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Abstract 17 

The aryl hydrocarbon receptor (AhR) is a cytoplasmic receptor/transcription factor that 18 

modulates several cellular and immunological processes following activation by pathogen-19 

associated stimuli, though its role during virus infection is largely unknown. Here, we show that 20 

AhR is activated in cells infected with mouse hepatitis virus (MHV), a coronavirus, and contributes 21 

to the upregulation of downstream effector TCDD-inducible poly(ADP-ribose) polymerase 22 

(TiPARP) during infection. Knockdown of TiPARP reduced viral replication and increased 23 

interferon expression, suggesting that TiPARP functions in a pro-viral manner during MHV 24 

infection. We also show that MHV replication induced expression of other genes known to be 25 

downstream of AhR in macrophages and dendritic cells and in livers of infected mice. Further, we 26 

found that chemically inhibiting or activating AhR reciprocally modulated expression levels of 27 

cytokines induced by infection, specifically IL-1, IL-10, and TNF, consistent with a role for 28 

AhR activation in the host response to MHV infection. Furthermore, while indoleamine 2,3-29 

dioxygenase (IDO1) drives AhR activation in other settings, MHV infection induced equal 30 

expression of downstream genes in WT and IDO1-/- macrophages, suggesting an alternative 31 

pathway of AhR activation. In summary, we show that coronaviruses elicit AhR activation by an 32 

IDO1-independent pathway, contributing to upregulation of downstream effectors including the 33 

pro-viral factor, TiPARP, and to modulation of cytokine gene expression and identify a previously 34 

unappreciated role for AhR signaling in CoV pathogenesis. 35 

 36 

 37 

 38 

Importance 39 
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Coronaviruses are a family of positive-sense RNA viruses with human and agricultural 40 

significance. Characterizing the mechanisms by which coronavirus infection dictates pathogenesis 41 

or counters the host immune response would provide targets for the development of therapeutics. 42 

Here, we show that the aryl hydrocarbon receptor (AhR) is activated in cells infected with a 43 

prototypic coronavirus, mouse hepatitis virus (MHV), resulting in expression of several effector 44 

genes. AhR is important for modulation of the host immune response to MHV and plays a role in 45 

the expression of TiPARP, which we show is required for maximal viral replication. Taken 46 

together, our findings highlight a previously unidentified role for AhR in regulating coronavirus 47 

replication and the immune response to the virus. 48 

 49 

Introduction 50 

Coronaviruses (CoVs) are a group of positive-sense single-stranded RNA viruses 51 

responsible for agricultural and human disease with high economic burden and outbreak potential. 52 

Understanding the pathways driving CoV replication and pathogenesis is crucial to combat CoVs 53 

with high mortality such as severe acute respiratory syndrome (SARS) and Middle East respiratory 54 

syndrome (MERS) CoVs. Mouse hepatitis virus (MHV), a prototypic CoV, causes hepatitis and/or 55 

encephalitis depending on the strain. Previous studies have detailed many of the cellular pathways 56 

critical for or elicited by MHV infection (1, 2). Several antiviral mechanisms are induced by MHV 57 

infection, but MHV encodes proteins that counter these host processes. For instance, interferons 58 

(IFNs), especially type 1 IFNs (IFN-I), are vital to limiting MHV infection in mice (3, 4), but IFN-59 

I production and signaling are inhibited during MHV infection in multiple cell types (5-7). MHV 60 

also inhibits the functions of downstream IFN-stimulated genes (ISGs). For example, the MHV 61 
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macrodomain, a virally encoded ADP-ribosylhydrolase, reverses cellular ADP-ribosylation by 62 

IFN-I-induced poly(ADP-ribose) polymerases (PARPs) that limit viral replication (8, 9).  63 

The aryl hydrocarbon receptor (AhR) is a receptor/transcription factor that has been shown 64 

to direct multiple host responses. While initially believed to operate only in the context of the 65 

cellular response to toxins, AhR is now recognized as a significant regulator of the host immune 66 

response as well. AhR in the cytosol is activated by binding ligands which are exogenous, such as 67 

the toxin 2,3,7,8-tetrachlorodibenzodioxin (TCDD), or endogenous, such as cellular metabolites 68 

(Fig. 1). This triggers AhR translocation to the nucleus, where AhR complexes with AhR nuclear 69 

translocator (ARNT) or other binding partners to induce expression of several different proteins 70 

(downstream effectors) responsible for degrading the xenobiotic agent and for limiting potential 71 

cellular damage. Upregulated genes include cytochrome P450 enzymes (CYPs) that catabolize the 72 

exotoxin, negatively regulating AhR activation by depleting AhR ligands (10). Another inhibitory 73 

protein, the AhR repressor (AhRR), is also upregulated and competes with ARNT for AhR 74 

dimerization in the nucleus (11). PARP7, also known as TCDD-inducible PARP (TiPARP), is 75 

highly induced by AhR activation as well, indicating a relationship to cellular ADP-ribosylation. 76 

TiPARP is responsible for mitigating the pathology after TCDD administration to mice at least in 77 

part due to feedback inhibition of AhR (12). 78 

In the context of the immune response, endogenous metabolites are likely the primary 79 

ligands that drive AhR activation. The prototypical endogenous ligand is kynurenine, a tryptophan 80 

catabolite produced by indoleamine 2,3-dioxygenase 1 or 2 (IDO1 or IDO2) in immune cells or 81 

tryptophan 2,3-dioxygenase (TDO, encoded by the TDO2 gene) in the liver (13, 14). IDO1, the 82 

best characterized of these enzymes, is induced by inflammatory factors such as IFN-I or II, TGF, 83 

and IL-6 (15). AhR also activates IDO1 expression and enhances its activity through multiple 84 
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pathways (16), and the resulting IDO1-AhR-IDO1 positive feedback loop prolongs effects of AhR 85 

activation (17, 18). Though kynurenine is believed to be the predominant derivative of tryptophan 86 

that drives AhR activation, multiple other degradation products of tryptophan or other 87 

biomolecules are synthesized independent of IDO1/2 or TDO or can be sourced from the gut 88 

microflora, diet, or even UV-mediated photo-oxidation (19). Prostaglandins, cAMP, and oxidative 89 

species may also activate AhR though with unknown physiologic or pathologic significance (20-90 

22). 91 

Many studies have demonstrated that AhR activation during immunostimulation and 92 

inflammation generally exerts a immunosuppressive effect via multiple mechanisms (23). AhR 93 

activation by chemical agonists has been shown to influence the differentiation (24-28) and 94 

cytokine/chemokine production (25, 26, 29-32) of T cells, dendritic cells, and macrophages. AhR 95 

has also been shown to bind to and modulate the transcription specificity of NF-B in multiple 96 

experimental settings, which could contribute to cytokine modulation (30, 33-35). Other studies 97 

have shown that AhR activation in immune cells is driven by IDO1, and the resulting IDO1-AhR-98 

IDO1 positive feedback loop helps to establish immunotolerance (18, 36, 37). In contrast, less is 99 

known about the role of AhR during virus infection. While previous work has explored pathways 100 

affected by AhR activation during in influenza A virus (IAV), herpes simplex virus (HSV), 101 

hepatitis C virus (HCV), and Epstein-Barr virus (EBV) infection (38-41), the virological impact 102 

of AhR is still largely uncharacterized. Here, we show that CoV replication in macrophages results 103 

in AhR activation in an IDO1-independent manner, leading to increased expression of several 104 

downstream effectors and to modulation of the cytokine response. We also show that TiPARP, 105 

induced by AhR, is a pro-viral factor in CoV-infected cells.  106 

 107 
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Results 108 

MHV-A59 infection induces TiPARP expression through IFN-I-dependent and -independent 109 

mechanisms.  110 

Infection of bone-marrow derived macrophages (BMDMs) with the neurotropic JHM 111 

strain of MHV (MHV-JHM) results in increased expression of several IFN-I-inducible PARPs 112 

(PARPs 7, 9-12 and 14) (8). However, PARP7 (TiPARP) was also induced during MHV-JHM 113 

infection of IFNAR-/- BMDMs, suggesting that other factors besides IFN-I mediate TiPARP 114 

upregulation during infection (8). To expand on these results, we infected Delayed Brain Tumor 115 

(DBT) astrocytoma cells (Fig. 2A) or 17Cl-1 fibroblast-like cells (Fig. 2B), both of which 116 

minimally produce IFN during MHV infection (6, 7), with the A59 strain of MHV (MHV-A59). 117 

We used MHV-A59 because it replicates to higher titers than MHV-JHM in vitro (42). 118 

Upregulation of most PARPs, including PARPs 9, 11, 12, and 14, was lost or attenuated in these 119 

cell lines during infection, contrasting with the robust PARP upregulation profile seen in MHV-120 

A59-infected wild type (WT) BMDMs (Fig. 2C). Despite the diminished expression of many IFN-121 

dependent PARPs, TiPARP was highly upregulated following MHV-A59 infection in all three cell 122 

types, suggesting a conserved mechanism of induction. Furthermore, induction of TiPARP in 123 

IFNAR-/- BMDMs was conserved after infection with MHV-A59, consistent with previous 124 

findings with MHV-JHM (Fig. 2D). Although not further studied here, PARP13 was also 125 

upregulated in infected IFNAR-/- cells. Overall, these results indicate that TiPARP is upregulated 126 

by another pathway during infection in the absence of IFN-I signaling. 127 

TiPARP knockdown restricts MHV-A59 replication.  128 

We previously noted that viral genomic RNA (gRNA) levels during MHV-JHM infection 129 

were reduced in BMDMs treated with siRNA directed toward TiPARP (8). To confirm this 130 
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phenotype, we treated BMDMs with TiPARP-specific siRNA prior to infection with MHV-A59 131 

at low (0.1 PFU/cell) and high (5 PFU/cell) multiplicities of infections (MOIs) and measured 132 

replication by quantification of viral genomic content and infectious virus (Fig. 3). At low MOI at 133 

12 hours post infection (hpi), TiPARP knockdown decreased viral gRNA levels (Fig. 3A) and 134 

titers (Fig. 3B), though the former only trended towards statistical significance. MHV infection at 135 

MOI of 5 PFU/cell showed significantly decreased gRNA levels and virus titers in TiPARP 136 

knockdown cells (Fig. 3C & D), indicating a role for TiPARP in facilitating MHV-A59 infection. 137 

These differences in gRNA and virus titers even persisted at later time points p.i. when cell 138 

viability was decreased, resulting in decreased infectious virus titers. Furthermore, while IFN4 139 

and IFN mRNA levels were unaffected by TiPARP deficiency at low or high MOI at 6 or 12 hpi, 140 

they were increased at 18 and 22 hpi (Fig. 3A & C). Together, our results suggest that TiPARP 141 

augments MHV replication throughout infection and negatively regulates IFN-I expression during 142 

later stages of infection. 143 

MHV-A59 replication in vitro and in vivo induces expression of effector genes downstream 144 

of AhR activation. 145 

Because expression of TiPARP is well established to be induced by ligand-activated AhR 146 

(43), we hypothesized that MHV-A59 infection resulted in AhR activation. To assess AhR 147 

activation during MHV-A59 infection in BMDMs at multiple time points, we quantified mRNA 148 

expression of known effectors downstream of AhR, including CYP1A1, CYP1A2, CYP1B1, 149 

TiPARP, and AhRR (Fig. 1). We also analyzed gene expression of AhR itself and of AhR ligand-150 

producing enzymes IDO1, IDO2, and TDO as IDO1 gene expression can also be induced by AhR 151 

activation. We found that, while CYP1A1, CYP1A2, IDO2, and TDO2 mRNA were undetectable 152 

at all time points, CYP1B1, AhRR, TiPARP, IDO1, and AhR mRNA were all upregulated over 153 
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the course of infection (Fig. 4A). To determine if this response is conserved in other immune cell 154 

types, we quantified transcription of these downstream effectors in bone marrow-derived dendritic 155 

cells (BMDCs) (Fig. 4B). At both 12 and 22 hpi, CYP1B1, AhRR, TiPARP, IDO1, and AhR were 156 

all upregulated in BMDCs, suggesting that AhR activation occurs following MHV-A59 infection 157 

in multiple cell types. 158 

To determine if our in vitro results could be recapitulated in vivo, we infected C57Bl/6 159 

mice with MHV-A59 via intraperitoneal injection (Fig. 4C). At 3 and 5 days post infection (dpi), 160 

levels of CYP1B1, TiPARP, AhRR, and IDO1 mRNA increased in the livers of infected mice, 161 

suggesting that MHV elicited AhR activation. Furthermore, upregulation of these downstream 162 

genes paralleled viral replication at 3 and 5 dpi as assessed by measuring viral gRNA levels. In 163 

contrast to our results in BMDMs, IDO2 and TDO2 mRNA were detectable in liver samples and 164 

modestly increased on 3 dpi.  165 

Consistent with the results obtained using infected livers, the level of AhR activation 166 

correlated with virus replication in BMDMs as downstream effector mRNA levels were less 167 

upregulated when cells were infected at lower MOIs (Fig. 5A). In addition, UV-inactivated virus 168 

infection was unable to induce expression of AhR downstream effectors, indicating that AhR 169 

activation during MHV infection is completely dependent on viral replication (Fig. 5B). 170 

AhR antagonist and agonist treatment modulates expression of downstream effector genes 171 

during infection. 172 

To examine whether AhR activation and not an alternative factor facilitated expression of 173 

these downstream effectors, we infected cells following chemical inhibition of AhR (Fig. 6A). We 174 

opted for treatment with CH-223191, a well-described chemical inhibitor that prevents ligand 175 

binding to AhR (Fig. 1) but does not inhibit other receptors such as the estrogen receptor (44, 45). 176 
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We first confirmed that CH-223191 inhibited chemical AhR activation by agonist TCDD in 177 

BMDMs without altering cell viability (Fig. 6B & C). During MHV-A59 infection, AhR inhibitor 178 

treatment resulted in dose-dependent attenuation of CYP1B1, AhRR, and IDO1. Surprisingly, 179 

TiPARP induction was not diminished at any concentration of inhibitor. Furthermore, CH-223191 180 

treatment actually increased AhR mRNA levels slightly at 12 hpi but had no effect on gRNA 181 

levels, indicating that the CH-223191-mediated reduction in downstream effector expression was 182 

due to inhibition of AhR activation itself rather than decreased AhR expression or increased virus 183 

replication.  184 

To complement these results and to determine if concurrent chemical activation during 185 

infection could further activate AhR, we treated BMDMs with TCDD and quantified induction of 186 

the same downstream effector genes that were attenuated by AhR inhibition (Fig. 7A). After 187 

confirming that TCDD that did not affect cell viability (Fig. 7B), we found that agonist treatment 188 

increased expression of CYP1B1 and AhRR compared to vehicle treatment in both mock- or 189 

MHV-infected BMDMs. TiPARP mRNA increased following TCDD treatment of uninfected cells 190 

and only marginally, if at all, after infection. IDO1 required infection for any expression and was 191 

potentiated by TCDD at 22 hpi. Finally, TCDD-treatment without or with infection resulted in 192 

small decreases in AhR expression in mock- and MHV-infected cells at 12 hpi but did not affect 193 

gRNA levels, again suggesting that agonist-induced changes in downstream effector expression 194 

was due primarily to AhR activation. 195 

TiPARP is regulated by both IFN and the AhR during MHV infection.  196 

TiPARP expression was induced by AhR agonist treatment (Fig. 7A) but did not change 197 

following inhibitor treatment during infection (Fig. 6A), suggesting MHV could also induce 198 

TiPARP expression by an AhR-independent mechanism. Because IFN-I treatment in BMDMs can 199 
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induce TiPARP expression (8), we next examined whether IFN-I upregulated TiPARP expression 200 

after inhibition of AhR activation. Using MHV-infected IFNAR-/- BMDMs treated with CH-201 

223191, we observed a dose-dependent decrease in the expression of CYP1B1, AhRR, and IDO1 202 

(Fig. 8), confirming that AhR activation did not require IFN signaling. In addition, AhR inhibitor 203 

treatment reduced TiPARP induction in IFNAR-/- BMDMs, indicating that AhR and IFN-I were 204 

compensatory in inducing TiPARP during infection. However, CH-223191-mediated reduction of 205 

TiPARP mRNA levels in IFNAR-/- BMDMs was less than that of CYP1B1, AhRR, or IDO1, 206 

suggesting that an additional, as yet unknown, factor modulated its expression. Finally, gRNA 207 

levels in IFNAR-/- BMDMs trended toward a modest reduction following AhR inhibition (p=0.12), 208 

possibly reflecting decreases in TiPARP expression. Taken together, our data show that MHV-209 

induced AhR activation is responsible for upregulation of CYP1B1, AhRR, and IDO1 in IFN-210 

replete and -deficient cells and of TiPARP in the absence of IFN-I signaling. 211 

MHV infection activates AhR in an IDO1-independent manner. 212 

While our results indicated that AhR activation during MHV-A59 infection modulates 213 

downstream IDO1 expression (Fig. 6 to Fig. 8), IDO1 can also act as an upstream regulator of 214 

AhR by catabolizing tryptophan to the AhR ligand kynurenine (Fig. 1) (13, 17). To determine if 215 

IDO1 has a role in AhR activation during MHV-A59 infection, we infected IDO1-/- BMDMs with 216 

MHV-A59 and quantified effector mRNA levels (Fig. 9B). Interestingly, levels of CYP1B1, 217 

AhRR, TiPARP, AhR, and gRNA were equivalent following infection in WT or IDO1-/- BMDMs. 218 

As expected, IDO1 mRNA was not detectable in deficient cells. To rule out compensatory effects 219 

of other enzymes known to produce kynurenine, we also assessed cells for IDO2 and TDO2 mRNA 220 

but could detect neither in WT or IDO1-/- BMDMs. Together, our results suggest that MHV-A59 221 

infection of BMDMs elicits AhR activation through a pathway independent of IDO1.  222 
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MHV-induced AhR activation modulates cytokine production. 223 

AhR activation can induce or modulate cytokine/chemokine production during the innate 224 

immune response (23). To determine whether AhR activation during CoV infection modulates 225 

cytokine expression, we infected CH-223191-treated BMDMs with MHV-A59 and quantified 226 

mRNA levels of IFN4, , and  and of cytokines previously shown to be regulated by LPS-227 

induced AhR activation in macrophages (TNF ,IL-1, and IL-10) (29, 30) (Fig. 10A). Inhibition 228 

of AhR had no impact on expression of IFN mRNA. On the other hand, CH-223191 229 

treatment resulted in a dose-dependent increase in the levels of TNF mRNA and a concurrent 230 

decrease in the levels of IL-1 and IL-10 mRNA. Because AhR could be further activated during 231 

infection by chemical means (Fig. 7), we substantiated these findings by treating BMDMs with 232 

TCDD in the presence or absence of infection at low and high MOI (Fig. 10B). Consistent with 233 

our AhR inhibitor data, TNF mRNA was decreased, and IL-1 and IL-10 mRNA were increased 234 

by concurrent chemical activation of AhR. In summary, these results indicate that AhR activation 235 

modulates multiple cytokine expression levels during MHV-A59 infection. 236 

 237 

Discussion 238 

Here, we showed that MHV infection activates AhR, resulting in upregulation of multiple 239 

downstream effector genes, including CYP1B1, AhRR, and IDO1, in infected BMDMs, BMDCs, 240 

and mouse livers (Fig. 4). We also demonstrated that another AhR downstream effector, TiPARP, 241 

has a pro-viral role on MHV replication as genomic RNA levels and virus titers were decreased 242 

following TiPARP knockdown (Fig. 3). TiPARP induction is a multifactorial manner, since IFN-243 

I treatment induced TiPARP expression in BMDMs (8) but TiPARP expression was still observed 244 

in cell lines deficient in IFN expression and in IFNAR-/- BMDMs (Fig. 2). Our results showed that 245 
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AhR activation directly induces TiPARP expression as TCDD treatment enhanced TiPARP 246 

expression in uninfected and to a lesser extent in infected cells (Fig. 6). Further, TiPARP induction 247 

during infection was sensitive to chemical AhR inhibition in the absence but not the presence of 248 

IFN-I signaling in WT BMDMs (Fig. 6 and Fig. 8), consistent with redundant roles for AhR and 249 

IFN-I signaling in TiPARP expression during infection. Despite attenuation with inhibitor 250 

treatment, TiPARP expression in infected IFNAR-/- cells was still induced, indicating that other 251 

factors known to modulate TiPARP expression, such as estrogen receptor, glucocorticoid receptor, 252 

or TGF signaling pathways could also impact its expression during CoV infection (46-48).  253 

In addition to decreased replication, TiPARP knockdown also resulted in increased IFN4 254 

and IFN mRNA expression (Fig. 3C). However, viral genomic RNA levels were reduced in 255 

TiPARP knockdown cells as early as 6 hpi, before IFN-I mRNA levels increased. Further study 256 

will be required to establish a causal relationship between the effects of TiPARP on IFN-I 257 

expression and replication. Our results align with a previous study showing that that TiPARP 258 

during IAV infection ADP-ribosylates TBK1, resulting in increased replication and reduced IFN-259 

I levels (40). However, TiPARP has also been shown to bind to Sindbis virus RNA to trigger an 260 

antiviral host response. Therefore, it will be important to determine whether TiPARP facilitation 261 

of MHV replication is dependent on its ADP-ribosylating and/or its RNA-binding activities. 262 

In contrast with TiPARP, upregulation of downstream effectors CYP1B1, AhRR, and 263 

IDO1 during infection is driven primarily by AhR activation. This is evidenced by the fact that 264 

expression of these effectors was enhanced by an AhR agonist and attenuated in a dose-dependent 265 

manner by an AhR-specific inhibitor (Fig. 6 and Fig. 7). While AhR activation has been studied 266 

in immune cells following treatment following agonist or immunostimulants treatment, its role in 267 

the context of virus infection is relatively understudied and only a few studies have details host 268 
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pathways affected by AhR activation. EBV encodes viral protein EBNA-3, which binds to ARNT 269 

and enhances transactivation of downstream effectors by AhR (41). AhR facilitates HCV infection 270 

by inducing expression of CYPs that aid in formation of lipid droplets required for virus production 271 

(38). As mentioned above, AhR functions in a pro-viral manner in IAV infection by inducing 272 

TiPARP (40). In contrast, AhR activation in HSV- or HIV-infected macrophages restricts 273 

replication by inhibiting expression of cyclins and cyclin-dependent kinases (39). Thus, AhR 274 

activation during viral infection has differing effects and modulates multiple cellular pathways, 275 

many of which remain uncharacterized. 276 

Surprisingly, while AhR is thought to be activated primarily by kynurenine synthesized via 277 

IDO1 during inflammatory states and can drive positive feedback cycles in immune cells (17, 18), 278 

our results demonstrate that MHV infection activates AhR independent of IDO1 (Fig. 1 & 9). We 279 

detected gene expression of IDO2 and TDO2 in infected murine liver samples (Fig. 4C), consistent 280 

with the notion that TDO is largely constrained to the liver (14). While TDO or IDO2 could be 281 

driving AhR activation by producing kynurenine during in vivo infection, IDO2 and TDO mRNA 282 

were undetectable in in IDO1-/- BMDMs. This suggests that kynurenine is produced by a novel 283 

IDOI/IDO2/TDO-independent pathway in BMDMs or that these cells do not utilize kynurenine as 284 

the primary AhR ligand during CoV infection. AhR can be activated by several biochemical 285 

species, including metabolites of tryptophan or bilirubin or other metabolites of uncharacterized 286 

biosynthetic pathways (49-52). Other potential initiating pathways include prostaglandin 287 

synthesis, cAMP production, or general oxidative stress (20-22). Alternatively, a host or viral 288 

protein during infection could directly bind to AhR, enhancing its transactivation activity in a 289 

manner similar to that of EBV-encoded EBNA-3, though this may still require concomitant ligand 290 

binding (41). Nonetheless, the levels of the ligand or binding partner activating AhR in BMDMs 291 
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would likely scale with replication as downstream effector transcription correlated with virus load 292 

(Fig. 5). Additional investigation will be necessary to detail the exact mechanism of this IDO-293 

independent AhR activation pathway. Furthermore, while IDO1 does not regulate AhR activation 294 

during MHV infection in BMDMs, it could still be modulating other cellular pathways as part of 295 

the host response. For instance, IDO1 has been shown to regulate immune cell function by 296 

mediating tryptophan starvation, resulting in activation of mTOR, a mediator of several metabolic 297 

and immune pathways (53, 54).  298 

Finally, chemical activation or inhibition of AhR during infection resulted in changes in 299 

the mRNA levels of multiple cytokines (Fig. 10), suggesting that AhR functions to modulate the 300 

cytokine response to MHV infection. Specifically, AhR negatively regulated TNF and 301 

positively regulated IL-1 and IL-10, cytokines which are also upregulated in the brains of 302 

MHV-infected mice (2). These changes were not due to alterations in viral replication, as viral 303 

load was unchanged by AhR activation or inhibition. The mechanism driving cytokine changes 304 

during MHV infection is likely complex but probably involves interaction of activated AhR with 305 

NF-B (30, 33-35, 55) (Fig. 1). The effects of these cytokine expression changes will need to be 306 

investigated in vivo to determine their role in pathogenesis because their functions are protean 307 

because some of these cytokines are additionally post-transcriptionally regulated, and because  308 

activating ligands may differ in cultured BMDMs versus infected mice. Thus, it is difficult to 309 

conclude at present that AhR drives a strictly pro- or anti-inflammatory phenotype. Rather, AhR 310 

activation may serve to fine tune the innate immune response to MHV infection.  311 

 312 

Methods 313 
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Mice. Pathogen-free C57BL/6 WT and IFNAR-/- mice were purchased from Jackson 314 

Laboratories, and IDO1-/- mice were obtained as a generous gift from Dr. Mark Santillan 315 

(University of Iowa, Iowa City, Iowa). IFN-/- mice were obtained from Jackson Laboratories. All 316 

mice were bred and maintained in the animal care facility at the University of Iowa as approved 317 

by the University of Iowa Institutional Animal Care and Use Committee (IACUC) following 318 

guidelines set forth by the Guide for the Care and Use of Laboratory Animals.  319 

Cell cultures. Delayed brain tumor (DBT) cells, 17Cl-1 cells, and HeLa cells expressing 320 

the MHV receptor carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) 321 

(HeLa-MHVR), were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 322 

10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 µg/ml streptomycin. Bone marrow 323 

cells obtained from WT, IFNAR-/-, and IDO1-/- C57BL/6 mice were differentiated into 324 

macrophages (BMDMs) by incubating cells with 10% L929 cell supernatant and 10% FBS in 325 

Roswell Park Memorial Institute (RPMI) media for 7-8 days. BMDMs were washed and replaced 326 

with fresh media every day after the 4th day. Bone marrow cells obtained from WT C57BL/6 mice 327 

were differentiated into dendritic cells (BMDCs) by incubating cells with 50 g/ml 328 

granulocyte/macrophage colony stimulating factor (GM-CSF) and 20 g/ml IL-4. Extra media was 329 

added at day 3 to refresh the cells, media was fully changed on day 6, and cells were used for 330 

infections on day 7. 331 

Virus infection. Mouse hepatitis virus (MHV) strain A59 (MHV-A59) (56) was 332 

propagated on 17Cl-1 cells in the same manner as described previously (8). BMDMs were infected 333 

with virus at indicated MOIs with a 45 min adsorption phase. At the indicated time points, cells 334 

were lysed with Trizol for RNA isolation, or cells were frozen with supernatants for titering on 335 

HeLa cells. To generate replication-deficient virus, MHV-A59 stocks were UV-inactivated using 336 
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a biosafety cabinet UV lamp for 30 min at room temperature. Inactivation was confirmed by plaque 337 

assay. For AhR agonist studies, media with 10 nM TCDD was added after mock adsorption or 338 

adsorption with MHV-A59. For chemical inhibitor studies, BMDMs were pretreated with 0.2, 1 339 

or 5 μM CH-223191 (Sigma-Aldrich) vehicle (0.01% DMSO) for 2-6 h prior to infection or to 340 

treatment with 10 nM TCDD. After TCDD treatment or infection, media containing inhibitors was 341 

added back to cells. For mouse infections, 5-8-week-old mice were anesthetized with 342 

ketamine/xylazine and inoculated intraperitoneally with 104 PFU of MHV-A59 in 300 L DMEM 343 

or with mock (DMEM only). Mice were sacrificed at 3 and 5 dpi, and livers were harvested and 344 

stored in Trizol (Thermo Fisher Scientific). 345 

siRNA transfection. BMDMs were transfected with 50 pmol/ml of siRNA with Viromer 346 

BLUE (Lipocalyx) following the manufacturer’s protocol. Media was replaced 4 h after 347 

transfection, and cells were infected 28 h post transfection. The sequences of negative (non-348 

specific) control DsiRNA were sense: CGUUAAUCGCGUAUAAUACGCGUAT and antisense: 349 

AUACGCGUAUUAUACGCGAUUAACGAC. The sequences of DsiRNA oligonucleotides 350 

directed toward TiPARP (Integrated DNA Technologies (IDT)) were sense: 351 

GAAGAUAAAAGUUAUCGAAUCAUTT and antisense: 352 

AAAUGAUUCGAUAACUUUUAUCUUCUG. 353 

Real-time quantitative PCR (RT-qPCR) analysis. RNA was purified using Trizol 354 

(Thermo Fisher Scientific) by Direct-Zol columns (Zymo Research) or by phase separation as 355 

instructed by the manufacturer. cDNA was synthesized using MMLV-reverse transcriptase 356 

(Thermo Fisher Scientific) and quantified with a real-time thermocycler using PowerUp SYBR 357 

Green Master Mix (Thermo Fisher Scientific). RT-qPCR primers are listed in Table 1. Primers 358 

spanned exon-exon junctions when possible to avoid quantification of any residual genomic DNA. 359 
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A control without reverse transcriptase was also analyzed to confirm the absence of any 360 

contaminating DNA. Target genes were normalized to housekeeping gene hypoxanthine-guanine 361 

phosphoribosyltransferase (HPRT) by the following equation: ΔCT = CT (gene of interest) - CT (HPRT). All 362 

results are shown as a ratio to HPRT calculated as -2ΔCT.  363 

Cell viability assay. Viability/metabolism of BMDMs treated with 10 nM TCDD or 5 μM 364 

CH-223191 for 12 or 24 h was assessed using a Vybrant MTT Cell Proliferation Assay (Thermo 365 

Fisher Scientific) as per manufacturer’s instructions. Cell viability was measured by absorbance 366 

at 540 nm (A540). 367 

Statistics. An unpaired two-tailed Student’s t-test was used to determine statistically 368 

significant differences in means between group. All graphs are expressed as mean ± SEM. The n 369 

value represents the number of biologic replicates for each figure. Multiple trials were combined 370 

into a single figure when expression values or titers were comparable. Significant p values are 371 

annotated as *p≤0.05, **p≤0.01, ***p≤0.001. If the p value was less than 0.15 but greater than 372 

0.05, the numerical value was listed above the graph bars and was considered trending towards 373 

significance. 374 
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Figure legends 560 

Figure 1. Schematic diagram of AhR activation in MHV-infected cells. Ligands that can bind 561 

to AhR can be exogenous (pentagon), such as toxins like 2,3,7,8-tetrachlorodibenzodioxin 562 

(TCDD), or endogenous metabolic products (parallelogram), such as kynurenine derived by IDO1-563 

catalyzed tryptophan degradation. CoV infection produces an unknown AhR-activating ligand 564 

independent of IDO1 (triangle). AhR in the cytosol is activated upon ligand binding and 565 

translocates to the nucleus to bind to genomic DNA. The specific genes targeted and induced by 566 

AhR are influenced by AhR binding partners including ARNT and NF-B. Modulated genes 567 

include AhR downstream effectors such as cytochrome P450 enzymes (CYPs), AhR repressor 568 

(AhRR), and TiPARP or immune proteins such as cytokines. AhR activation/ligand binding can 569 

be inhibited chemically by treatment with CH-223191. 570 

 571 

Figure 2. MHV-A59 infection upregulates TiPARP in cells lines and primary cells in the 572 

absence of IFN-I signaling. (A-B) DBT (A) or 17Cl-1 (B) cell lines were infected with MHV-573 

A59 at an MOI of 0.1 PFU/cell. Cells were collected at 18 hpi, and RNA was quantified qRT-PCR 574 

with primers for the indicated PARPs. (C-D) WT (C) or WT and IFNAR
-/-

 (D) BMDMs were mock 575 

infected or infected with MHV-A59 at an MOI of 5 (C) or 0.1 (D) PFU/cell. Cells were collected 576 

at 18 hpi, and mRNA was analyzed for quantified by qRT-PCR with primers for the indicated 577 

PARPs. The data in (A-D) show one experiment representative of three independent experiments; 578 

n=3. ns = not significant; nd = not detectable. 579 

 580 

Figure 3. MHV replication is diminished following TiPARP knockdown in BMDMs. WT 581 

BMDMs were transfected with siRNA targeting TiPARP and were then infected at 30 h post 582 

 on N
ovem

ber 11, 2019 at E
A

S
T

 C
A

R
O

LIN
A

 U
N

IV
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


   23 

transfection with MHV-A59 at MOI of 0.1 (A-B) or 5 PFU/cell (C-D). RNA was quantified by 583 

qRT-PCR with primers specific for viral genomic RNA (gRNA) or for indicated transcripts (A, C), 584 

or virus titers were determined by freezing-thawing cells followed by plaque assay on HeLa cells 585 

expressing the MHV receptor (B, D). RNA and cell collections occurred at 12 hpi for MOI of 0.1 586 

PFU/cell (A-B) or at 6, 12, 18, and 22 hpi for MOI of 5 PFU/cell (C-D). The data in (A,C) show 587 

one experiment representative of at least two independent experiments; n=3. The data in (B,D) 588 

show combined results of 2 experiments; n=6. ns = not significant. 589 

 590 

Figure 4. MHV infection results in upregulation of AhR downstream effector genes in 591 

BMDMs, BMDCs, and in vivo. (A) BMDMs were infected with MHV-A59 at an MOI of 5 592 

PFU/cell and collected at the indicated time points. mRNA levels of downstream effector genes, 593 

AhR, or IDO1 were then quantified by qRT-PCR. (B) BMDCs were infected with MHV-A59 at an 594 

MOI of 5 PFU/cell and collected at 12 or 22 hpi. mRNA levels of indicated genes were quantified 595 

by qRT-PCR. The data in (A,B) show one experiment representative of two independent 596 

experiments; n=3. (C) C57BL/6 mice were intraperitoneally infected with 10
4
 PFU of MHV-A59, 597 

and perfused livers were harvested at 3 and 5 dpi. RNA was isolated, and mRNA levels of 598 

downstream effectors, AhR, or kynurenine-producing enzymes were quantified by qRT-PCR. The 599 

data in (C) show one experiment representative of three independent experiments; n=4. nd = not 600 

detectable. 601 

 602 

Figure 5. Virus replication is correlated with and required for expression of AhR downstream 603 

effectors during infection. (A) BMDMs were infected with MHV-A59 at the indicated MOIs. 604 

Cells were then collected at 12 hpi, and downstream effector, AhR, or IDO1 mRNA levels were 605 
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quantified by qRT-PCR. (B) BMDMs were infected with untreated or UV-inactivated virus at an 606 

MOI of 5 PFU/cell. Expression of indicated genes was quantified by qRT-PCR. The data in (A,B) 607 

show one experiment representative of two independent experiments; n=3. nd = not detectable. 608 

 609 

Figure 6. Chemical inhibition of AhR during MHV infection results in attenuated expression 610 

of downstream genes. (A) WT BMDMs were pretreated with vehicle (0.01% DMSO) or 0.2, 1, 611 

or 5 M CH-223191 and infected with MHV-A59 at an MOI of 5 PFU/cell. RNA was collected at 612 

12 or 22 hpi and quantified for mRNA levels of downstream effectors, AhR, IDO1, or gRNA by 613 

qRT-PCR. The data in (A) show one experiment representative of three independent experiments; 614 

n=3. (B) Viability of BMDM cells treated with vehicle or 5 M CH-223191 was quantified by 615 

MTT assay at 12 and 24 hours post treatment. The data in (B) show one experiment representative 616 

of two independent experiments; n=4. (C) CH-223191 inhibitor efficacy was determined by 617 

preincubating uninfected BMDMs with vehicle (0.01% DMSO) or 5 M CH-223191 followed by 618 

addition of vehicle or 10 nM TCDD. At 12 h, RNA was harvested, and mRNA levels of 619 

downstream effectors were determined by qRT-PCR. The data in (C) show one experiment 620 

representative of two independent experiments; n=3. ns = not significant; nd = not detectable. 621 

 622 

Figure 7. Chemical activation of AhR in the absence and presence of infection enhances 623 

expression of downstream genes. (A) WT BMDMs were treated with vehicle (0.01% DMSO) or 624 

10 nM of TCDD and concurrently mock-infected or infected with MHV-A59 at an MOI of 0.1 or 625 

5 PFU/cell. RNA was collected at 12 or 22 hpi and quantified for mRNA levels of downstream 626 

effectors, AhR, IDO1, or gRNA by qRT-PCR. The data in (A) show one experiment representative 627 

of two independent experiments; n=3. (B) Viability of BMDM cells treated with vehicle or 10 nM 628 
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TCDD was quantified by MTT assay at 12 and 24 hours post treatment. The data in (B) show one 629 

experiment representative of two independent experiments; n=4. ns = not significant; nd = not 630 

detectable. 631 

 632 

Figure 8. Infection upregulates TiPARP through redundant mechanisms requiring AhR 633 

activation or IFN-I signaling. BMDMs from IFNAR
-/-

 mice were pretreated with vehicle (0.01% 634 

DMSO) or 0.2, 1, or 5 M CH-223191 (223) and infected with MHV-A59 at an MOI of 5 PFU/cell. 635 

RNA was collected at 12 or 22 hpi and quantified for mRNA levels of downstream effectors, AhR, 636 

IDO1, or gRNA by qRT-PCR. The data show one experiment representative of two independent 637 

experiments; n=3. ns = not significant; nd = not detectable. 638 

 639 

Figure 9. IDO1 expression is dispensable for MHV-mediated AhR activation. BMDMs from 640 

WT or IDO1
-/-

 mice were infected with MHV-A59 at an MOI of 5 PFU/cell. RNA was collected 641 

at 12 or 22 hpi, and expression of indicated genes was quantified by qRT-PCR. The data show one 642 

experiment representative of two independent experiments; n=3. ns = not significant; nd = not 643 

detectable. 644 

 645 

Figure 10. Inhibition or enhancement of AhR activation during MHV infection modulates 646 

cytokine expression. (A) WT BMDMs were pretreated with vehicle (0.01% DMSO) or 0.2, 1 or 647 

5 μM CH-223191 and then infected at an MOI of 5 PFU/cell. RNA was collected and quantified 648 

at 22 hpi for mRNA levels of indicated cytokines by qRT-PCR. The data in (A) show one 649 

experiment representative of three independent experiments; n=3. (B) WT BMDMs were treated 650 

with vehicle (0.01% DMSO) or 10 nM TCDD and concurrently infected with MHV-A59 at an 651 
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MOI of 0.1 or 5 PFU/cell. RNA was collected and quantified at 22 hpi for mRNA levels of 652 

indicated cytokines by qRT-PCR. The data in (B) show one experiment representative of two 653 

independent experiments; n=3. ns = not significant; nd = not detectable.  654 
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Table 1. Quantitative real-time qPCR primers. 655 

Gene Forward 5'→3' Reverse 5'→3' 

HPRT GCGTCGTGATTAGCGATGATG CTCGAGCAAGTCTTTCAGTCC 

PARP1 CAGGAGAGTCAGCGATCTTGG ACCCATTCCTTTCGGCTAGG 

PARP2 TGGAAGGCGAGTGCTAAATG GGGCTTTGCCCTTTAACAGC 

PARP3 TGCGGCATGTTTGGAAAGTG GTGCATGGTGGTAACATAGCC 

PARP4 AGTGCTACAGCCCGTTTCC CACAGCTTTCAGTTGTGGGC 

PARP5a CCCTGAGGCCTTACCTACCT TCAAGACCCGCAACTTCTCC 

PARP5b TGATGGCAGAAAGTCAACTCCA GCCACAGGTCCATTGCATTC 

PARP6 GTACCTTGATGGACCAGAGCC GCCAGCTCGGAACTTCTTGA 

PARP7 ATTTACAGACACTTGGTGGGG GGCACTTGGATGAAGTCCTGA 

PARP8 CACTTCCGAAACCACTTCGC TAGGATACACTTTTGGGGCCG 

PARP9 GCATTTGCTAAAGAGCACAAGGA AAAGCACCACTATTACCGCTGA 

PARP10 CGAAACGGCACACTCTACGG GAGACCCTCAAAGGAGGTGC 

PARP11 GGCTGTCTTTGGAAAAGGAACC GCACTCGAGCAAGAAACATGG 

PARP12 AGACCGGGAAGAACTGTAGGA TTTGGAAGGAGCAAGAGCCG 

PARP13 AGTAGTCCCACTGGTTTTGGC TGCAACTCTGTGGCTTGTGG 

PARP14 TGCTGAAGCTGTCAAGACTACA ACAATGGCATGGGTCGTAGC 

PARP16 CTTTGACCCGGCCAACTCC AAACAGAGAAGTCTTGTTCAGGTG 

gRNA AGGGAGTTTGACCTTGTTCAG ATAATGCACCTGTCATCCTCG 

AhR CCACTGACGGATGAAGAAGGA  ATCTCGTACAACACAGCCTCTC  

CYP1A1 CAGGACATTTGAGAAGGGCCAC GCTTCCTGTCCTGACAATGC 

CYP1A2 TGGAGCTGGCTTTGACACAGT GCCATGTCACAAGTAGCAAAATG 

CYP1B1 GGCTTCATTAACAAGGCGCT CACTGATGAGCGAGGATGGA 

AhRR GTTGGATCCTGTAGGGAGCA AGTCCAGAGGCTCACGCTTA 

IDO1 AGGATGCGTGACTTTGTGGA TCCCAGACCCCCTCATACAG 

IDO2 CTCAGACTTCCTCACTTAATCG  GCTGCTCACGGTAACTCT  

TDO2 GTGAACGACGACTGTCATACCG  GCTGGAAAGGGACCTGGAAT  

IFNα4 TCCATCAGCAGCTCAATGAC AGGAAGAGAGGGCTCTCCAG 

IFNβ TCAGAATGAGTGGTGGTTGC GACCTTTCAAATGCAGTAGATTCA 

IFNγ CGGCACAGTCATTGAAAGCCTA GTTGCTGATGGCCTGATTGTC 

TNF⍺ TCAGCCGATTTGCTATCTCA CGGACTCCGCAAAGTCTAAG 

IL-1β ACTGTTTCTAATGCCTTCCC  ATGGTTTCTTGTGACCCTGA 

IL-10 ATTTGAATTCCCTGGGTGAGAAG CACAGGGGAGAAATCGATGACA 

 656 
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