing IMMs as a major source of inflammatory

cytokines/chemokines in infected lungs.

Depletion of IMMs Ameliorates SARS-CoV-Induced
Disease
To directly establish a link between augmented IMM infiltration

and SARS-CoV-induced lung immunopathology, we depleted

IMMs using MC21 mAb. Treatment with MC21 mAb resulted

in protection from lethal disease confirming a critical role for

IMMs in promoting SARS-CoV-induced morbidity and mortality

(Figure 4A). To confirm these results, we treated another cohort

of mice with anti-BST-2-depleting antibody, as BST-2 was

highly expressed on activated IMMs (Figure 3D). BST-2 is ex-

pressed constitutively on pDCs and is upregulated on IMMs

and some stromal cells by inflammatory stimuli (Blasius et al.,
Figure 2. Characterization of Virus Replication and IFN-I Production in

(A) Lung virus titers determined at early times after SARS-CoV infection.

(B) Immunohistochemical examination of SARS-CoV N protein at different times

(C) BALF cytokine/chemokine levels from BALB/c and Ifnar�/� mice at different

(D) Weight curves and survival after treatment with IFN-b (2,000 U, i.n., single do

(E) Lung viral loads at days 1 and 3 p.i. in IFN-b (2,000 U, 6 hr p.i.) and PBS-trea

(F) Lung cells harvested from SARS-CoV-infectedmice (24 hr p.i.) wereMACS sor

Sorted cells were analyzed for IFN-a4 and IFN-b mRNA transcript levels.

(G) Immunohistochemical examination for IFN-b expression in the lung airway (to

Data in (A) and (C)–(E) are derived from two independent experiments, 4–5 mice/g

***p < 0.001.
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2006). BST-2 depletion completely protected BALB/c mice

from lethal SARS-CoV challenge, whereas approximately

70% of control Ig-treated mice succumbed to infection (Fig-

ure 4C). IMM depletion with either antibody minimally affected

lung virus titers (�2-fold) (Figures 4B and 4D). Histological ex-

amination of MC21 or anti-BST-2 mAb-treated lungs showed

reduced alveolar edema and bronchial epithelial sloughing

with no change in cellular infiltration, compared to control Ig-

treated mice (Figure 4E). Additionally, depletion of IMMs also

reduced vascular leakage (Figures S2A–S2C). Notably, treat-

ment with MC21 also decreased the numbers of pDCs in lungs

(Figure S4D) even though these cells do not express CCR2

(Figure S4E), perhaps by decreasing chemokine expression.

As noted above, IMMs express high levels of inflammatory cy-

tokines (Figure 3E), resulting in elevated levels in the lungs (Fig-

ure 2C), which could contribute to more severe disease in

BALB/c mice. Consistent with this notion, neutralization of a

single pro-inflammatory mediator, TNF, which was most

increased when BALB/c and Ifnar�/� IMMs were compared

(Figure 3E), provided partial, but significant, protection

compared to control mice (Figure 4F). Although these results

demonstrate a key role for IMMs in severe disease in SARS-

CoV-infected mice, neutrophils are often detrimental in respira-

tory viral infections (Brandes et al., 2013). However, as noted

above, neutrophil numbers are marginally higher in BALB/c

mice (Figure S3A), and neutrophil depletion had no effect on

survival (Figure 4G). Collectively, these results demonstrate

roles for IMMs at several steps in the inflammatory process, re-

sulting in immunopathological changes in SARS-CoV-infected

mice.

IFN-I Signaling on Hematopoietic Cells Enhances
Disease in SARS-CoV-Infected BALB/c Mice
Having identified a key role for IMMs in increasing the severity of

SARS, we next assessed whether IFN-I signaling on non-he-

matopoietic or hematopoietic cells was required to induce IMM

migration to the site of infection. To address this, we generated

bone marrow chimeras between CD45 disparate BALB/c and

Ifnar�/� mice. Engraftment of donor cells was confirmed by

flow cytometric analysis of CD45.1 and CD45.2 expression on

peripheral blood leukocytes 5 weeks post-transfer (Figure 5A).

6 weeks after bone marrow reconstitution, chimera mice were

challenged with a lethal dose of SARS-CoV. Only 10% of mice

in the Ifnar�/�/ Ifnar�/� group and 20% of those in the

Ifnar�/�/BALB/c group died after challenge. In contrast,

100% of BALB/c/BALB/c mice and �70% of BALB/c/

Ifnar�/� chimera mice succumbed to SARS-CoV infection (Fig-

ure 5B). The relative susceptibility of bone marrow chimeric
SARS-CoV-Infected Lungs

p.i.

times p.i.

se at 6, 12, or 24 hr p.i.).

ted mice.

ted into Siglec-H positive and negative and Siglec-F positive and negative cells.

p panel) and lung parenchyma (bottom panel) at different times p.i. (C).

roup/experiment. Data in (A) and (C)–(F) are represented as ±SEM. **p < 0.01,
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mice to SARS-CoV infection correlated with the numbers of

IMMs infiltrating into the lungs at day 3 p.i. (Figures 5C and

5D). Thus, increased IMM infiltration was observed in mice re-

constituted with BALB/c bone marrow, while mice that received

Ifnar�/� bone marrow were mostly resistant to SARS-CoV infec-

tion (Figures 5C and 5D). Together, these results demonstrate

that IFN-I signaling, largely on hematopoietic cells, promoted

lung immunopathology in SARS-CoV-infected BALB/c mice.

IFN-I-Mediated Inflammatory Response Impairs
Virus-Specific T Cell Responses in SARS-CoV-Infected
BALB/c Mice
Since a robust T cell response is required for SARS-CoV clear-

ance (Channappanavar et al., 2014; Zhao et al., 2010), we next

evaluated T cell responses in infected BALB/c, Ifnar�/�, and
MC21-treated mice at day 6 p.i. The total numbers of virus-spe-

cific CD8 (epitope S366) and CD4 (epitope N353) T cells in lungs

were significantly lower in BALB/c mice compared to Ifnar�/� or

MC21-treated mice (Figures 6A–6D). Previous work has associ-

ated a suboptimal T cell response with impaired respiratory den-

dritic cell (rDC) migration to draining lymph nodes (Zhao et al.,

2011, 2009). Therefore, to examine whether diminished rDC

migration contributed to sub-optimal virus-specific T cell re-

sponses, BALB/c and Ifnar�/� mice were intranasally instilled

with CFSE 6 hr prior to SARS-CoV infection and analyzed for

rDC migration to DLN at 18 hr p.i. Although the percentage of

CFSE+ rDCs migrating to the DLN was lower in Ifnar�/� mice,

similar numbers of CFSE+ rDCs migrated to DLNs (Figures 6E

and 6F) in BALB/c and Ifnar�/� mice, suggesting that the defec-

tive T cell response did not reflect poor rDC migration.

Since IFN-I is known to sensitize T cells to apoptosis (Carrero

et al., 2004; Welsh et al., 2012), we measured the level of T cell

apoptosis in SARS-CoV-infected BALB/c and Ifnar�/� mice. As

shown in Figures 6G and 6H, higher percentages of total CD8

and CD4 T cells were apoptotic in SARS-CoV-infected BALB/c

compared to Ifnar�/� mice. To investigate possible mechanisms

of T cell apoptosis, we measured levels of Fas and DR5, the re-

ceptors for FasL and TNF-related apoptosis-inducing ligand

(TRAIL), respectively, on T cells (Fujikura et al., 2013; Kayagaki

et al., 1999). Both Fas, on T cells and its ligand, and FasL, on

IMMs and neutrophils, were upregulated in BALB/c compared

to Ifnar�/� mice (Figures S5A and S5B). TRAIL and DR5 expres-

sion was similar in both groups of mice (Figures S5D and S5E).

However, blocking FasL-Fas or TRAIL-DR5 interactions did not

diminish the amount of apoptosis (Figures S5C–S5F). Moreover,

we observed no differences in expression of molecules associ-

ated with the intrinsic apoptosis pathway (Figure S5G). By

contrast, neutralization of TNF decreased the amount of T cell

apoptosis (Figures S5H and S5I), indicating a direct or indirect

role for TNF in this process.
Figure 3. IFN-I Promotes Accumulation of Inflammatory Monocyte-Ma

(A) FACS plots show kinetics of Ly6Chi CD11b+ inflammatory monocyte accumu

(B) Percentage and total number of Ly6Chi CD11b+ cells in the lungs.

(C) Phenotypic marker expression on inflammatory monocytes from the lungs of

(D) Cell surface levels of activation markers on lung IMMs at day 3 p.i.

(E) Total number of cytokine positive IMMs in the lungs determined following 7 h

Data are derived from 2–3 independent experiments with 4 mice/group/experime

0.001. See also Figures S3 and S4.

Cell Host &
DISCUSSION

The results described here indicate that the rapid kinetics of

SARS-CoV replication and relative delay in IFN-I signaling pro-

moted inflammatory monocyte-macrophage accumulation,

extensive vascular leakage, and impaired virus-specific T cell re-

sponses resulting in severe disease in infected BALB/c mice.

These results parallel findings obtained in SARS patients. Fatal

outcomes in humans were often accompanied by high initial viral

loads (Chu et al., 2004) and immunopathological disease with

elevated IFN-I and cytokine levels (Cameron et al., 2007).

Increased numbers of macrophages in the lungswere character-

istic of patients who had severe SARS (Franks et al., 2003; Nich-

olls et al., 2003). Exogenous IFN-I delivered prior to peak virus

titers abrogates this cascade of events and ameliorates immuno-

pathological disease (Figures 2D and 2E).

Although the antiviral and immunomodulatory effects of

IFN-I are well recognized as protective against viral infections,

it has become increasingly evident that IFN-I also promotes

detrimental inflammatory responses in some bacterial, fungal,

and chronic virus infections through a complex array of mech-

anisms that tend to be pathogen specific (Carrero, 2013;

McNab et al., 2015; Trinchieri, 2010). Thus, IFN-I promotes

pathological effects during intracellular bacterial infections

(e.g., M. tuberculosis, L. monocytogenes) by suppressing

neutrophil and monocyte production of key effector molecules

(TNF and IL-1), allowing uncontrolled bacterial replication

(Auerbuch et al., 2004; Mayer-Barber et al., 2014). In a second

mechanism, IFN-I induces fatal immunopathology during

some fungal infections (e.g., Candida albicans) by promoting

IM and neutrophil-mediated kidney immunopathology (Majer

et al., 2012). Furthermore, during persistent viral infections

such as those caused by lymphocytic choriomeningitis virus

or SIV, IFN-I promotes chronic immune activation and upregu-

lates the expression of inhibitory molecules such as PD-1 and

LAG-3, resulting in impaired T cell responses (Sandler et al.,

2014; Teijaro et al., 2013; Wang et al., 2012; Wilson et al.,

2013). Lack of IFN-I signaling during PR8/IAV infection results

in accumulation of CXCL1-producing Ly6Cint monocytes with

subsequent neutrophil influx, resulting in lung pathology (Seo

et al., 2011). In contrast, infection of some mouse strains

with IAV was lethal, and this lethality was ameliorated in the

absence of IFN-I signaling (Davidson et al., 2014). Unlike

severe IAV infections, lack of IFN-I signaling during a highly

lethal SARS-CoV infection did not promote lung neutrophil

infiltration but rather decreased IMM accumulation (Figures 3

and S3A).

SARS-CoV infection of BALB/c mice is characterized by rapid

virus replication, with peak titers reached between 16 hr and

2 days p.i. (Figure 2A). While rapid virus replication probably
crophages

lation in the lungs.

BALB/c mice at day 3 p.i.

r ex vivo incubation in the presence of Golgi plug.

nt. Data in (B), (D), and (E) are represented as ±SEM. *p < 0.05, **p < 0.01, ***p <
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Figure 4. Depletion of Inflammatory Monocytes Ameliorates SARS-CoV-Induced Lethal Disease

Survival and lung pathology were determined in young BALB/c mice treated with IMM-depleting and control antibodies.

(A and C) Weight curves and survival of SARS-CoV-infected BALB/c mice after control and MC21 (A) or anti-BST-2 (C) antibody treatment.

(B and D) Virus titers in the lungs at days 1 and 3 post control Ig and MC21 (B) or anti-BST-2 mAb (D) treatment.

(E) Histological changes in the lungs of naive, isotype-antibody-treated and IMM-depleted SARS-CoV-challenged BALB/c mice at day 5 p.i.

(F) Weight curves and survival of control and anti-TNF-a antibody-treated BALB/c mice.

(G) Survival of SARS-CoV-infected BALB/c mice after neutrophil depletion.

Data are representative of 2 independent experiments (4–5 mice/group/experiment). Data in (A)–(D) are represented as ±SEM. *p < 0.05, **p < 0.01, and

***p < 0.001. See also Figures S2–S4.
contributes to poor outcomes, virus-mediated delayed IFN-I in-

duction and relative resistance of SARS-CoV to IFN-I and its

downstream effectors likely play a role. SARS-CoV abortively in-
188 Cell Host & Microbe 19, 181–193, February 10, 2016 ª2016 Else
fected human macrophages and dendritic cells, minimally

inducing IFN-I (Cheung et al., 2005; Law et al., 2005). Addition-

ally, SARS-CoV encodes proteins that inhibit IFN induction or
vier Inc.



A

B

C

D

Figure 5. IFN-I Signaling on Hemato-

poietic Cells Promotes SARS-CoV-Induced

Morbidity and Mortality

(A) PBMCs from uninfected bone-marrow chimera

mice (5 weeks post BM transfer) were analyzed by

flow cytometry to assess bone-marrow reconsti-

tution.

(B) BM-chimera mice were monitored for survival

after SARS-CoV challenge (103 PFU, i.n., 4–5 mice/

group, 2 independent experiments).

(C) Lung cell suspensions from SARS-CoV-infected

bone marrow chimeric mice were analyzed for IMM

infiltration at day 3 p.i.

(D) Percentage and total number of IMMs in

chimeric mice at day 3 p.i.

For (C) and (D), Data are representative of 2–3

independent experiments (2–3 mice/group/experi-

ment). Data in (D) are represented as ±SEM. *p <

0.05, **p < 0.01, and ***p < 0.001.
signaling or the function of downstream effector molecules

(Totura and Baric, 2012).

An elevated IFN-I response was accompanied by CCR2 ligand

release (Figures 2C and S3B–S3D), resulting in influx of IMMs in

SARS-CoV-infected mice, which further amplified production of

IFN-I, CCL2, and other inflammatory mediators (Figures 2 and

S3C). Although IMMs are pathogenic in SARS-CoV-infected

BALB/c mice, they may be either protective or pathogenic,

dependent upon the pathogen in question. In another model of

SARS in which STAT1�/� mice are infected with SARS-CoV,
Cell Host & Microbe 19, 181–193
macrophages are pathogenic, but in this

instance pathological changes in the lungs

are caused by conversion of a M1 (clas-

sical) to a M2 (alternatively activated)

phenotype contributing to increased

fibrosis and poor outcomes. In these

mice, abrogation of STAT-1 signaling spe-

cifically in monocyte-macrophage sub-

sets promoted lung pathology (Frieman

et al., 2010; Page et al., 2012; Zornetzer

et al., 2010). During respiratory syncytial

virus (RSV), herpes simplex virus (HSV),

and West Nile virus (WNV) infections,

IMMs mediate virus clearance and are

protective (Goritzka et al., 2015; Terry

et al., 2012). In contrast, in mice infected

with the pathogenic PR8 strain of IAV,

IMMs have dual effects: promoting lung

pathology as well as being required for

optimal virus-specific T cell responses

(Aldridge et al., 2009; Lin et al., 2008).

Despite massive IMM accumulation in

SARS-CoV-infected lungs, the mecha-

nisms by which these cells promote fatal

disease remain unclear. Our results show

that TNF contributes to lethal disease

since its neutralization enhances survival

(Figure 4F), but it is likely that other cyto-

kines expressed by IMM such as IL-6,
IL-1b, and iNOS, among others, have detrimental effects.

IFN-I-induced pro-inflammatory cytokines induce TRAIL-DR5

or FasL-Fas expression on myeloid and T cells involved in

T cell apoptosis (Boonnak et al., 2014; Daigneault et al., 2012;

Kayagaki et al., 1999). We identified increased T cell apoptosis

in SARS-CoV-infected BALB/c compared to Ifnar�/� mice, but

unlike earlier studies (Boonnak et al., 2014) we found that neither

FasL-Fas or TRAIL-DR5 pathways nor intrinsic apoptosis path-

ways were involved in this process (Figure S5). Augmented

T cell apoptosis likely contributed to suboptimal T cell responses
, February 10, 2016 ª2016 Elsevier Inc. 189
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Figure 6. IFN-I Signaling Impairs T Cell Response

Lung T cell responses were measured in SARS-CoV-

challenged BALB/c, Ifnar�/�, and rat IgG and MC21 anti-

body-treated BALB/c mice at day 6 p.i.

(A and B) FACS plots (A) and bar graphs (B) show per-

centage and total number of virus-specific CD4 and CD8

T cells in the lungs of BALB/c and Ifnar�/� mice.

(C and D) FACS plots (C) and bar graphs (D) show per-

centage and total number of virus-specific CD4 and CD8

T cells in the lungs of rat Ig and MC21 antibody-treated

BALB/c mice.

(E and F) Mediastinal lymph node cell suspensions were

prepared and analyzed at 18 hr p.i. for CFSE-labeled rDC

migration. Representative FACS plots (E) and percent-

ages and total numbers (F) are shown.

(G and H) Percentage of apoptotic CD4 and CD8 T cells in

SARS-CoV-infected lungs at day 5 p.i. Representative

histograms (G) and percentage of apoptotic T cells (H) are

shown.

Data are representative of 2 independent experiments

(4–5 mice/group/experiment). Data in (B), (D), (F), and (H)

are represented as ±SEM. *p < 0.05, **p < 0.01, and

***p < 0.001. See also Figure S5.
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(Figure 6). Since T cells dampen cytokine storms by suppressing

the innate response (Kim et al., 2007), suboptimal T cell re-

sponses may result in unchecked innate immune responses,

causing prolonged production of pro-inflammatory mediators

and subsequent immunopathology.

In summary, we demonstrate that delayed expression of IFN-I

orchestrates the induction of an inappropriate inflammatory

response and consequent lung immunopathology during

SARS-CoV infection. Moreover, minimal differences in lung virus

loads in Ifnar�/� and BALB/c mice and complete protection after

IMM depletion suggest that IFN-I-dependent immunopatholog-

ical events, largely independent of virus replication, promote

SARS-CoV morbidity and mortality. The protective effect of

early, but not late, IFN-I administration in SARS-CoV-infected

mice (Figure 2D; Haagmans et al., 2004; Kumaki et al., 2011)

and pathogenic effects of a delayed IFN-I response suggest

that IFN-I should be used judiciously in infected patients.

Further, in addition to reducing initial viral load through anti-viral

interventions, therapeutic approaches that moderate immu-

nopathology may help reduce the high case fatality rates as-

sociated with emerging coronaviruses and perhaps other high

pathogenic virus infections.

EXPERIMENTAL PROCEDURES

Mice and Viruses

Specific pathogen-free young (7–9 weeks) and middle-aged (8–9 months) fe-

male BALB/c mice were purchased from the National Cancer Institute and

Charles River Laboratories International or bred at the University of Iowa.

Both groups were equivalently susceptible to infection with mouse-adapted

SARS-CoV. Ifnar�/� mice on a BALB/c background were obtained from

Dr. Joan Durbin (Rutgers-New Jersey Medical School). CD45.1 (Ly5.1) mice

on a BALB/c background were provided by Dr. Lyse Norian (University of

Iowa). Mice were bred and maintained in the University of Iowa animal care

facility. All animal experiments were approved by the University of Iowa Insti-

tutional Animal Care and Use Committee. Mouse-adapted SARS-CoV (MA15

strain), obtained from Dr. Kanta Subbarao (NIH, Bethesda, MD), was propa-

gated on Vero E6 cells. Mice were intranasally infected with 3 3 104 PFU

SARS-CoV, 5 3 104 PFU MHV-1, or 500 TCID PR8 strain of IAV in 50 ml

DMEM. All work with SARS-CoV was conducted in the University of Iowa

Biosafety Level 3 (BSL3) Laboratory.

Virus Titers

Lung virus titers were obtained as previously described (Zhao et al., 2011).

Vascular Leakage

Infected mice were intravenously injected with 200 ml of Evan’s blue dye (1.0%

in PBS) at day 5 p.i. After 30 min, mice were anesthetized, and lungs were

perfused with 10 ml intracardial injection of PBS and harvested. Extravascular

Evan’s blue was then extracted by overnight incubation in formamide at 56�C
and quantified by spectrophotometric analysis.

Lung Cell Preparation for FACS Analysis and Intracellular Cytokine

Staining

Mice were perfused via the right ventricle with 10 ml PBS. Cells were prepared

from lungs as previously described (Zhao et al., 2011). In some cases, cells

were analyzed for intracellular cytokine expression. All flow cytometry data

were acquired on a BD FACSVerse (BD Biosciences) and analyzed using

FlowJo software (Tree Star).

Apoptosis Detection

106 cells were stained for Annexin V using an apoptosis detection kit

(Annexin V Staining with Surface and Intracellular Staining kit, eBioscience).
Cell Host &
In Situ CFSE Staining

CFSE (8 mM, Molecular Probes) was administered i.n. (50 ml) 6 hr before infec-

tion. Draining lymph nodes were harvested 18 hr p.i., and the percentage and

total number of rDCs were determined (Legge and Braciale, 2005; Zhao et al.,

2011).

Mouse Bone Marrow Chimera

Bone marrow cells were extracted from femurs and tibia of BALB/c, Ifnar�/�,
and CD45.1 BALB/c mice (all 6 weeks old) and filtered through a 70 mm nylon

filter, and red blood cells were lysed using ACK buffer. Isolated bone marrow

cells (1 3 107 cells) were adoptively transferred into lethally irradiated (750

rads) BALB/c or Ifnar�/� mice. Chimeric mice (BALB/c[Ly5.2]/BALB/c

[Ly5.1], BALB/c[Ly5.1]/ Ifnar�/�[Ly5.2], Ifnar�/�[Ly5.2]/ BALB/c[Ly5.1],

and Ifnar�/�[Ly5.2]/ Ifnar�/�[Ly5.2]) weremaintained onwater supplemented

with antibiotics for 4 weeks to prevent opportunistic infections. Reconstitution

was verified 5 weeks after bone marrow transfer by FACS analysis of PBMCs.

6 weeks after bone marrow transfer, mice were infected with SARS-CoV

(103 PFU) and monitored for weight loss and survival. IMM accumulation in

lungs was enumerated in chimera mice at day 3 p.i.

Lung Histology and Immunohistochemistry

Lungs were removed, fixed in zinc formalin, and paraffin embedded prior to

staining with H&E. Viral antigen was detected using rabbit anti-N protein

(1:1,000) (IMG548; IMGENEX) followed by labeling with biotinylated goat

anti-rabbit IgG (1:200). Samples were developed with 3,3’-diaminobenzidine

for 3 min.

Statistical Analysis

Data were analyzed using Student’s t test. Results in the graphs are repre-

sented as mean ± SEM, unless otherwise mentioned. *p % 0.05, ** p %

0.01, and *** p % 0.001.
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