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 2 

Summary 34 

 35 

Type I interferon (IFN-α/β) induction upon viral infection contributes to the early antiviral 36 

host defense and assures survival until the onset of adaptive immunity. Many viral infections 37 

lead to an acute, transient IFN expression which peaks few hours after infection and reverts to 38 

initial levels after 24 to 36 hours. Robust IFN expression often is conferred by specialized 39 

plasmacytoid dendritic cells (pDC) and may depend on positive feedback amplification via 40 

the type I IFN receptor (IFNAR). Here, we show that mice infected with Thogoto virus 41 

(THOV), which is an influenza virus-like orthomyxovirus transmitted by ticks, mounted 42 

sustained IFN responses that persisted up to 72 hours after infection. For this purpose, we 43 

used a variant of THOV lacking its IFN-antagonistic protein ML, THOV(∆ML). Of note, 44 

high amounts of type I IFN where also found in the serum of mice lacking the IFNAR. Early 45 

IFN-α expression seemed to depend on Toll-like receptor (TLR) signaling, whereas 46 

prolonged IFN-α responses strictly depended on RIG-I-like helicase (RLH) signaling. 47 

Unexpectedly, THOV(∆ML)-infected bone marrow-derived pDC (BM-pDC) produced only 48 

moderate IFN levels, whereas myeloid DC (BM-mDC) showed massive IFN induction that 49 

was IPS-1-dependent, suggesting that BM-mDC are involved in the massive, sustained IFN 50 

production in THOV(∆ML) infected animals. Thus, our data are compatible with the model 51 

that THOV(∆ML) infection is sensed in the acute phase via TLR and RLH systems whereas 52 

at later time points only RLH signaling is responsible for the induction of sustained IFN 53 

responses. 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 
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Introduction 68 

 69 

Type I interferons (IFNs) are the first line of defense upon many viral infections and 70 

contribute to initial survival of the host until the onset of adaptive immunity. In mice, type I 71 

IFNs comprise 14 IFN-α isoforms 
42

 and one IFN-β which all bind one common type I IFN 72 

receptor (IFNAR) 
35

. Although systemic type I IFN can be detected in the absence of the 73 

IFNAR 
4
, robust type I IFN responses upon infections critically involve positive feedback 74 

signaling via the IFNAR 
35,39,40

. 75 

Mice deficient of a functional type I IFN system are highly susceptible to infections with a 76 

broad range of different viruses. IFNAR-deficient mice die after inoculation with as low as 50 77 

pfu of the negative-strand RNA-encoded vesicular stomatitis virus (VSV) whereas wild-type 78 

(WT) mice eliminate 2x10
6
 pfu by day 3 after infection 

29
. Infections of IFNAR-deficient 79 

mice with DNA-encoded vaccinia virus (VACV) strain Western Reserve result in about 80 

10³-fold higher virus titers compared to WT mice and finally, knock-out animals succumb to 81 

the infection 
41

. 82 

Most if not all viral infections can be sensed by dendritic cells (DC) via distinct pattern 83 

recognition receptor (PRR) systems such as Toll-like receptors (TLRs) located at the cell 84 

surface and within endosomes or the retinoic acid inducible gene I (RIG-I)-like helicases 85 

(RLH) detecting nucleic acids within the cytosol 
32

. The different PRR systems are used 86 

differentially by certain DC subsets resulting in the release of distinct cytokine patterns 87 

including type I IFNs 
20,24

. Two major types of DC are described, myeloid DC (mDC; also 88 

called conventional DC) that play a crucial role in antigen presentation but show rather 89 

limited capacities in type I IFN production, and plasmacytoid DC (pDC) that can produce 90 

large amounts of type I IFNs upon appropriate stimulation 
3,7,8,39

. Although most cell types 91 

can produce type I IFN, pDC are the major type I IFN producers upon many different viral 92 

infections and produce up to 100- to 1000-times more IFN than other cell types (reviewed in 93 

12
). Usually, pathogen-induced type I IFN responses are tightly regulated: Appropriate 94 

stimulation leads to an acute but transient expression of IFN which peaks only few hours after 95 

stimulation and reverts to basal levels within one to two days 
19,44-46

. The down regulation of 96 

type I IFN responses is of importance because constantly elevated levels of serum IFN-α can 97 

contribute to chronic inflammation and autoimmune or autoinflammatory diseases, 98 

respectively 
5
.  99 

 100 

Thogoto virus (THOV) is the prototype of tick-transmitted orthomyxoviruses 
33

. Its genome 101 



 4 

consists of 6 single-stranded RNA segments of negative polarity each coding for a structural 102 

protein. Members of the genus THOV are structurally and genetically similar to influenza 103 

viruses 
13

. Dhori virus, a member of the genus THOV, induces disease and cytokine response 104 

pattern upon infection of mice which are similar to that of highly pathogenic influenza virus 105 

infections in humans 
23

. In contrast to its close relative influenza virus, which is usually 106 

restricted to the respiratory system, THOV as a tick-transmitted virus is systemically 107 

distributed.  108 

THOV was shown to be sensitive to the IFN-induced host protein Mx1, which is active 109 

against orthomyxoviruses by blocking primary transcription of the viral RNA genome in the 110 

nucleus of infected cells 
30

. Consequently, Mx1-deficient mice are more susceptible to 111 

infection with THOV compared to Mx1-competent animals 
14

. Like many viruses such as 112 

VACV, influenza virus A and B, herpes simplex virus I, HIV, and Epstein Barr virus 
2,15

, 113 

THOV evolved an evasion strategy to prevent induction of IFNs and/or IFNAR signaling. 114 

THOV sixth segment encodes two different transcripts: A spliced transcript that is translated 115 

into the matrix (M) protein and an un-spliced transcript coding for an elongated form of M 116 

called ML. ML was shown to suppress the induction of type I IFN in vitro by blocking the 117 

action of IFN regulatory factors 
6,18

 and by directly interacting with general transcription 118 

factor TFIIB 
43

. Thus, recombinant THOV, lacking the capacity to express ML, 119 

THOV(∆ML), strongly induces IFN synthesis in vivo 
31

.  120 

Here, we show that some general rules of virus-induced type I IFN responses do not seem to 121 

apply for infection with THOV. We observed sustained, systemic expression of IFN in mice 122 

infected with THOV(∆ML) persisting up to 72 hours after infection. Surprisingly, this 123 

prolonged IFN response was dependent on IPS-1 but not on TLR signaling. Moreover, mDC 124 

but not pDC turned out to be the major type I IFN producers upon THOV(∆ML) infection. 125 

Collectively, THOV(∆ML) infection induces an unexpected kind of type I IFN response and 126 

thus serves as a model to obtain new insights into virus-induced innate immune responses. 127 
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Material and Methods 128 

 129 

Mice 130 

MyD88-deficient mice (MyD88
-/-

) were provided by Shizuo Akira 
1
, TRIF-deficient mice 131 

(TRIF
-/-

) by Bruce Beutler 
16

, and IPS-1-deficient mice (IPS-1
-/-

) by Jürg Tschopp 
27

. For 132 

breeding of MyD88/TRIF double knock-out mice, animals were treated as already described 133 

45
. All mice have been backcrossed at least 10x on the C57BL/6 background. Type I 134 

interferon receptor-deficient mice (IFNAR
-/-

) 
29

 have been backcrossed 20x on the C57BL/6 135 

background. All mice were bred under specific pathogen free (SPF) conditions at the Zentrale 136 

Tierhaltung of the Paul-Ehrlich-Institut. Unmutated C57BL/6 mice were purchased from 137 

Harlan. Mouse experimental work was carried out using 8- to 12-week old mice in 138 

compliance with regulations of German animal welfare. For infection, mice were anesthetized 139 

using Isofluran (cp-pharma) and infected by the intraperitoneal (i.p.) or intravenous (i.v.) 140 

route with a total volume of maximal 200 µl virus in phosphate-buffered saline (PBS). 141 

Animals were euthanized if severe symptoms developed. To determine cytokine levels, 142 

peripheral blood was taken retro-orbitally upon anesthetization using Isofluran (cp-pharma) 143 

and serum was prepared. IFN levels in serum were analyzed using ELISA kits allowing the 144 

determination of mouse IFN-α or mouse IFN-β (PBL Biomedical Laboratories). 145 

 146 

Viruses 147 

Recombinant Thogoto virus (THOV) lacking the ML open reading frame, THOV(∆ML), was 148 

propagated on BHK-21 cells and titrated on Vero cells as described 
43

. Modified vaccinia 149 

virus Ankara (MVA; cloned isolate F6 at 584th CEF passage) 
26,38

 was kindly provided by 150 

Gerd Sutter (Ludwig-Maximilians-University Munich, Germany). MVA was propagated and 151 

titrated on chicken embryo fibroblasts and purified by centrifugation through sucrose using 152 

standard methodologies 
37

. Vesicular stomatitis virus Indiana, Mudd-Summers isolate (VSV), 153 

was originally obtained form D. Kolakofsky, University of Geneva, Geneva, Switzerland. 154 

VSV was grown on BHK-21 cells and titrated on Vero cells. To analyze virus growth upon 155 

THOV infection in vivo, organs were homogenized in medium using lysing matrix tubes D 156 

(MP Biomedicals) and virus titers were determined by plaque assays. 157 

 158 

Cell isolation and culture 159 

Bone marrow (BM) cells were isolated by flushing femur and tibia of mice with RPMI 160 

supplemented with 10% FCS. Upon red blood cell lysis, cells were washed and seeded at a 161 



 6 

density of 1x10
6
 cells/ml or 2x10

6
 cells/ml in medium supplemented with GM-CSF (100 162 

ng/ml; R&D Systems) or Flt3-L (100 ng/ml; R&D systems), respectively. Flt3-L 163 

supplemented cultures (BM-pDC) were cultivated for 8 days with one medium change at day 164 

four, whereas medium of GM-CSF supplemented cultures (BM-mDC) was changed every 165 

two days, depending on the status of cultures, by replacing half of the medium with fresh 166 

cytokine-supplemented medium. 167 

 168 

In vitro stimulation and quantification of cytokine production 169 

For stimulation, in vitro differentiated DC were seeded at 1x10
6
 cells/well in 24-well culture 170 

plates in 1 ml medium. Only for VSV infections (Fig. 3C), DC were seeded at 5x10
6
 171 

cells/well in 24-well culture plates in 1 ml medium 
46

. CpG-containing oligodeoxynucleotide 172 

2216 (ggGGGACGATCGTCgggggG; Sigma-ARK) was used at a concentration of 5 µg/ml. 173 

For transfection of 2 µg pI:C (Sigma-Aldrich), the reagent Fugene (Roche) was used 174 

according to manufacturer’s instructions. For UV irradiation of virus a UV irradiation 175 

chamber (Herolab) was used. Irradiation with 75 mJ/cm² took approximately 10 seconds. 176 

After stimulation of DC cultures, cell-free supernatant was collected and analyzed with 177 

ELISA kits allowing the determination of mouse IFN-α or mouse IFN-β (PBL Biomedical 178 

Laboratories). 179 

 180 

RT-PCR 181 

Total RNA was prepared using TRIZOL reagent (Invitrogen) according to manufacturer’s 182 

instructions. RNA was incubated with DNase I (Roche) for 15 min at 37°C and cDNA was 183 

prepared by using SuperScript II (Invitrogen) according to manufacturer’s instructions. PCR 184 

was performed by using primer pairs for cDNA of THOV segment 5 encoding nucleoprotein 185 

(GenBank accession no. X96872; primers from positions 467 to 486 and 1396 to 1373) and 186 

mouse β-actin (GenBank accession no. X03672; primers from positions 1374 to 1396 and 187 

1585 to 1564). RT-PCR products were separated by agarose gel electrophoresis, stained with 188 

ethidium bromide, and visualized under UV light. PCR with RNA as template confirmed the 189 

absence of genomic DNA within all samples and controls with no template confirmed 190 

specificity. 191 

 192 

 193 

 194 

 195 
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Results 196 

 197 

THOV(∆ML) infection of mice induces sustained type I IFN responses even in absence of  198 

IFNAR signaling 199 

To gain insight into IFN induction upon THOV infection in vivo, mice were infected 200 

intraperitoneally (i.p.) with 2x10
4
 pfu of THOV. Since THOV-encoded ML protein was 201 

shown to suppress activation of an IFN-β reporter construct und thus was described as a 202 

potent IFN antagonist 
13

, THOV devoid of the ML open reading frame, THOV(∆ML), was 203 

used throughout our study. Serum IFN-α levels reached a plateau 24 hours after infection. 204 

Unexpectedly, IFN-α responses sustained until termination of the experiment 72 hours after 205 

infection (Fig. 1A; black diamonds). Comparable sustained, elevated levels were observed for 206 

IFN-β until 72 hours after infection (Fig. 1B; black diamonds). Similar results were obtained, 207 

when THOV(∆ML) was applied via the intravenous route (data not shown). To determine a 208 

possible role of the IFNAR, IFNAR
-/-

 mice were infected with THOV(∆ML) and serum type I 209 

IFN levels were analyzed at the indicated time points. IFNAR
-/-

 mice mounted even higher 210 

and/or faster IFN-α (Fig. 1A) and IFN-β (Fig. 1B) responses, respectively, when compared to 211 

WT animals. Similarly, IFN-β deficiency did not reduce IFN-α responses upon THOV(∆ML) 212 

infection (data not shown). Of note, type I IFN levels induced upon THOV(∆ML) infection 213 

had only minor protective capacity, due to the lack of a functional IFN-induced Mx1 gene in 214 

C57BL/6 mice 
36

. Therefore, all WT animals uniformly succumbed to infection at 72 hours 215 

after infection and experiments had to be discontinued (Fig. 1C). Nevertheless, absence of the 216 

IFNAR advanced the onset of signs of disease and IFNAR
-/-

 mice had to be killed already at 217 

30 hours post infection (Fig. 1C), indicating IFN-induced antiviral activities in WT animals. 218 

Thus, THOV(∆ML) infection induces high, sustained type I IFN responses in vivo even in the 219 

absence of feedback signaling via the IFNAR. Of note, it can not be excluded that WT 220 

animals, sufficient for the IFNAR, use the receptor for positive feedback amplification of type 221 

I IFN responses upon THOV infection. 222 

 223 

To compare replication of THOV(∆ML) in the tested mouse strains, we analyzed viral load in 224 

different organs of WT and IFNAR
-/-

 mice. As expected and recapitulating the hepatotropism 225 

of THOV, highest virus titers were detected in liver (Fig. 1D) 
11,14

. Compared to WT mice, in 226 

livers of IFNAR
-/-

 animals 10-fold increased virus load was detected already 24 hours after 227 

infection; comparable virus levels were reached in WT animals at the time point they had to 228 

be sacrificed (about 10
7
 pfu/organ; Fig. 1D). Interestingly, IFNAR

-/-
 mice showed more than 229 
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100-fold higher virus titers in the spleen compared to WT mice that showed only low levels of 230 

THOV(∆ML) replication in this organ (Fig. 1E). Moreover, THOV(∆ML) could be detected 231 

in the brain exclusively in IFNAR
-/-

 mice (Fig. 1F). This enhanced replication of 232 

THOV(∆ML) might explain the strong and early systemic IFN synthesis in IFNAR
-/-

 mice 233 

(Fig. 1A and B). Taken together, high levels of IFNs produced in WT animals are able to 234 

decelerate viral replication and restrict viral tissue tropism but confer only limited protection 235 

against fatal outcome of the infection.  236 

 237 

Sustained type I IFN production upon THOV(∆ML) infection in vivo is dependent on IPS-1 238 

We next wanted to gain insight into the molecular mechanism involved in sensing 239 

THOV(∆ML) infection in vivo. Therefore, we infected WT mice, MyD88
-/-

TRIF
-/-

 mice that 240 

are devoid of any TLR signaling, and mice lacking the RLH adaptor molecule IFN-β 241 

promoter stimulator-1 (IPS-1
-/-

; also known as MAVS, VISA or Cardif) i.p. with 2x10
4
 pfu of 242 

THOV(∆ML). As shown in Figure 2A, THOV(∆ML)-induced IFN-α responses in mice 243 

devoid of the TLR-adaptors MyD88 and TRIF were delayed by 24 to 36 hours after infection 244 

and reached normal levels after 48 to 60 hours (Fig. 2A). Importantly, when IPS-1-deficient 245 

mice were infected, animals mounted early IFN-α responses, whereas at later time points no 246 

IFN-α was detected (Fig. 2A). These data suggest a role of TLR signaling in the induction of 247 

early IFN-α responses, whereas IPS-1 contributes to sustained IFN-α secretion upon 248 

THOV(∆ML) infection. 249 

 250 

In order to dissect whether active THOV(∆ML) replication was necessary for IFN induction, 251 

we used untreated and UV-irradiated THOV(∆ML) for infection of WT mice. Already at a 252 

low dosage of UV irradiation (75 mJ/cm
2
), no viral replication could be detected anymore in 253 

an in vitro assay (data not shown). As shown in Figure 2B, IFN-α responses were abrogated 254 

upon infection with UV-irradiated THOV(∆ML). Thus, high level and sustained type I IFN 255 

production upon THOV infection in vivo is dependent on replication-competent virus. 256 

 257 

As shown in Figure 1, sensing of type I IFNs via the IFNAR contributes to reduced viral 258 

replication and delayed onset of disease upon THOV(∆ML) infection. Thus, we explored 259 

whether the modulation of IFN responses as observed in MyD88
-/-

TRIF
-/- 

and IPS-1
-/-

 mice 260 

had any biological consequences. Indeed, the delayed and/or reduced systemic production of 261 

IFN in MyD88
-/-

TRIF
-/- 

and IPS-1
-/-

 mice, respectively, promoted development of severe 262 

disease of the animals (uniformly at 60 hours after infection) when compared to WT animals 263 
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that had to be sacrificed 72 hours after infection (Fig. 2C). Furthermore, MyD88
-/-

TRIF
-/- 

and 264 

IPS-1
-/-

 mice showed THOV(∆ML) infection of the brain that was not observed upon 265 

infection of WT animals, whereas viral load in liver and spleen of MyD88
-/-

TRIF
-/- 

and 266 

IPS-1
-/-

 mice was comparable to that of WT animals (Fig. 2D). Whether elevated viral titers 267 

observed in brains of knock-out animals were related to the earlier onset of disease stays 268 

unsettled. We used protein kinase R-deficient mice (PKR
-/-

) for infection as well. However, 269 

type I IFN levels upon THOV(∆ML) infection were comparable to strain-matched WT 270 

control animals (mice on the SV129 background; data not shown). 271 

 272 

Robust type I IFN expression by BM-mDC but not BM-pDC upon THOV(∆ML) infection in 273 

vitro 274 

It is well accepted that upon most viral infections pDC are the main source of type I IFNs and 275 

are responsible for systemic type I IFN responses in vivo 
8,12,39

. Surprisingly, upon 276 

THOV(∆ML) infection, BM-mDC elicited robust IFN-α responses, whereas BM-pDC 277 

produced only minor IFN-α levels (Fig. 3A). Of note, both BM-mDC and BM-pDC were 278 

successfully infected by THOV(∆ML) as indicated by RT-PCR amplification of transcripts of 279 

THOV segment 5 (Fig. 3B). Moreover, BM-pDC secreted IL-10 upon THOV(∆ML) infection 280 

(data not shown), indicating that BM-pDC were susceptible for THOV(∆ML) infection. 281 

Interestingly, in BM-mDC IFN-α levels were highest at the lowest moi tested (Fig. 3A), most 282 

probably due to cytopathic effects observed upon infection with moi 10 (data not shown). As 283 

a control, the TLR9 ligand double-stranded CpG-containing oligonucleotide 2216 (CpG) was 284 

used to induce IFN responses by BM-pDC but not by BM-mDC (Fig. 3A). Infection with 285 

ssRNA-encoded VSV or dsDNA-encoded modified vaccinia virus Ankara (MVA) confirmed 286 

that BM-pDC but not BM-mDC were main type I IFN producers upon these viral infections 287 

(Fig. 3C) as described previously 
45,46

. To further analyze conditions required for 288 

THOV(∆ML)-mediated IFN production, cells were infected with virus irradiated with graded 289 

dosages of UV light prior to infection. Reminiscent of the data obtained in vivo, IFN secretion 290 

upon THOV(∆ML) infection was abrogated when UV-irradiated virus was used 291 

demonstrating that viral replication was necessary for both IFN-α (Fig. 3D) and IFN-β (Fig. 292 

3E) induction in BM-DC. Thus, we showed that upon infection with ssRNA-encoded 293 

THOV(∆ML) BM-mDC, but not BM-pDC, are the main source for type I IFNs and that these 294 

BM-mDC-derived IFN responses were critically dependent on viral replication. 295 

 296 

Type I IFN production by BM-mDC upon THOV infection is dependent on IPS-1 297 
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As indicated in Figure 3, BM-mDC produced large amounts of type I IFN upon THOV(∆ML) 298 

infection. To test whether the in vivo IPS-1 dependence of THOV(∆ML)-induced IFN-α is 299 

also found in specialized DC subsets, BM-mDC and BM-pDC were generated from WT, 300 

MyD88
-/-

TRIF
-/-

, and IPS-1
-/-

 mice. The total numbers of cells derived from the different 301 

knock-out mice were comparable to that of WT mice. Reminiscent of the results obtained in 302 

vivo, THOV(∆ML)-induced IFN-α production by BM-mDC was dependent on IPS-1-adapted 303 

signaling. Furthermore, IFN-α levels in supernatants of infected MyD88
-/-

TRIF
-/-

 DC were 304 

comparable with those elicited by WT DC (Fig. 4). Controls such as TLR9 ligand CpG 305 

(inducing IFN-α responses by BM-pDC but not BM-mDC in a strictly TLR-dependent 306 

manner), IFN induction by synthetic dsRNA pI:C (being dependent on IPS-1-adapted RLH 307 

signaling in BM-mDC and dependent on TLR signaling in BM-pDC 
20,22,25,28

), and infection 308 

with the dsDNA-encoded MVA (inducing IFN responses in both DC subsets) confirmed 309 

specificity and functionality of DC subsets (Fig. 4). Collectively, data presented here show 310 

that BM-mDC, but not highly specialized BM-pDC, are main type I IFN producers upon 311 

THOV(∆ML) infection in a strictly IPS-1-dependent manner.  312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 

 329 

 330 

 331 
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Discussion 332 

 333 

THOV is the prototype of tick-transmitted orthomyxoviruses and shares structural and genetic 334 

similarities with its relative influenza virus. In contrast to influenza virus infections which in 335 

situ are mediated via the respiratory system and thus are acting locally, as a tick-mediated 336 

virus, THOV is acting systemically per se. Moreover, for THOV but not influenza virus, mice 337 

are an important natural host 
9,11

. Thus, THOV is a suitable model avoiding certain drawbacks 338 

that may play a role when using influenza virus for systemic experimental infection studies. 339 

We previously showed that THOV induces type I IFN responses in cell lines and mouse 340 

embryonic fibroblasts 
6,13

. However, basically nothing was known about THOV-mediated 341 

induction of type I IFN responses in vivo and about cell types specialized for high IFN 342 

production upon THOV infection or pattern recognition receptor systems involved. 343 

 344 

Here, we show that THOV(∆ML) infection in vivo induces a robust type I IFN response that 345 

sustains until the experiments had to be discontinued at 72 hours after infection (Fig. 1A). 346 

Unexpectedly, strong IFN-α responses upon THOV(∆ML) infection were also detected in 347 

IFNAR
-/-

 mice hence, in the absence of positive feedback amplification via the IFNAR (Fig. 348 

1A). It has been shown already that some viruses such as VSV or herpes simplex virus 2 or 349 

artificial stimuli such as synthetic dsRNA pI:C can induce IFN-α responses in absence of the 350 

IFNAR. However, in these studies levels induced in IFNAR
-/-

 animals were reduced by more 351 

than 50-times when compared to WT animals 
4
. In particular for pDC, IFNAR-independent 352 

type I IFN production was suggested 
17,21

. However, recent studies showed that also pDC use 353 

the IFNAR feedback signaling for amplification of type I IFN secretion (reviewed in 
39

). 354 

In our experimental setting, IFN-α levels induced in IFNAR- and IFN-β-deficient mice were 355 

not reduced when compared to WT animals and showed no delay in time kinetics (Fig. 1A 356 

and data not shown) possibly boosted by the enhanced virus replication in IFNAR
-/-

 mice 357 

(Fig. 1D). Of note, because of the early death of the IFNAR
-/-

 mice upon THOV(∆ML) 358 

infection, our experimental set-up does not exclude a role of positive feedback amplification 359 

for IFN induction at later time points during infection of WT animals. The sustained, robust 360 

IFN response could hint to an interplay of certain cell types in vivo that produce type I IFNs. 361 

Our in vitro experiments suggest mDC playing an important role. However, non-myloid cells 362 

may secrete type I IFNs as well and thus, may contribute to systemic type I IFN production 363 

upon THOV(∆ML) infection in vivo. 364 

 365 
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We found that the RLH-adaptor molecule IPS-1 is crucial for robust and sustained type I IFN 366 

induction (Fig. 2A and 4). Interestingly, Kato et al. demonstrated that RIG-I is essential for 367 

induction of IFN production after RNA-virus infection of myeloid cells and fibroblasts 368 

whereas pDC use the TLR system rather than RIG-I for detection of viral infections 
20

. Hence, 369 

the clear dependency for IPS-1 in THOV(∆ML)-induced IFN responses is consistent since we 370 

show that BM-mDC account for main type I IFN responses upon THOV(∆ML) infection. By 371 

using UV-irradiated and thus, replication-incompetent virus, we could show that for both 372 

induction of IFN-α in vivo (Fig. 2B) and in vitro (Fig. 3D), viral replication is crucial upon 373 

THOV(∆ML) infection. In line with these findings, using influenza A and Sendai virus, 374 

Rehwinkel et al. just recently showed that RIG-I agonists are exclusively generated by the 375 

process of virus replication 
34

. 376 

Interestingly, we found some reduced, transient IFN-α production in THOV(∆ML)-infected 377 

IPS-1
-/-

 mice that could reflect TLR-dependent THOV-induced IFN responses. This 378 

assumption goes with the delayed IFN-α response in MyD88
-/-

TRIF
-/-

 mice (Fig. 2A). 379 

Accordingly, IPS-1
-/-

 BM-mDC did not mount any IFN responses upon THOV(∆ML) 380 

infection (Fig. 4). By now, it is unclear which cell type accounts for this early IPS-1-381 

independent, possibly TLR-dependent, response in vivo. Preliminary experiments show that 382 

cells such as macrophages do not seem to play a major role since peritoneal exudate cells, 383 

containing many macrophages, do not produce high levels of IFN upon THOV(∆ML) 384 

stimulation in an IPS-1-independent manner. Moreover, IFN levels upon THOV(∆ML) 385 

infection of total BM or total spleen cells were too low to clearly discriminate between IPS-1-386 

competent and -deficient preparations (data not shown).  387 

Unexpectedly, our experiments using BM-derived DC subsets clearly indicated that BM-388 

mDC but not BM-pDC were the main type I IFN producing cell type upon THOV(∆ML) 389 

infection (Fig. 3A). We and others showed that mDC can produce IFN upon viral infection, 390 

mainly after infections with attenuated viruses such as MVA 
45

, VSV-M2 
46

, and LCMV 391 

clone 13 
10

. However, upon viral infections to our knowledge, IFN levels secreted by mDC 392 

were significantly below those secreted by pDC (also reviewed in 
12

). 393 

 394 

In the present study, we used THOV devoid of the ML open reading frame. THOV-encoded 395 

ML protein was shown to suppress activation of an IFN-β reporter construct und thus was 396 

described as a potent IFN antagonist 
13

. Of note, we used both THOV variants, THOV(∆ML) 397 

and THOV encoding ML, and both were able to induce IFN responses by BM-mDC in an 398 

IPS-1-dependent manner (data not shown). Levels of IFN induced by BM-mDCs were 399 
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comparable when infected with these two viruses indicating that BM-mDC might have 400 

developed strategies to circumvent viral escape mediated by the ML protein which is effective 401 

in other cell types such as fibroblasts or pDC 
6
. Recent studies suggest the involvement of the 402 

TFIIB transcription factor in the ML-mediated suppression of IFN induction 
43

. A unique 403 

transcription factor repertoire and its involvement in IFN expression by mDC might represent 404 

a possible mechanism to circumvent viral escape as mediated by ML. 405 

 406 

We observed some protective capacity of type I IFNs in vivo since block of IFN signaling in 407 

IFNAR
-/-

 mice strongly decreased survival of the animals (Fig. 1C). Additionally, IFN 408 

expression contributed to decelerate viral replication and to limited viral spread (Fig. 1D-F). 409 

Of note, we used naturally Mx1-deficient mouse strains in our study to investigate induction 410 

of IFN by THOV(∆ML). IFN-dependent induction of Mx1 in THOV-infected adult animals 411 

efficiently suppresses THOV replication to undetectable levels 
14

 and therefore, are not 412 

appropriate to study long-term effects of viral replication on IFN-induction. However, high 413 

IFN-inducing capacity of THOV(∆ML) has been detected in newborn Mx1-positive mice 414 

despite severely reduced viral titers leading to the survival of the animals 
31

. It will be a matter 415 

of future investigation, analyzing whether sustained type I IFN production as observed in our 416 

study is applicable to Mx1-positive mice as well and hence, to which extent viral replication 417 

is involved. 418 

Collectively, THOV(∆ML) infection of mice leads to an unexpected strong and long-lasting 419 

mode of type I IFN expression that is most likely dominated by an IPS-1-dependent IFN 420 

production of infected mDC but not pDC. This system will serve as an ideal model to obtain 421 

novel insights in virus-induced innate immune responses. 422 

 423 
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Figure Legends 434 

 435 

Fig. 1: IFNAR-independent induction of sustained type I IFN production upon 436 

THOV(∆ML) infection in vivo. (A) C57BL/6 mice (WT; black diamonds) and IFNAR
-/-

 437 

mice (open circles) were i.p. inoculated with 2x10
4
 pfu of THOV(∆ML). Serum was collected 438 

at the indicated time points after infection and analyzed for IFN-α and IFN-β (B) by an 439 

ELISA method (n=6). (C) In parallel, survival of mice was monitored. (D) At the indicated 440 

time points (24 h post infection, black bars; 48 h post infection, gray bars; 72 h post infection, 441 

white bars) mice (n=2-6) were sacrificed, organs homogenized, and viral titers determined by 442 

plaque assays on Vero cells. <; not detectable. Data shown are representative for two to five 443 

independent experiments. Error bars indicate standard deviations. **, P <0.01 ≥0.001 by 444 

unpaired two-tailed t test. 445 

 446 

Fig. 2: Sustained type I IFN production upon THOV(∆ML) infection in vivo is 447 

dependent on IPS-1. (A) C57BL/6 mice (WT; black diamonds), MyD88
-/-

TRIF
-/-

 mice (open 448 

squares), and IPS-1
-/-

 mice (black squares) were i.p. inoculated with 2x10
4
 pfu of 449 

THOV(∆ML). Serum was collected at the indicated time points after immunization and 450 

analyzed for IFN-α by an ELISA method (n=3-5). (B) C57BL/6 mice were i.p. inoculated 451 

with 2x10
4
 pfu of THOV(∆ML) (black diamonds) or 2x10

4
 pfu of THOV(∆ML) which was 452 

UV-irradiated (150 mJ/cm²) prior to infection (open diamonds). Serum was collected at the 453 

indicated time points after immunization and analyzed for IFN-α by an ELISA method (n=3). 454 

(C) In parallel, survival of mice was monitored. (D) At 60 h post infection mice were 455 

sacrificed, organs homogenized, and viral titers determined by plaque assays on Vero cells. <; 456 

not detectable. Data shown in (A) to (D) are representative for three independent experiments. 457 

Error bars indicate standard deviations. **, P <0.01 ≥0.001 by one factorial analysis of 458 

variance (WT compared to MyD88
-/-

TRIF
-/-

 at 24 hours post infection and WT compared to 459 

IPS-1
-/-

 at 48 hours after infection) and by unpaired two-tailed t test (for Fig. 2B), 460 

respectively. 461 

 462 

Fig. 3: Robust type I IFN expression by BM-mDC but not BM-pDC upon THOV(∆ML) 463 

infection in vitro. (A) BM-mDC (gray bars) and BM-pDC (black bars) were infected with 464 

THOV(∆ML) with moi 10, 1, and 0.1, respectively. Untreated and CpG-stimulated cells 465 

served as controls. At 24 hours after treatment supernatants were analyzed for IFN-α by an 466 

ELISA method. (B) BM-mDC and BM-pDC were infected with THOV(∆ML) with moi 0.1 467 
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or 1. Untreated and CpG-stimulated cells served as controls. At 24 hours after treatment RNA 468 

was extracted and analyzed by RT-PCR for transcripts of segment 5 (seg. 5) of THOV(∆ML) 469 

and of mouse β-actin. RT-PCR products were visualized in an ethidium bromide stained 470 

agarose gel under UV light. (C) BM-mDC (gray bars) and BM-pDC (black bars) were 471 

infected with VSV with moi 1 or MVA with moi 1. Untreated cells served as controls. At 24 472 

hours after treatment supernatants were analyzed for IFN-α by an ELISA method. (D) BM-473 

mDC (gray bars) and BM-pDC (black bars) were infected with THOV(∆ML) (moi 0.1) or 474 

with THOV(∆ML) (moi 0.1) that was irradiated with UV light (at the indicated dosages in 475 

mJ/cm²) prior to infection. Control cells were left untreated. At 24 hours after infection 476 

supernatants were analyzed for IFN-α and IFN-β (E) by an ELISA method. <; not detectable. 477 

Data shown are representative for two to four independent experiments. Error bars indicate 478 

standard deviations. *, P <0.05 ≥0.01; **, P <0.01 ≥0.001 by unpaired two-tailed t test. 479 

 480 

Fig. 4: Type I IFN production by BM-mDC upon THOV(∆ML) infection is dependent 481 

on IPS-1. (A) BM-mDC (gray bars) and BM-pDC (black bars) were generated from C57BL/6 482 

mice (WT), MyD88
-/-

TRIF
-/-

 mice, and IPS-1
-/-

 mice and infected with THOV(∆ML) (moi 483 

0.1). Untreated, CpG-stimulated, pI:C-transfected, and MVA-infected (moi 1) cells served as 484 

controls. At 24 hours after treatment supernatants were analyzed for IFN-α by an ELISA 485 

method. <; not detectable. Data shown are representative for three to four independent 486 

experiments. Error bars indicate standard deviations. ***, P <0.001 by unpaired two-tailed t 487 

test (for THOV(∆ML)-infected WT compared to IPS-1
-/-

 mDC); n.s., not significant (for 488 

THOV(∆ML)-infected WT compared to MyD88
-/-

TRIF
-/-

 mDC). 489 

 490 

 491 

 492 

 493 

 494 

 495 

 496 

 497 

 498 

 499 

 500 

 501 
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