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SUMMARY

Infections can result in a temporarily restricted unre-
sponsiveness of the innate immune response,
thereby limiting pathogen control. Mechanisms of
such unresponsiveness are well studied in lipopoly-
saccharide tolerance; however, whether mecha-
nisms of tolerance limit innate immunity during virus
infection remains unknown. Here, we find that infec-
tion with the highly cytopathic vesicular stomatitis
virus (VSV) leads to innate anergy for several days.
Innate anergy is associated with induction of
apoptotic cells, which activates the Tyro3, Axl, and
Mertk (TAM) receptor Mertk and induces high levels
of interleukin-10 (IL-10) and transforming growth
factor b (TGF-b). Lack of Mertk inMertk�/� mice pre-
vents induction of IL-10 and TGF-b, resulting in abro-
gation of innate anergy. Innate anergy is associated
with enhanced VSV replication and poor survival af-
ter infection. Mechanistically, Mertk signaling upre-
gulates suppressor of cytokine signaling 1 (SOCS1)
and SOCS3. Dexamethasone treatment upregulates
Mertk and enhances innate anergy in aMertk-depen-
dent manner. In conclusion, we identify Mertk as one
major regulator of innate tolerance during infection
with VSV.
INTRODUCTION

During viral infections, cell death via apoptosis is a common

phenomenon (Roulston et al., 1999). A number of diseases are

associated with increased apoptosis, such as infections induced

by Ebola virus or human immunodeficiency virus 1 (HIV-1)
Cell R
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(Kaminskyy and Zhivotovsky, 2010). The nature of cell death

was proposed to influence the type of immune response.

Apoptotic cell death is a ‘‘silent death’’ and is tolerogenic,

whereas necrosis is a ‘‘violent death’’ that releases a number

of immunostimulatory molecules (Green et al., 2009; Voll et al.,

1997; Byrne and Reen, 2002; Zhang and Zheng, 2005). Recogni-

tion of apoptotic cells by phagocytes can lead to induction of

transforming growth factor b (TGF-b) and interleukin-10 (IL-10),

a potent immunosuppressant that contributes to the establish-

ment of a local immunosuppressive milieu (Zhang and Zheng,

2005; Chen et al., 2001).

Apoptosis is mediated by the activation of members of the

caspase family of proteases (Taylor et al., 2008; Fuchs and Stel-

ler, 2011). Caspase-3, an effector caspase, functions primarily to

cause the morphological features of apoptosis (Hunter et al.,

2007). The hallmarks of apoptotic cell death are plasma mem-

brane blebbing, cell shrinkage, and the loss of membrane phos-

phatidylserine (PS) symmetry. The exposure of PS on the outer

leaflet of the cytoplasmic membrane is recognized by phago-

cytic PS receptors, integrins (avb3 and avb5), scavenger receptor

CD36, and the Mertk receptor tyrosine kinase through associa-

tion with secreted PS-binding proteins, such as protein S1

(PROS1), growth arrest specific 6 (GAS6), and milk fat globule-

epidermal growth factor 8 (MFG-E8) on apoptotic cell surfaces

(Erwig and Henson, 2008; Hanayama et al., 2002; Nakano

et al., 1997).

Mertk belongs to the TAM (Tyro3, Axl, and Mertk) RTK family,

which is normally expressed by macrophages, dendritic cells

(DCs), and natural killer cells (Verma et al., 2011). These recep-

tors are known to quench host innate immune responses after

engaging their ligands GAS6 and PROS1, which recognize PS

on apoptotic cells (Lemke and Rothlin, 2008). TAM receptor

ligands are also expressed variably by a number of immune cells,

including macrophages, DCs, and activated T cells (Seitz et al.,

2007; Nassar et al., 2017; Carrera Silva et al., 2013). This mech-

anistically linked actions of TAM receptors on macrophages or
eports 30, 3671–3681, March 17, 2020 ª 2020 The Author(s). 3671
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DCs activates a negative feedback loop that tempers the innate

immune responses initiated by Toll-like receptor (TLR) and type I

interferon (IFN-I) signaling pathways (Behrens et al., 2003). TAM

receptor signaling is associated with inhibition of the production

of proinflammatory cytokines, such as tumor necrosis factor

(TNF)-a, IL-6, IL-12, and IFN-I, and with induction of inhibitory

gene expression, most prominently the suppressor of cytokine

signaling (SOCS) proteins 1 and 3 (SOCS1 and SOCS3) (Rothlin

et al., 2007).

During bacterial infection, lipopolysaccharide (LPS) tolerance

is a homeostatic mechanism essential for limiting the innate

response to endotoxin, thereby reducing host damage and pro-

moting the resolution of inflammation. LPS tolerance is associ-

ated with a sharp reduction in the expression of proinflammatory

cytokines, such as TNF-a, IL-10, and IL-6, in response to LPS

stimulation (Biswas and Lopez-Collazo, 2009; Medvedev et al.,

2006). However, what is still unknown is whether cytopathic

viruses, such as vesicular stomatitis virus (VSV), can induce tol-

erogenic mechanisms similar to those associated with LPS toler-

ance to maintain homeostasis. We postulated that infection with

VSV results in the induction of cell death via apoptosis, and the

exposed PS on the virus-infected cells becomes coated with

the ligands and acts as a potent Mertk agonist, which triggers

Mertk signaling and thus limits the innate response. The failure

to mount a full immune response against target cells due to im-

mune regulatory mechanisms evoked by virus-induced dead

cells results in a state of anergy. We identifiedMertk as an impor-

tant mediator of innate tolerance during infection with VSV.

RESULTS

Infection with VSV Induces Innate Anergy
To test whether viral infection can induce innate unresponsive-

ness, we infected C57BL/6 wild-type (WT) mice with 2 3 108

plaque-forming units (PFUs) of VSV. Control mice were left unin-

fected (naive). Next, 48 h later, we challenged both groups with

polyinosinic:polycytidylic acid (poly [I:C]) and determined serum

IFNa levels at indicated time points. As expected, challenge of

naive mice with either VSV or poly (I:C) induced a robust systemic

IFNa response (Figure 1A). However, mice that were first chal-

lenged with VSV and then with poly (I:C) did not produce system-

ically measurable IFNa levels (Figure 1A). VSV is a highly cyto-

pathic virus, which typically kills target cells a few hours after

infection (Gaddy and Lyles, 2005). Because it has been shown

that dead cells can suppress immune activation, we postulated

that dead cells may contribute to innate unresponsiveness during

VSV infection. To test this hypothesis, we analyzed active cas-

pase-3 in spleens 0, 2, 8, and 24 h after VSV infection. Only

spleens of VSV-infected mice exhibited strongly enhanced

numbers of apoptotic cells, as demonstrated by detectable levels

of active caspase-3 (Figure 1B). Next, we analyzed the spleno-

cytes from naive and VSV-infected WT mice by fluorescence-

activated cell sorting (FACS) to determine whether these cells

are apoptotic. We detected enhanced frequencies of annexin

V+ splenocytes in VSV-infected mice when compared to naive

control mice (Figure 1C). Some of these cells were additionally

positive for 7-amino-actinomycin D (7-AAD) (Figure 1C). These

data suggest that VSV infection induces PS exposure and
3672 Cell Reports 30, 3671–3681, March 17, 2020
apoptosis early after infection. VSV is known to infect a wide

range of cell types, indicating that the receptor target(s) for glyco-

sylated (G) protein are commonly expressed molecules (Barber,

2005; Rose, 2001). Further investigation of the source of dead

cells revealed that hematopoietic and non-hematopoietic stromal

cells activated caspase-3 during VSV infection (Figure 1D).

Because VSV is very sensitive to IFN-I-mediated innate immune

defenses, we anticipated that a deficiency in the IFN-I receptor

and TLR signaling pathwayswould lead to increased VSV replica-

tion and thereby enhance cell death. Indeed, spleens of Ifnar�/�

and Myd88/Trif/Cardif�/� mice showed substantially increased

numbers of apoptotic cells compared toWT control spleens after

VSV infection (Figure 1E). In line, frequencies of PS exposing sple-

nocytes was increased in VSV-infected Ifnar�/� and Myd88/Trif/

Cardif�/� mice (Figure S1A). DCs are known to play key roles in

initiating immune response and in inducing immunological toler-

ance, depending on their maturation state and subsets (Zhang

et al., 2004; Svensson et al., 2004; Wakkach et al., 2003). On

the basis of the above findings, we proposed that the dead cells

may activate inhibitory signals during VSV infection and that this

signal reduces IFN-I induction. In fact, pretreatment of bone-

marrow-derived DCs (BMDCs) harvested from WT mice with

dead B16F10 cells significantly blunted Ifna4 induction after chal-

lenge with ultraviolet (UV) inactivated VSV (UV-VSV), VSV, or

poly(I:C) (Figures 1F and 1G). These findings indicated that

dead cells limit IFNa induction and IFNa anergy is associated

with apoptotic cells in vivo.

Dead Cells Induce Innate Anergy via Mertk
Mertk is a member of the TAM family and has been shown to

regulate the innate immune response to apoptotic cells by inhib-

iting DC activation in animal models (Wallet et al., 2008).

Apoptotic cells were also shown to induce the expression of

Mertk (A-Gonzalez et al., 2009). Based on these findings, we

speculated that Mertk signalingmay be involved in innate anergy

after acute viral infection. To test this theory, we investigated the

Mertk expression profile in the immune cells of naive mice. FACS

analysis of the splenocytes revealed strong expression of Mertk

by macrophages and DCs (Figure 2A). Both cell types are known

to be involved in the induction of IFN-I. Other immune cells tested

showed limited or no expression of Mertk (Figure 2A). In vitro,

naive bone-marrow-derived macrophages (BMDMs) and

BMDCs express high levels of Mertk (Figure 2B). DCs are one

of the strong producers of IFN-I, and we wondered whether

Mertk signaling could influence IFN-I induction in DCs during

viral infection. We infected BMDCs generated from Mertk�/� or

littermate WT control mice (Mertk+/+) with VSV and analyzed

the mRNA for IFN-I induction. BMDCs from Mertk�/� mice

showed strong expression of Ifna4 and Ifnb1 when compared

to those fromMertk+/+mice (Figure 2C). Moreover, the inflamma-

tory cytokines Tnfa5 and Il6 were significantly enhanced in

Mertk�/� BMDCs when compared to Mertk+/+ BMDCs (Fig-

ure 2C). In line, IFNa protein level from the supernatants of

Mertk�/� BMDCs were enhanced when compared to Mertk+/+

BMDCs (Figure S2A). In vivo, spleens of VSV-infected Mertk�/�

mice showed accelerated Ifna4 and Ifnb1 mRNA induction

when compared to Mertk+/+ mice (Figure 2D). Similarly, Tnfa5

and Il6 was higher in spleens of Mertk�/� mice (Figure 2D).



Figure 1. Infection with Vesicular Stomatitis Virus Induces Innate Anergy

(A) IFNa in naive WTmice or mice infected with 23 108 PFU VSV intravenously (i.v.) and 48 h later, challenged intraperitoneally (i.p.) with poly (I:C) (50 mg/mouse;

n = 3).

(B) Spleens of WT mice infected with 2 3 108 PFU VSV i.v. and stained for active caspase-3 (green; n = 4).

(C) FACS of splenocytes for 7AAD and annexin V of naive WT mice or WT mice immunized with 2 3 108 PFU VSV i.v. (8 h; n = 3).

(D) Spleens of naive WT mice or mice infected with 2 3 108 PFU VSV i.v. (8 h) and stained for active caspase-3 (green) and CD45.2 (red; n = 4).

(E) Spleens of naiveWTmice orWT, Ifnar�/�, andMyd88/Trif/Cardif�/�mice infected with 23 108 PFU VSV i.v. (8 h) and stained for CD169 (red), active caspase-3

(green), and F4/80 (blue; n = 3).

(F) FACS of B16F10 cells for apoptosis.

(G) IFNa4mRNA in BMDCs of WTmice that were left naive or pretreated with apoptotic B16F10 cells or media and then treated with UV-VSV (MOI1), VSV (MOI1),

or poly (I:C) (10 mg/mL; n = 3). All data are shown as mean +/- SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (Student’s t test). ns = not significant.
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Figure 2. Dead Cells Induce Innate Anergy via Mertk

(A) FACS of Mertk expression on splenic leukocytes of naive Mertk+/+ or Mertk�/� mice (n = 5).

(B) FACS of Mertk expression by BM cells of naive Mertk+/+ or Mertk�/� mice (n = 3).

(C) IFNa4, IFNb1, TNF-a5, and IL-6 mRNA in BMDCs of Mertk+/+ or Mertk�/� that were left naive or infected with VSV (MOI1; 8 h; n = 3).

(D) IFNa4, IFNb1, TNF-a5, and IL-6 mRNA in spleens of Mertk+/+ or Mertk�/� mice that were left naive or infected with 2 3 108 PFU VSV i.v. (8 h; n = 7).

(E) MFI of Mertk of splenic cDC1, cDC2, and pDCs of naive Mertk+/+ or Mertk�/� mice (n = 5).

(legend continued on next page)
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Next, we wondered which subset of DCs expressed Mertk.

FACS analysis revealed that cDC1 and cDC2 showed higher

Mertk expression compared to pDCs (Figure 2E). This correlated

inversely with the ability to produce IFN-I, as pDCs sorted from

splenocytes of VSV-infected mice showed higher Ifna4 mRNA

when compared to sorted cDC1 and/or cDC2 from the same

mice (Figure 2F). Although pDCs were the major producers of

IFN-I, there was no obvious cell-type-specific role of Mertk (Fig-

ure 2F). We also assayed the mRNA expression levels of both

IFN regulatory factor 3 (Irf3) and Irf7, two positive effectors of

IFN signaling during viral infection. We found that the expression

of both Irf3 and Irf7wasmarkedly higher inMertk�/�BMDCs and

in Mertk�/� mice (Figures S2B and S2C), a finding suggesting a

generally stronger innate immune activation in Mertk�/� mice.

These results led us to speculate that the dead cells induced

by VSV infection may limit the production of IFN-I via the activa-

tion of Mertk signal. To prove that the apoptotic cells dampen

IFN-I induction via Mertk, we pretreated BMDCs from Mertk+/+

and Mertk�/� mice with either dead cells or left them untreated

and then challenged them with VSV, UV-VSV, or poly (I:C).

Dead cells significantly abrogated Ifna4 induction in Mertk+/+

BMDCs, but not in Mertk�/� BMDCs (Figure 2G). Next, we

analyzed the impact of Mertk on the antiviral IFN-I response

in vivo. In line to our in vitro analysis, we found a stronger sys-

temic IFN-I response in Mertk�/� mice after challenge with VSV

or poly (I:C) (Figure 2H). As lymphocytic choriomeningitis virus

(LCMV) is a completely non-cytopathic virus and therefore, in

contrast to VSV, does not induce apoptosis in spleens early after

infection (Figure S2D), we considered similar levels of IFN-I inWT

and Mertk�/� mice. In fact, LCMV infection did not show differ-

ences in the early IFN-I response (Figure 2H). Next, we verified

whether Mertk was indeed the key signal responsible for the

IFN-I anergy after VSV infection. We infected Mertk+/+ and

Mertk�/� mice with VSV and challenged them after 48 h with

poly (I:C). As expected, Mertk+/+ mice did not produce systemic

measurable IFNa upon challenge with poly (I:C) (Figure 2I). In

contrast, VSV-infected Mertk�/� mice produced systemic IFNa

upon challenge with poly (I:C) (Figure 2I). Likewise, when we in-

fectedMertk+/+ andMertk�/�with VSV and after 48 h challenged

them with LCMV, systemically measurable IFNa production was

retriggered in Mertk�/� mice, but not in Mertk+/+ mice (Fig-

ure S2E). This further proves that indeed dead cells are important

for activation of Mertk signals to suppress IFN-I response. To

verify that Mertk expressed on hematopoietic cells contributed

to innate anergy, we generated BM chimeric mice, where

Mertk�/� BM was transplanted into irradiated Mertk+/+ mice.

For controls, Mertk+/+ BM was transplanted into irradiated

Mertk�/� or Mertk+/+ mice. Chimeric mice were infected with

VSV and challenged after 48 h with poly (I:C). As expected,
(F) IFNa4 mRNA of sorted splenic cDC1, cDC2, and pDCs of Mertk+/+ or Mertk�

(G) IFNa4mRNA in BMDCs ofMertk+/+ orMertk�/�mice that were left naive or pre

VSV (MOI1), or poly (I:C) (10 mg/mL; 8 h; n = 3).

(H) IFNa inMertk+/+ orMertk�/�mice infected with 23 108 PFU VSV i.v. (n = 3) or w

mouse; n = 4).

(I) IFNa in Mertk+/+ or Mertk�/� mice infected with 2 3 108 PFU VSV i.v. and, 48

(J) IFNa inMertk+/+/Mertk+/+,Mertk+/+/Mertk�/�, andMertk�/�/Mertk+/+bonem

with poly (I:C) i.p. (50 mg/mouse; n = 3). All data are shown as mean +/- SEM. *p < 0
Mertk�/� /Mertk+/+ chimeras showed elevated IFNa produc-

tion during VSV infection and poly (I:C) challenge (Figure 2J). In

contrast, Mertk+/+/Mertk+/+ and Mertk+/+/Mertk�/� chimeric

mice showed reduced IFN-I levels during VSV infection and no

measurable IFN-I after further poly (I:C) treatment (Figure 2J).

We concluded that dead cells activate Mertk on DCs, which

then induces innate anergy.

Dead Cells Induce IL-10 via Mertk, thereby Dampening
the Activation of Innate Immunity
Mertk, as a PS receptor, could be activated by cell debris (Tsou

et al., 2014; Kazeros et al., 2008; van der Meer et al., 2014). We

therefore proposed that cells, which are lysed by the virus, acti-

vateMertk signals and that this activation induces other inhibitory

signals that dampen antiviral responses. Previously, TAM

signaling was reported to trigger the expression of SOCS pro-

teins, thereby acting as a ‘‘brake’’ for cytokine production after

TLR is activated by pathogens (Yoshimura et al., 2005; Tamiya

et al., 2011). Indeed, VSV infection enhanced expression of

SOCS1 and SOCS3 (Figure 3A). Mertk�/� BMDCs showed

reduced expression of SOCS1 and SOCS3 when compared to

WT littermates (Figure 3A). Western blot analysis confirmed that

SOCS1 and SOCS3 are induced via Mertk after VSV infection

(Figure 3B), which was also confirmed via mRNA expression in

spleen of Mertk+/+ or Mertk�/� after VSV infection (Figure 3C).

IL-10 is a master regulator of immune response and also regu-

lates the induction of SOCS1 and SOCS3 (Couper et al., 2008;

Ding et al., 2003). Besides IL-10, TGF-b is one suppressive cyto-

kine that induces SOCS3 (Ruan et al., 2010; Fox et al., 2003). We

hypothesized that IL-10 could play a key role in eliciting immuno-

suppression during VSV infection. Indeed, we found reduced

expression of IL-10 and TGF-b in Mertk�/� BMDCs, which were

infected with VSV (Figure 3D). To further prove the role of dead

cells in inducing IL-10 via Mertk, we pretreated Mertk+/+ and

Mertk�/� BMDCs with dead cells and challenged them with

VSV, UV-VSV, or poly (I:C). In the presence of dead cells,

Mertk+/+ BMDCs enhanced IL-10 production in response to

VSV, UV-VSV, and poly (I:C) (Figure 3E). In contrast, presence

of dead cells showed limited influence on IL-10 induction in

Mertk�/� BMDCs (Figure 3E). To determine the impact of DCs

on IL-10 and TGF-b production, we sorted splenic DCs from

WT mice and compared IL-10 and TGF-b mRNA expressions

levels with that in the whole spleen of the same mice after VSV

infection. We found DCs were not the major cell types producing

these cytokines (Figure S3A). Next, we determined the role of

Mertk on IL-10 induction in vivo. In line to our in vitrodata, spleens

of Mertk�/� mice expressed reduced levels of IL-10 and TGF-b

(Figure 3F). Next, we aimed to determine the role of Mertk in

inducing IL-10 independent of VSV-induced cell death. Previous
/� mice infected with 2 3 108 PFU VSV i.v. (8 h; n = 4).

treated with apoptotic B16F10 cells or media and treated with UV-VSV (MOI1),

ith 23 106 PFU LCMVWE i.v. (n = 5) or challenged with poly (I:C) i.p. (50 mg per

h later, challenged with poly (I:C) i.p. (50 mg per mouse; n = 3).

arrowchimericmice infectedwith23108PFUVSV i.v. and, 48h later, challenged

.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (Student’s t-test). ns = not significant.
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Figure 3. Dead Cells Induce IL-10 via Mertk,

thereby Dampening the Activation of Innate

Immunity

(A) SOCS1 and SOCS3 mRNA in BMDCs of

Mertk+/+ or Mertk�/� mice that were left naive or

infected with VSV (MOI1; 8 h; n = 3).

(B) Representative immunoblots of SOCS1,

SOCS3, and GAPDH expression in BMDCs as

in (A).

(C) SOCS1 and SOCS3 mRNA in spleens of

naive Mertk+/+ or Mertk�/� mice or mice infected

with 2 3 108 PFU VSV i.v. (8 h; n = 7).

(D) IL-10 and TGF-b mRNA in BMDCs of Mertk+/+

or Mertk�/� mice that were left naive or infected

with VSV (MOI1; 8 h; n = 3).

(E) IL-10 mRNA in BMDCs of Mertk+/+ or Mertk�/�

mice that were left naive or pretreated with

apoptotic B16F10 cells or media and infected

with UV-VSV (MOI1), VSV (MOI1), or poly (I:C)

(10 mg/mL; n = 3).

(F) IL-10 and TGF-bmRNA in spleens ofMertk+/+ or

Mertk�/� mice that were left naive or infected with

23 108 PFU VSV i.v. (8 h; n = 7). All data are shown

as mean +/- SEM. *p < 0.05; **p < 0.01; ***p <

0.001; ****p < 0.0001 (Student’s t-test). ns = not

significant.
studies have shown that bile duct and gallbladder ligation (BDL)

induces hepatocyte apoptosis (Miyoshi et al., 1999; Sodeman

et al., 2000; Faubion et al., 1999). Based on this finding, we

induced apoptosis by BDL in Mertk+/+ and Mertk�/� mice and

analyzed IL-10. BDL induced active caspase-3 and Mertk

expression in livers ofWTmice (FigureS3B). Enhancedapoptosis

correlated with increased frequencies of IL-10+ DCs and IL-10+

and TGF-b+ macrophages in livers ofMertk+/+mice (Figure S3C).

Again, IL-10 induction in DCs and macrophages depended on

Mertk in the presence of dead cells (Figure S3C). Taken together,
3676 Cell Reports 30, 3671–3681, March 17, 2020
these findings demonstrate that dead

cells induce IL-10 via Mertk, thereby lead-

ing to immunosuppression.

Mertk Signaling Limits the Antiviral
Immune Response and Virus
Control
Next, we anticipated that Mertk deficiency

results in efficient antiviral mechanisms,

thereby limiting early virus replication.

Indeed, Mertk�/� mice showed reduced

VSV replication in several organs (Fig-

ure 4A). Pharmacological inhibition of

Mertk similarly reduced virus replication

in all organs tested (Figure 4B). These

data were in line with in vitro cultures of

Mertk�/� BMDCs (Figure S4A). Interest-

ingly, also within the marginal zone, an

area where replication of VSV depends

on UBP43 (Usp18; Honke et al., 2013),

lack or pharmacological inhibition of Mertk

limited VSV propagation (Figures S4B and
S4C). To rule out that the lower virus titer in Mertk�/� mice is not

due to differential uptake of virus particle from the circulatory sys-

tem but rather due to higher production of IFN-I, we determined

early virus uptake and IFN-I induction.Clearance of virus inoculum

from the blood was comparable between Mertk+/+ and Mertk�/�

mice (Figure S4D); however, even after 3 h, Mertk�/� mice were

already secretingmore IFNa (Figure S4E), indicating that the lower

virus titer in Mertk�/� mice is due to stronger IFN-I response. To

get insights how Mertk�/� mice could limit VSV propagation, we

analyzed IFN-stimulated genes (ISGs), which play a pivotal role



Figure 4. Mertk Signaling Limits the Antiviral Immune Response and
Virus Control

(A) Virus titer in organs ofMertk+/+ orMertk�/� mice infected with 23 108 PFU

VSV i.v. (8 h; n = 4).

(B) Virus titers in organs of WT mice pretreated with either Mertk tyrosine

kinase inhibitor (UNC2881) 3 mg/kg or the solvent (DMSO) i.v. on days �3,

�2, �1, and 0 and infected with 2 3 108 PFU VSV i.v. (8 h; n = 3).

(C)OAS1, ISG15, andMX1mRNA in BMDCs ofMertk+/+ orMertk�/� mice that

were left naive or infected with VSV (MOI1) (8 h; n = 3).

(D)OAS1, ISG15, andMX1mRNA in spleens ofMertk+/+ orMertk�/� mice that

were left naive or infected with 2 3 108 PFU VSV i.v. (8 h; n = 7).

(E) IL-1b, IL-12, INOS, andCCL5mRNA in spleens ofMertk+/+ orMertk�/�mice

that were left naive or infected with 2 3 108 PFU VSV i.v. (8 h; n = 5).
in mounting an antiviral state within a host cell. ISG15,OAS1, and

MX1 were highly induced in Mertk�/� BMDCs (Figure 4C) and

spleens ofMertk�/� mice (Figure 4D). Besides ISGs, also other in-

flammatory cytokines or chemoattractants, like IL-1b, IL-12,

INOS, and CCL5, were highly induced in Mertk�/� mice (Fig-

ure 4E), suggesting that not only IFNs and ISGs but also other in-

flammatory messengers are overexpressed in the absence of

Mertk. Usp18 is a negative regulator of IFN-I signaling and is an

important ISG15-specific protease (Malakhova et al., 2003;Honke

et al., 2016). Interestingly, absence of Mertk resulted in reduced

Usp18 expression (Figures S4F and S4G). Next, we wondered

whether, during VSV infection, the early induction of IL-10 also af-

fects the function of effector T cells. To answer this question, we

infected Mertk+/+ and Mertk�/� mice with 2 3 106 PFU VSV and

analyzed induction of virus-specific T cells by measuring produc-

tion of IFNg after in vitro restimulation. LackofMertk enhances fre-

quencies of virus-specific IFNg producing CD4+ and CD8+ T cells

(Figure 4F). VSV-neutralizing antibody responses were not

affected by Mertk (Figure S4H). To gain insights into the overall

benefit of Mertk expression during VSV infection, we determined

survival after lethal VSV challenge. We found that survival was

lower amongMertk+/+mice thanMertk�/�mice (Figure 4G). Taken

together, these findings indicate thatMertkmediates immunosup-

pressivemechanisms during viral infection and thereby limits anti-

viral responses.

Dexamethasone Dampens Innate Immune Activation via
Mertk
Dexamethasone, a synthesized glucocorticoid hormone (GCH),

has been shown to upregulate Mertk expression in antigen-pre-

senting cells, whereas proinflammatory signals cause its down-

regulation (Zizzo et al., 2012; McColl et al., 2009; Keil et al., 1995;

Cabezón et al., 2015). Dexamethasone also induces rat thymic

apoptosis in vivo (Mann and Cidlowski, 2001). Therefore, we pro-

posed that upregulation of Mertk by dexamethasone can limit

antiviral mechanisms. To test this theory, we first determined

Mertk expression in vitro and in vivo after dexamethasone chal-

lenge. FACS analysis showed that pretreatment of Mertk+/+

BMDCs with dexamethasone substantially upregulated Mertk

expression (Figure 5A). Similarly, challenge of WT mice with

dexamethasone significantly enhanced Mertk expression in the

spleen and liver (Figure 5B). Next, we investigated the conse-

quences of dexamethasone-induced Mertk overexpression on

the innate immune response after acute viral infection. To

achieve this, we similarly pretreated Mertk+/+ and Mertk�/�

mice with or without dexamethasone and infected them with

VSV. Interestingly, dexamethasone pretreatment resulted in

increased expression of SOCS1 and SOCS3 in Mertk+/+ mice,

but not in Mertk�/� mice (Figure 5C). In line, mRNA analysis

from dexamethasone-pretreatedMertk+/+mice showed a higher
(F) IFNg+ CD4+ T cells and IFNg+ CD8+ T cells (%) in splenic and hepatic

leukocytes ofMertk+/+ orMertk�/�mice thatwere left naive or infectedwith 23

108 PFU VSV i.v. (8 days) and then restimulated or left unstimulated (none;

n = 3).

(G) Survival of Mertk+/+ or Mertk�/� mice infected with 2 3 108 PFU VSV i.v.

(n = 6). All data are shown as mean +/- SEM. *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001 (Student’s t-test). ns = not significant.

Cell Reports 30, 3671–3681, March 17, 2020 3677



Figure 5. Dexamethasone Dampens Innate Immune Activation via Mertk

(A) FACS of Mertk expression in BMDCs of Mertk+/+ or Mertk�/� mice that were treated with dexamethasone (dexa; 4 mM) or PBS (48 h; n = 3).

(B) mRNA expression ofMertk in the spleens and livers ofMertk+/+mice that were left naive or pretreatedwith dexa (50 mg/mouse) or PBS i.p. on days�3,�2,�1,

and 0 and infected with 2 3 108 PFU VSV i.v. (8 h; n = 3).

(C and D) SOCS1, SOCS3, IL-10, and TGF-b mRNA levels in the spleens of Mertk+/+ or Mertk�/� mice (same condition as in B; 8 h; n = 3).

(E) IFNa in Mertk+/+ or Mertk�/� mice (same conditions in B; n = 3).

(F) Virus titers in organs of Mertk+/+ or Mertk�/� mice (same conditions as in B; 8 h; n = 3).

(G) Spleens and livers for Mertk (red) and VSV glycoprotein (Vi10; green) ofMertk+/+ orMertk�/� mice (same conditions as in B; 8 h; n = 3). All data are shown as

mean +/- SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (Student’s t-test). ns = not significant.
induction of IL-10 and TGF-b when compared to untreated

Mertk+/+ mice (Figure 5D). This was dependent on Mertk, as

Mertk�/� mice showed no comparable difference in IL-10 and

TGF-b induction with dexamethasone pretreatment (Figure 5D).

Moreover, dexamethasone pretreatment was associated with

significantly suppressed serum IFNa levels in Mertk+/+ mice,

but not in Mertk�/� mice (Figure 5E). Plaque assay data demon-

strated disseminated VSV replication in the lymph nodes,
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spleens, livers, lungs, and kidneys of dexamethasone-treated

Mertk+/+ mice, but not dexamethasone-treated Mertk�/� mice

(Figure 5F). Likewise, immunofluorescence analysis of the

spleen and liver sections from these mice revealed that dexa-

methasone-induced augmented virus replication depended on

Mertk (Figure 5G). These results indicate that Mertk plays a

key role in mediating the immunosuppressive effect of

dexamethasone.



DISCUSSION

Disease tolerance is broadly defined as the host’s ability to limit

damage and maintain health when faced with increasing bur-

dens of pathogens and is a general feature of the host responses

to infection (Vale et al., 2014). Among the diverse arsenal of de-

fensemechanisms deployed bymulticellular hosts are those that

rely on rapid induction of apoptosis pathways to trigger prema-

ture cell death of infected host cells (Kvansakul, 2017; Handke

et al., 2012). Apoptosis has been demonstrated to play a role

in a variety of diseases, including viral infections (Razvi and

Welsh, 1995). Although rapid clearance of apoptotic cells by

phagocytes is important for inhibiting inflammation and autoim-

mune responses against intracellular antigens, it may also limit

antiviral immune responses. Indeed, several studies have found

that apoptotic cells exhibit a dramatic immunosuppressive effect

in vivo (Pittoni and Valesini, 2002; Cohen et al., 2002).

The study reported here found an important interaction be-

tween dead cells induced by cytopathic viral infection and the

tyrosine kinase receptor Mertk that leads to induction of innate

anergy. VSV, an economically significant animal pathogen, is

an important inducer of apoptosis. The M protein, a VSV struc-

tural component, is responsible for many cytopathic effects in

VSV-infected cells, including the inhibition of host gene expres-

sion (Lyles, 2000) and the induction of apoptosis (Desforges

et al., 2001; Kopecky et al., 2001). The effective immune defense

against VSV predominantly involves the antiviral activity of

endogenously produced interferon and, subsequently, the gen-

eration of neutralizing antibody to the glycoprotein (Lefrancois,

1984; Vandepol et al., 1986). First, we investigated the effect of

dead cells on the innate immune response. We found that WT

mice previously infected with VSV become unresponsive to

IFNa after a challenge with poly (I:C). Indeed, after VSV infection,

we detected increased numbers of apoptotic cells using active

caspase-3 staining in the spleen. We proposed that the dead

cells can induce anergy. We found that the pretreatment of

BMDCs harvested from WT mice with dead cells significantly

suppressed IFNa and enhanced IL-10 induction after VSV chal-

lenge. These findings gave us a hint to suggest that dead cells

induced during a cytopathic viral infection are anti-inflammatory

and tolerogenic.

The externalization of PS serves as an apoptotic cell recogni-

tion signal for multiple phagocytic receptors, including Mertk

(Fantl et al., 1993). Therefore, we suggested that Mertk signaling

could play a key role in mediating the tolerance induced by dead

cells. First, we showed that Mertk is strongly expressed by mac-

rophages and DCs. Determining the relevance of Mertk in anti-

viral immunity, we found that Mertk deficiency leads to higher

IFNa induction in BMDCs and in vivo after VSV infection. We

concluded that Mertk is one of the key regulators of the innate

immune response. Characterizing Mertk expression on DC sub-

sets, we found that Mertk is highly expressed on cDC1 and

cDC2 when compared to pDCs, but this correlates inversely

with IFNa induction. Because Mertk is a PS sensor on dead

cells, we proposed that dead cells can contribute to innate

anergy via Mertk. We showed that Mertk-deficient mice previ-

ously infected with VSV retriggered IFNa production after chal-

lenge with poly (I:C); however, WT mice were unresponsive to
the challenge, as stated previously. Data from Mertk-deficient

chimeric mice were in agreement with the above findings. This

therefore suggests that the observed innate anergy is depen-

dent on induction of Mertk signals on hematopoietic cells. Inline,

the higher IL-10 and TGF-b inductions after VSV challenge are

dependent on Mertk. Interestingly, co-culture of dead cells

with BMDCs fromWT mice significantly suppressed IFNa levels

and enhanced IL-10 induction after challenge with UV-VSV,

VSV, or poly (I:C). In addition, BDL enhanced apoptotic cell in-

duction in the livers of WT mice, and this was associated with

higher IL-10 and TGF-b production in the same organ.

SOCS1/3 antagonist peptide was proposed to protect mice

against lethal infection with influenza A virus (Ahmed et al.,

2015). We demonstrated that lack of Mertk limited SOCS1 and

SOCS3 induction after VSV challenge. Although the levels of

VSV-neutralizing antibody were similar in both WT and Mertk-

deficient mice, we suggest that enhanced IFNa production

associated with Mertk deficiency is sufficient to allow the mice

to survive the infection. Taken together, these findings highlight

the crucial role of dead cells in inducing immune homeostasis

via Mertk during viral infection.

Dexamethasone is known to induce apoptosis and to upregu-

late Mertk expression (McColl et al., 2009; Zizzo et al., 2012).

Thus, we wondered what influence dexamethasone would exert

during viral infection. First, we demonstrated that dexamethasone

treatment significantly increases the Mertk expression in vitro and

in vivo. Consequently, pretreatment of WT mice with dexametha-

sone strongly increasedSOCS1 andSOCS3 expression after VSV

challenge. Inline, IFNa production was significantly diminished in

WT mice pretreated with dexamethasone after VSV challenge,

and this correlated with highly increased IL-10 and TGF-b induc-

tion in these mice. Indeed, dexamethasone pretreatment strongly

promoted VSV replication in various organs in a Mertk-dependent

manner. Interestingly, these dexamethasone-induced effects

were abrogated in the Mertk-deficient mice. These findings

strongly indicate that Mertk is an important effector of dexameth-

asone-induced immunosuppression.

Our results suggest that Mertk-specific inhibitors or blocking

antibodies may be a potential class of antiviral therapeutic

agents, but the consequences of chronic inflammation induced

by these agents must be evaluated. Second, future studies to

explore the immunosuppressive role of Mertk in commonly

used topically applied stimuli, such as imiquimod, would be

interesting. Such findings will broaden our understanding of

the crucial role of apoptotic cells in activating Mertk signals not

only during viral infection but also in association with autoimmu-

nity and cancer immunology. In summary, dead cells induce tol-

erogenic state via Mertk. The induction of SOCS1, SOCS3,

IL-10, and TGF-b after the activation of Mertk signals extin-

guishes antiviral mechanisms and results in innate anergy.
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Anti-active Caspase-3 BD Bioscience Cat # 559341; RRID: AB_397234
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Anti-VSV-GP (Vi10) Self made In-house

SOCS1 Cell Signaling Cat # 3950S; RRID: AB_2192983

SOCS3 Cell Signaling Cat # 52113S; RRID: AB_2799408

Bacterial and Virus Strains

VSV virus stock Originally obtained from Prof. F. Lehmann-

Grube, Heinrich Pette Institute, Hamburg,

Germany).

N/A

LCMV WE LCMV-WE was originally obtained from

F. Lehmann-Grube (Heinrich Pette Institute,

Hamburg, Germany) and was propagated

on L929 cells (obtained from ATCC, NCTC

clone 929).

N/A

Chemicals, Peptides, and Recombinant Proteins

VSV-P52 peptide PolyPeptide Laboratories, Strasbourg, France N/A

VSV-P8 peptide PolyPeptide Laboratories, Strasbourg, France N/A

Mer tyrosine kinase inhibitor (UNC2881) Selleckchem Cat # S7325

Dexamethasone mibe-GmbH, Brehna, Germany Cat # PZN-08704344.

Experimental Models: Cell Lines

MC57 cells obtained from Ontario Cancer Institute, Canada N/A

Vero cells ATCC N/A

B16F10 cells ATCC N/A

Experimental Models: Organisms/Strains

C57BL/6J mice Jackson Laboratories JAX000664

Mertk–/– Mice Jackson Laboratories Stock No. 011122
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Myd88/Trif/Cardif–/– Mice Jackson Laboratories Cross-bred locally at the
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Ifnar–/– Mice Jackson Laboratories 32045-JAX

Software and Algorithms

FlowJo software FlowJo LLC, Ashland, OR, USA N/A

Graphpad prism Graphpad software inc. California

corporation, San Diego, USA

N/A

Other

Fluorescence Microscope HS BZ-9000

series (BIOREVO)

Keyence, Osaka, Japan N/A

FLUOstar Omega ELISA Reader BMG Labtech, Ortenberg Germany N/A

ChemiDoc MP Imaging system BioRad, California, USA N/A

Cryostat CM 3050S Leica, USA N/A

LightCycler 480 realtime PCR machine Roche, Basel, Switzerland N/A

FACS Fortessa (BD) Becton Dickinson, New Jersey, USA N/A
LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not generate new unique reagents. Further information and request for resources should be directed to and will be

fulfilled by the Lead Contact, Tom Adomati (wennatom@yahoo.com).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement
Animal experiments were authorized by the State Agency for Nature, Environmental and Consumer Protection of North Rhine-West-

phalia (Landesamt f€ur Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen) and were conducted in accordance with the

German laws for animal protection or according to institutional guidelines at the Ontario Cancer Institute of the University of Toronto

Health Network.

Mice

Mertk–/– mice were bred heterozygously onto a C57BL/6 (B6) background (backcrossed at least 5 times). F5 (5th generation from

backcross with B6) Mertk–/– mice were directly compared with littermate controls (Mertk+/+ mice). Ifnar�/� and Myd88/Trif/

Cardif�/� mice were maintained on B6 background. All animals were housed in single ventilated cages. Male and female mice

were used for all studies. Mice were between 7-10 weeks of age. During survival experiments, the health status of the mice was

checked twice daily. After the appearance of clinical signs of VSV replication in the central nervous system, such as paralysis,

mice were removed from the experiment and were considered dead.

Genotyping by PCR

The tail lysis buffer containing proteinase K was used to digest the tail samples overnight. DNA was extracted by the phenol/chlo-

roform method (Javadi et al., 2014) . The following oligonucleotide primers that detect murine Mertk were used: 1) Mertk+/+ primer,

50 -TTC TTG TTC TGGGGT TGA CTC-30; 2) common sense primer, 50-CAT CTGGGT TCC AAA GGC TA-30, a common sense primer

that detects both sequences; and 3) Mertk–/– primer, 50-ATC AGC AGA CTC TGT TCC AC-30 (all from biomers.net, Ulm/Donau, Ger-

many). The product was analyzed on 2%agarose gels in Tris-borate-ethylenediaminetetraacetic acid (EDTA) buffer and visualized by

ethidium bromide staining.

Bile duct and gallbladder ligation (BDL)

Animals were anesthetized by isoflurane and placed on a heating pad. After intubation and ventilation, the animals were shaved and

the skin disinfected. A midline incision in the upper abdomen was made; the common bile duct and the gallbladder were identified,

isolated, and ligated with 6–0 coated vicryl Polyglactin fiber from Ethicon (Johnson & Johnson Medical GmbH, Norderstedt, Ger-

many). The fascia and skin of the midline abdominal incision were closed with 5–0 vicryl Polyglactin fiber from Ethicon (Johnson &

Johnson Medical GmbH, Norderstedt, Germany). Sham treatment was performed similarly but without ligation of the bile duct

and gallbladder. Animals were monitored for 3 days during recovery and analyzed.

Bone marrow chimeras

For generation of bone marrow chimeras, Mertk+/+ mice and Mertk–/– mice were irradiated with a single dose of 9.5Gy from X-ray

source in one fraction. After 24 h, mice were reconstituted intravenously with 10 3 106 bone marrow cells from either Mertk+/+ or

Mertk–/– mice. Mice were analyzed 30 days after reconstitution.
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METHOD DETAILS

Specific Mer tyrosine kinase inhibitor (UNC2881)
Mer tyrosine kinase inhibitor was purchased fromSelleckchem.com (Catalog No.S7325;Munich, Germany). It was diluted in dimethyl

sulfoxide (DMSO; 50 mg/ml) and then administered intravenously at a dose of 3 mg/kg on day 3 before infection (d-3), d-2, and d-1.

Treatment with Dexamethasone (PZN-08704344)
Dexamethasone (dexa) was purchased from JenaPharm with stock concentration of 4mg ml�1, (Catalog No.PZN-08704344; mibe-

GmbH, Brehna, Germany). It was diluted in phosphate buffered saline (PBS) and then administered intraperitoneally at a dose of

50 mg/100ml before infection on day 3 (d-3), d-2, and d-1. For in vitro experiments, DCs were treated with 4mM dexamethasone

48 h before analysis.

Generation of BMDCs and BMDMs
Primary DCs or macrophages were generated by isolating bone marrow cells from femurs and tibias of mice, followed by the elim-

ination of erythrocytes. Bone marrow cells were cultured in very low endotoxin-DMEM (Biochrom) supplemented with 10% (v v�1)

lipopolysaccharide (LPS)-free FCS (Biochrom); 1% (v v�1) penicillin-streptomycin-glutamine (ThermoFisher Scientific); 0.1%

(v v�1) 50mM b-mercaptoethanol (b-ME) (Invitrogen); and 3% (v v�1) granulocyte–macrophage colony-stimulating factor (DCs)

(made in-house from X63 cell line) or 20% (v v�1) monocyte colony stimulating factor (macrophages) (made in-house from L929

cell line). On day 6 after harvesting, cells were washed with Dulbecco’s phosphate-buffered saline (DPBS), and 5 3 106 cells

were cultured in 10ml Petri dish or 2 3 105 cells were plated in 24 well plate for 2 more days. For dexamethasone experiment, on

day 6 after harvesting, the BMDCs were treated with dexamethasone (4mg ml�1, Jenapharm) for further 48 h.

Generation of apoptotic B16F10 cells
B6-derived melanoma cell line (B16F10) cells were cultured in 10% FCS in Dulbecco’s modified Eagle’s medium (DMEM; PAN-

Biotech, Aidenbach, Germany) in the presence of puromycin (0.03 mg/ml) for 3 days. The cells were heat-stressed in a water bath

at 50�C for 15 min and then incubated at 37�C for an additional 12 h.

Virus and plaque assays
VSV, Indiana strain (VSV-IND, Mudd-Summers isolate), was originally obtained from Professor D. Kolakofsky (University of Geneva,

Switzerland). Virus was propagated on BHK-21 cells at a multiplicity of infection (MOI) of 0.01. The VSV concentration was deter-

mined as described below and was then plaque-purified on Vero cells. Mice were infected intravenously with various doses of

VSV. Virus titers were measured with a plaque-forming assay. For this assay, organs were crushed in DMEM containing 2% FCS,

titrated 1:3 over 12 steps, and plaqued onto Vero cells. After a 2 h incubation at 37�C, an overlay was added, and the virus preparation

was again incubated at 37�C. Plaques were counted 24 h later after crystal violet staining.

Neutralizing antibody assay
Serum was prediluted with 2% FCS DMEM (1:40). The complement system was inactivated at 56�C for 30 min. For analysis of total

immunoglobulin (Ig; IgM and IgG) kinetics, serum was titrated 1:2 over 12 steps and was incubated with 500 PFU VSV. After incu-

bation for 90 min at 37�C, the virus–serum mixture was plaqued onto Vero cells. An overlay was added after 1 h, and the mixture

was incubated again for 24 h at 37�C. Plaques were counted by crystal violet staining. Antibody titers were presented as two- or

three-fold dilution steps (log2 and log3) times the predilution factor (that is, x40).

Histology
Histologic analyses of snap-frozen tissue were performed with a monoclonal antibody to VSV glycoprotein (Vi10; made in-house).

Anti- F4/80 (BM8), Anti-CD169 (SER-4), Anti-Mertk (DSSMMER), anti-CD45.2 (104), and active anti–caspase-3 (C92-605) mono-

clonal antibodies were purchased from eBioscience (Waltham, MA, USA). Sections for caspase-3 staining were washed and stained

with streptavidin (eBioscience). In brief, sections were fixed with acetone, and nonspecific antigens were blocked for 10 min in PBS

containing 2% FCS or for 1 h in PBS containing 10%FCS (anti–caspase-3). They were then stained for various antibodies and diluted

1:100 in blocking solution for 1 h (Vi10, Anti-F4/80, Anti-CD169, anti-CD45.2 and Anti-Mertk) or 2 h (anti-active caspase-3). Images of

stained sections were acquired with a fluorescence microscope (BZ-II analyzer; KEYENCE, Osaka, Japan).

Flow cytometry
Spleens were dissociated in FACS buffer, and splenocytes were incubated with anti-NK1.(PK136) (biolegend, Koblenz, Germany),

anti-CD(H146-968) from abcam, anti-Mertk (DSSMMER), anti-CD4 (GK1.5), anti-CD8 (52-6.7), anti-CD11b (M1/70), anti-CD11c

(N418), anti-CD19 (1D3), anti-CD45R(B220) (RA3-6B2), anti-Ly6C (HK1.4), anti-Ly6G (RB6-8C5), anti-MHCII (M5/114.15.2), anti-

F4/80 (BM8) all from eBioscience (Waltham, MA, USA). Bone marrow derived cells were extracted and cultured as shown previously

and surface stained with anti-Mertk (DSSMMER), anti-CD11b (M1/70), anti-CD11c (N418) all from eBioscience (Waltham, MA, USA).

After 6 h of re-stimulation with VSV antigen p8 peptide or p52 peptide, lymphocytes were stained with anti-CD8 (52-6.7), anti-CD4
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(GK1.5), and anti–IFNg (XMG1.2) all from eBioscience (Waltham, MA, USA). For measurement of intracellular IFNg, cells were fixed

with formaldehyde (2% formaldehyde solution in phosphate-buffered saline, PBS) for 10 min, permeabilized with saponin (1%) so-

lution, and stained with anti–IFNg (XMG 1.1) antibody from eBioscience. Live or dead cells were stained with annexinV (PI;

eBioscience) and 7-AAD (biolegend, Koblenz, Germany) for 30 min at room temperature. For measurement of intracellular IL-10,

and TGF-b production on macrophages and DCs cells were stained with surface antibodies such as anti-CD11b (M1/70), anti-

CD11c (N418) and anti-F4/80 (BM8) all from eBioscience (Waltham,MA, USA). The cells were then fixedwith formaldehyde (2% form-

aldehyde solution in PBS) for 10 min, permeabilized with saponin (1%) solution, and stained with anti- IL-10 (JES5-16ES) or TGF-b

(9016) antibodies (from eBioscience andNovus biologicals respectively). For profilingMertk expression on sorted DC sub population,

the splenocytes were stained as follows; cDC1 (anti-CD11c [N418] and anti-CD8 [52-6.7] all from eBioscience); cDC2 (anti-CD11c

[N418] from eBioscience and anti-CD11b [M1/70] from BD bioscience); pDC (anti-B220 [RA3-6B2], anti-CD11c [N418], and

anti-CD317 [26F8] all from eBioscience); anti- Mertk (from eBioscience) antibodies. All antibodies were diluted 1:100 to their original

concentration in FACS buffer. All stained cells were analyzed on either an LSRII or an FACS LSRFortessa flow cytometer (BD Bio-

sciences), and data were analyzed with FlowJo software (Ashland, OR, USA).

Sorting of DC subpopulation
Spleen of naive and infected mice were digested to obtain splenocytes. 1ml of Ammonium-Chloride-Potassium (ACK) buffer was

added to each pellet for 2mins to lyse erythrocytes and then washed with 1:20 dilution of MACS buffer containing PH-7.2 phosphate

buffered saline (PBS), 0.5% bovine serum albumin (BSA) and 2Mm EDTA. Anti-CD16/32, anti-CD19, -CD3e, -Ly6G and –NK1.1 an-

tibodies were added for 10 mins at 4�C. Pellet were washed and anti-Biotin microbeads solution was added and incubated for

10 mins at 4�C and then washed. Anti-CD11c, -CD8a, -CD11b, -B220 and PDCA1 antibodies for FACS sorting was added for

10 mins at 4�C, after incubation cells were washed with PBS and then proceed for sorting.

Immunoblotting
DCswere cultured for 7days in amedium containing 3% (v v�1) granulocyte–macrophage colony-stimulating factor and then infected

with VSV at an MOI of 1. After 8 h, the cells were lysed with boiling sodium dodecyl sulfate (SDS) buffer (1.1% SDS, 11% glycerol,

0.1 M Tris; pH 6.8) containing 10% 2-mercaptoethanol. Total cell extracts were examined with 10% SDS polyacrylamide gel elec-

trophoresis (SDS-PAGE) gels and transferred onto Whatman nitrocellulose membrane (GE Healthcare, Chicago, IL, USA) by stan-

dard techniques. Membranes were blocked for 1 h in 5% milk (non-fat dried milk) (PAA Laboratories, Etobicoke, ON, CAN) in

PBS supplemented with 0.1% Tween 20 (PBS-T) and were incubated with the primary antibodies anti-SOCS1 (A156) and anti-

SOCS3 (D6E1T) (both fromCell Signaling Technology, Danvers, MA, USA). The secondary antibodies rabbit anti-mouse IgG (gamma.

ch. Sp; Invitrogen, Carlsbad, CA, USA) and anti–glyceraldehyde 3-phosphate dehydrogenase (anti-GAPDH; Meridian Life Science,

Memphis, TN, USA) were detected by horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Bio-Rad Laboratories, Hercules,

CA, USA) antibody, anti-rabbit IgG (GE Healthcare) antibody, or both. Signals were detected with the ChemiDoc imaging system

(Bio-Rad) and analyzed with the manufacturer’s software. Images were cropped for presentation.

RT-PCR
Total RNA was extracted from spleen, liver, and DCs with TRIzol reagent (Ambion, Foster City, CA, USA) according to the manufac-

turer’s instructions. RNA was transcribed with a QuantiTect Reverse Transcription Kit (QIAGEN, Hilden, Germany). Quantitative

RT-PCR amplification of single genes was performed with SYBR Green quantitative PCR master mix in a Light Cycler 480 (Roche,

Indianapolis, IN, USA). QuantiTect Primer assays for IFNa4, IFNb1, TNFa, IL-6, SOCS1, SOCS3, IL-10, TGFb, and Mertk (QIAGEN)

were used for quantification of mRNA expression by the respective genes. For analysis, expression levels of target genes were

normalized to GAPDH, 18S ribosomal RNA (QIAGEN), or both as an internal control gene (DCt). Gene expression values were

then calculated with the DDCt method. Relative quantities (RQs) were determined with the equation RQ¼ = 2-DDCt.

Enzyme-linked immunosorbent assay measurements
For detection of IFNa in murine serum, we used 96-well flat-bottommicrowell plates coatedwithmonoclonal antibody tomouse IFNa

(eBioscience). Themicrowell strips were washed twice and then incubated with sample and biotin conjugate at room temperature for

2 h. Plates were washed with washing buffer and incubated with HRP-conjugated anti-mouse IgG antibody (eBioscience) for 60 min.

Plates were washed and incubated with 1X tetramethylbenzidine (TMB) substrate solution (eBioscience) in the dark for 30 min, after

which 10%H2SO4 solution was added to stop the color reaction. Optical density was measured at 450 nm (FLUOstar Omegamicro-

plate reader, BMG LABTECH, Offenberg, Germany).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism version 8 (GraphPad Software). Data are expressed as mean ± standard

error of the mean (SEM). Student’s t test was used to detect statistically significant differences between groups. Significant
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differences between several groups were detected by one-way analysis of variance (ANOVA) with Bonferroni or Dunnett post

hoc tests. Survival was compared with log-rank (Mantel-Cox) tests. The level of statistical significance was set as *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001, ns = not significant.

DATA AND CODE AVAILABILITY

This study did not generate or analyze datasets and/or code.
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