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Abstract: Junín virus (JUNV), a member of the family Arenaviridae, is the etiological agent of the
Argentine hemorrhagic fever, an endemic disease in the rural region of Argentina lacking a specific
chemotherapy. Aryl hydrocarbon receptor (AHR) is expressed in several mammalian tissues and
has been indicated as a sensor of ligands from variable sources and a modulator of the cell immune
response. Interestingly, recent studies have suggested that the activation or depression of the AHR
signaling pathway may play a role in the outcome of diverse human viral infections. In the present
report, the effect of the pharmacological modulation of AHR on JUNV in vitro infection was analyzed.
An initial microarray screening showed that the AHR pathway was overexpressed in JUNV-infected
hepatic cells. Concomitantly, the infection of Vero and Huh-7 cells with the JUNV strains IV4454 and
Candid#1 was significantly inhibited in a dose-dependent manner by treatment with CH223191, a
specific AHR antagonist, as detected by infectivity assays, real-time RT-PCR and immunofluorescence
detection of viral proteins. Furthermore, the pro-viral role of AHR in JUNV infection appears to
be independent of the IFN-I pathway. Our findings support the promising perspectives of the
pharmacological modulation of AHR as a potential target for the control of AHF.

Keywords: aryl hydrocarbon receptor; Junín virus; arenavirus; Argentine hemorrhagic fever; host
therapeutic target

1. Introduction

Currently, there is increasing evidence supporting that the aryl hydrocarbon receptor
(AHR) is an important modulator of the host immune response and this feature contributes
to the differential clinical outcomes of infections at the individual and population level [1,2].
AHR is a cytoplasmic receptor ubiquitously expressed in mammalian tissues, working as a
sensor of a wide variety of endogenous and exogenous ligands with different origins such
as pollutants, diet, microbiome, and host metabolism [3–5]. Indeed, it has been strongly
suggested that AHR has a major impact on the interplay between environmental factors
and viral infections [1,2]. Once AHR recognizes a ligand molecule, it is translocated to the
nucleus where it heterodimerizes with the aryl hydrocarbon receptor nuclear translocator
and regulates the expression of xenobiotic metabolism genes (CYP1A1, CYP1A2, CYP1B1).
AHR can also interact with other transcription factors, such as NF-kB, to modulate a wide
array of signaling pathways, including those involved in the immune response [6–8]. AHR
can modulate the expression of immunoregulatory genes and alter the differentiation
pathways of inflammatory dendritic cells and T-cells [9–11].

Recent studies carried out by our research group have demonstrated that activation of
the AHR signaling pathway plays a pro-viral role during Zika (ZIKV), dengue (DENV), [12]
and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections [13]. To
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note, it was confirmed that AHR inhibition led to diminished viral replication in these viral
models, showing that AHR represents a promising antiviral strategy.

Junín virus (JUNV) is an enveloped bisegmented RNA genome virus from the Are-
naviridae family [14]. Each RNA segment encodes for two proteins in opposite directions.
On one hand, the large segment (L RNA) encodes for the RNA-dependent RNA polymerase
(L) and for the matrix protein (Z). On the other hand, the small segment (S RNA) encodes
for the nucleoprotein (NP) and for the glycoprotein precursor (GPC), which is cleaved by
proteases to produce three subunits (GP1, GP2, and the signal peptide SSP) that are held
together to form the glycoprotein complex [14].

JUNV is the etiological agent of Argentine hemorrhagic fever (AHF) [15], an endemic
disease affecting the rural worker population in the humid Pampa region of Argentina.
To note, a characteristic feature of AHF is the wide range of clinical symptoms presented
by infected patients. Asymptomatic or mild disease, with flu-like symptoms, occurs in
70–80% of the infections. However, severe cases involve hemorrhagic and neurological
complications with a mortality rate ranging from 20 to 30% in hospitalized patients [15].

Importantly, a live attenuated vaccine named Candid#1 has proved to be highly
effective in preventing severe cases of AHF [15,16]. However, the only treatment available
against the disease is the administration of immune plasma from convalescent patients;
a therapy that has been shown to reduce the number of fatal cases only if administered
within 8 days after the onset of the first symptoms [17].

Even though in recent years multiple pieces of evidence have been gathered on the
effect of AHR during infections, there is still no clear evidence on its role during arenavirus
infections [2]. As the rural population is constantly exposed to AHR ligands, such as
pollutants from the agricultural industry such as agrochemicals, pesticides, and fossil
fuel combustion by-products [18], we evaluated in this work the impact of in vitro AHR
pharmacological modulation on the cellular response to JUNV infection and the potential
use of AHR as a candidate target for therapeutic intervention in AHF disease.

2. Materials and Methods
2.1. Cell Lines

The following cell lines were used: Huh-7 (JCRB Cell Bank #0403) and HepG-2 ATCC
HB8065, two human hepatocyte-derived carcinoma cell lines; Vero ATCC CCL-81, a monkey-
derived kidney epithelial cell line. Every cell line was cultivated in Eagle’s Minimum
Essential Medium (MEM) (Gibco, ThermoFisher Scientific, Waltham, MA, USA) comple-
mented with 5% newborn calf serum (NBCS) (Gibco, ThermoFisher Scientific, Waltham,
MA, USA) and supplemented with 50 µg/mL gentamycin (Sigma-Aldrich, St. Louis, MO,
USA), 1 mM sodium pyruvate (Sigma-Aldrich, St. Louis, MO, USA), 2 mM L-glutamine
(Gibco, ThermoFisher Scientific, Waltham, MA, USA), and buffered with HCl/NaHCO3.
The cell lines were cultured and maintained at 37 ◦C with a 5% CO2 atmosphere.

2.2. Viral Strains

The following viral strains were used: the naturally attenuated IV4454 strain obtained
from a mild human case of AHF [19] and the vaccine-attenuated Candid#1 strain [20]. Vero
cells were used both for virus stock generation and for virus titration through standard
plaque assay. All work with infectious agents was performed in Biosafety Level 2 facilities
and approved by the Office of Environmental Health and Safety at the School of Sciences,
University of Buenos Aires. All personnel involved with infection procedures were vacci-
nated with Candid-1 provided by Instituto Nacional de Enfermedades Virales Humanas
Dr. J. I. Maiztegui (Pergamino, Buenos Aires, Argentina).

2.3. Microarray Analysis

A total of 5 × 105 HepG2 cells were seeded in 25 cm2 culture flasks and infected
with JUNV IV4454 at a multiplicity of infection (MOI) of 1 or mock-infected. RNA was
extracted and purified using RNAeasy (Qiagen, Hilden, Germany) at 24 and 48 h post-
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infection (pi). RNA concentrations were measured using Nanodrop. Gene expression
profiles of HepG2 cells were characterized using microarray analysis (Affymetrix Human
U133 Plus 2.0 GeneChips) to identify host genes transcriptionally regulated by infection.
The total number of host genes significantly regulated by infection was calculated for
each time point by identifying genes that showed, at least, a 1.6-fold change in expression
and 95% probability of being expressed differentially (p = 0.05). The WebGestalt soft-
ware (http://www.webgestalt.org, accessed on 3 July 2020), which employs the Wikipath-
ways database was used for Gene Ontology and pathway overrepresentation analyses.
Replicate experiments were performed on different days (n = 3 independent experiments
per condition).

2.4. Small Molecule Compounds

The synthetic AHR-specific competitive antagonist CH223191, 1-Methyl-N-[2-methyl-
4-[2-(2-methylphenyl)diazenyl]phenyl]-1H-pyrazole-5-carboxamide (Tocris Bioscience, Bris-
tol, United Kingdom), was solubilized in dimethyl sulfoxide (DMSO) and used at a concen-
tration of 1.25, 2.5, 5, 10, 20, 40, and 80 µM.

The tryptophan metabolite L-kynurenine, (2S)-2-Amino-4-(2-aminophenyl)-4-oxo-
butanoic acid (Sigma-Aldrich, St. Louis, MO, USA) was solubilized in DMSO and used at a
concentration of 2.5, 5, 10, 20, 40, 80, 160, and 320 µM.

All treatments were performed in the absence of light, given that the compounds
present photosensitivity.

2.5. Cell Viability Assays

For cell viability determination Huh-7 and Vero cell monolayers were grown in 96 well
plates for 24 h in MEM 5% NBCS. Cell monolayers at 90% confluency were treated with dif-
ferent concentrations of CH223191 (1.25 µM to 80 µM) and kynurenine (5 µM to 320 µM) for
72 h. Mock was treated with the same concentration of DMSO as the highest dose of ligand
treatment and was considered as 100% of cell viability. All treatments were performed in
quadruplicate. Cell viability was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO, USA) assay. Absorbance was
measured at 570 nm in a FLUOstar OPTIMA microplate reader. Cell viability % was
determined by relativizing treatment absorbance results using Mock absorbance values.

Additionally, growth capability and morphology of treated cells were studied under
light microscope. Pictures were taken at 72 h with a Nikon Eclipse TS100 microscope;
magnification: 100×; NA: 0.25.

2.6. Treatments and Viral Infections

Vero and Huh-7 cell monolayers were pretreated with CH223191 and kynurenine
diluted in MEM 1.5% NBCS for 1 h or 24 h, respectively, at 37 ◦C. CH223191 was used at
concentrations ranging between 1.25 and 20 µM, while kynurenine was used at concentra-
tions ranging between 5 and 80 µM. Then, viral infection was performed with either the
IV4454 or Candid#1 strain at an MOI of 0.5. After 1 h, the inocula were removed and the
cells were exposed to both compounds for 48 h at the mentioned concentrations. At 48 h pi
supernatants were collected for plaque assay and cell monolayers were processed for either
indirect immunofluorescence or RT-qPCR.

2.7. Indirect Immunofluorescence

Huh-7 monolayers treated with CH223191 or kynurenine and infected with JUNV
as mentioned above were fixed at 48 h pi with methanol for 10 min at −20 ◦C, washed
thrice with PBS, and stored in fresh PBS at 4 ◦C until processing. The following antibodies
were used: primary mouse monoclonal anti-NP antibodies (1:200) (NA05-AG12) [21] and
secondary Alexa Fluor 488 conjugated anti-mouse goat antibodies (1:200) (A-11001) (Ther-
moFisher Scientific, Waltham, MA, USA). Cell nuclei were stained with 4′,6-diamidino-2-
phenylindole (DAPI) (1:1000) (Sigma-Aldrich, St. Louis, MO, USA). Microscopy and photog-
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raphy data were obtained using an Olympus IX71 fluorescence microscope with a QImaging
Exi-Aqua camera attached (pixel size: 6.45 µm; photodetector area: 1392 × 1040 pixels2).
Quantification of fluorescence data was performed using Fiji software (version 1.53v) (Na-
tional Institutes of Health, Bethesda, MD, USA). Manual quantifications of DAPI-stained
nucleus and NP-positive cells were performed manually through the cell counter plugin
included in the Fiji software (version 1.53v). Cells were considered positive if NP viral
antigen staining could be detected. Percentage of NP-positive cells was expressed as the
ratio between NP-positive cells and total cells in each field and then the average percentage
was determined and presented. Fluorescence intensity of NP-positive cells was obtained
by measuring mean gray value of individual cells and subtracting background fluores-
cence. Viral foci were delimited by considering groups of NP-positive cells surrounded
by NP-negative cells. Viral foci were counted on 3 different images from 3 different ran-
domly chosen fields and the average foci size was determined by the number of cells that
formed them.

2.8. Viral Nucleic Acid Detection

Nucleic acid extraction was carried out from infected cell monolayers by using High-
way ADN/ARN PuriPrep-VIRUS kit K1501 (Inbio Highway, Buenos Aires, Argentina),
according to manufacturer’s instructions. JUNV RNA viral load and cellular transcripts
quantification were carried out by RT-qPCR. Reverse transcription was performed us-
ing random primers and Moloney murine leukemia virus reverse transcriptase (M-MLV
RT). For fragment amplification, the following primers were used: JUNV-np (Forward:
5′-GGC ATC CTT CAG AAC ATC-3′, Reverse: 5′-CGC ACA GTG GAT CCT AGGC-3′),
ahr (Forward: 5′-ATC CTT CCA AGC GGC ATA GAG ACC-3′; Reverse: 5′-CAA AGA
AGC TCT TGG CTC TCA GG-3′), cyp1a1 (Forward: 5′-TTCCGACACTCTTCCTTCGT-3′;
Reverse: 5′-ATGGTTAGCCCATAGATGGG-3′), β-actin (Forward: 5′-TTA GTT GCG TTA
CAC CCT TTC TTG-3′; Reverse: 5′-TCA CCT TCA CCG TTC CAG TTT-3′). PCR cycle
details were as follows: initial denaturalization 2 min at 95 ◦C; 45 amplification cycles
consisting of 30 sec at 95 ◦C, 1 min at 58 ◦C, and 1 min at 72 ◦C; a final cycle of 5 min at
72 ◦C; finally, melting curves were performed. Detection was performed using MyiQ2
equipment (Bio-Rad Laboratories, Hercules, CA, USA). Results were reported as 2−∆∆Ct

(Fold change) and normalized using β-actin as housekeeping gene.

2.9. Plaque Assay

Viral yields were determined by standard plaque assay. Cell supernatants were
collected and serial dilutions were prepared to infect Vero cell monolayers for 1 h at 37 ◦C.
After viral adsorption, the inocula were removed, MEM 5% NBCS supplemented with
0.7% methylcellulose was added and cells were incubated for 1 week at 37 ◦C in a 5% CO2
incubator. Afterward, cell monolayers were fixed with 10% formaldehyde, washed, and
stained with crystal violet. Viral titer was calculated after plaque forming unit (PFU)
quantification.

2.10. Statistical Analysis

Microarray statistical analysis was performed using WebGestalt software (http://www.
webgestalt.org/, accessed on 3 July 2020). Data are described as mean ± S.D. One-Way
ANOVA with Dunnett’s post hoc test by GraphPad Prism 8 (version 8.0.1) for Windows 11
(GraphPad Software, San Diego, CA, USA) was performed to evaluate statistical signifi-
cance. p ≤ 0.05 was considered statistically significant.

3. Results and Discussion
3.1. The AHR Pathway Is Over-Represented during JUNV Infection

The liver is one of the main targets during JUNV infection [22]. In order to elucidate
the molecular mechanisms involved in a hepatocyte infection, we conducted an Affymetrix
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microarray screening to determine the differentially expressed genes in liver-derived
human HepG2 cells infected with JUNV IV4454 for 24 or 48 h.

We utilized the Transcriptome Analysis Console software from ThermoFisher Scientific,
Waltham, MA, USA to evaluate the differentially expressed genes in the JUNV-infected
cells compared to the control (Figure 1a,b). A total of 266 and 313 differentially expressed
genes were detected at 24 and 48 h pi, respectively (Figure 1a,b).
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Affymetrix microarray assay (n = 3 independent experiments per condition). Host genes showing at
least a 1.6-fold change in expression and a 95% probability of being expressed differentially (p = 0.05)
were considered for further analysis. Genes shown in red were up-regulated, genes shown in green
were down-regulated, and genes in gray showed no change in expression compared to uninfected
HepG2 cells. (b) Differentially expressed genes between mock-infected and JUNV-infected HepG2
cells at 48 h pi. (c) Gene Ontology Analysis of differentially expressed genes in JUNV-infected HepG2
cells at 48 h pi. (d) Pathway Overrepresentation Analysis of JUNV-infected HepG2 cells compared
to mock-infected cells showing the main signaling pathways affected during infection. Red bar
highlights the AHR pathway. Dashed blue line indicates p = 0.05. p values were determined by
WebGestalt software (http://www.webgestalt.org, accessed on 3 July 2020).

To further study the impact of JUNV on the cellular landscape, we utilized the We-
bGestalt software (http://www.webgestalt.org, accessed on 3 July 2020), which employs
the Wikipathways database as a repository to perform a Gene Ontology Analysis (Figure 1c)
and to determine which signaling pathways were differentially altered compared to control
(Figure 1d).

Regarding the Gene Ontology Analysis from the differentially expressed genes, it was
concluded that JUNV infection impacts the expression of genes related to RNA metabolism,
host kinases, and lipid metabolism (Figure 1c). It is worth noting that these biological
processes and molecular functions have been reported to be targeted by JUNV during its
replication cycle [23].

Furthermore, Pathway Overrepresentation Analysis revealed that JUNV infection
enriches the AHR signaling pathway at 48 h pi (Figure 1d) among many other pathways
(p < 0.05). Particularly, we detected an increased expression of the AHR target gene CYP1B1,
which evidences an increased activity of the AHR pathway.

Over the last few years, several studies revealed the importance of AHR as a therapeu-
tic target during different pathological scenarios; thus, a wide variety of small compounds
to modulate its activity has been developed. We decided to further study the impact of
AHR modulation during in vitro JUNV infection.

3.2. Pharmacological Modulation of AHR Affects Viral Replication

In order to elucidate the role that AHR plays in JUNV infections, we decided to test the
effects of known AHR ligands CH223191 (antagonist) and kynurenine (agonist) on in vitro
infections with two different JUNV attenuated strains: IV4454 and Candid#1. Treatments
and infections were performed employing Huh-7 and Vero cells. Since this last cell line
lacks the ability to express and secrete interferon type I (IFN-I), its use allows determining
the importance of IFN-I expression in the potential AHR mediated host–virus interplay.

Firstly, the cytotoxicity of different concentrations of both CH223291 and kynurenine
was evaluated via MTT assay (Figure 2a,b) and optic microscopy observations (Figure 2c,d).

Regarding CH223191, a decrease in the cell viability and morphological alterations
associated with cytotoxic effects were detected only at concentrations of 80 µM (Figure 2a,c).
On the other hand, kynurenine did not induce cytotoxic effects at any concentration tested
(Figure 2b,d).

In order to investigate the effect of AHR pharmacological modulation during JUNV
infection, cell cultures were treated with vehicle (DMSO), CH223191, or kynurenine and
then infected with JUNV for 48 h to determine viral yield. Briefly, Vero and Huh-7 cells were
vehicle-treated or treated with different concentrations of the small molecule CH223191 (2.5,
5µM, 10µM, and 20µM) or kynurenine (5µM, 10µM, 20µM, and 40µM) prior and post-
JUNV infection with IV4454 and Candid#1 at an MOI of 0.5. After 48 h, the supernatants
were harvested and used to infect Vero cells for the PFU assay (Figure 3).

The AHR blockade significantly reduced viral particle production in a dose–response
manner, even with the lowest concentration of CH223191 tested. Importantly, this result was
observed not only using both JUNV-attenuated strains but also in both infected cell lines
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(Vero and Huh7). In fact, the CH223191 treatment of JUNV-infected Vero and Huh-7 cells
diminished the number of viral plaques by 93% and 97%, respectively (Figure 3a,b). These
results strongly suggest that the AHR signaling pathway is an important cellular factor
during JUNV infection (Figure 3a,b). On the other hand, the kynurenine administration
before and after JUNV inoculation did not significantly change the viral titer obtained in
comparison to viral control (Figure 3c,d).

All in all, the results evidenced for the first time that AHR is an important cellular
factor during JUNV in vitro infection, implying a pro-viral role by facilitating the viral
replication cycle.
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Figure 3. Viral yield determination through standard plaque assay of JUNV-infected cells treated
with AHR ligands. Cell cultures were pre-treated with either CH223191 (a,b) or kynurenine (c,d).
Subsequently, cells were either mock infected or infected with JUNV strains IV4454 (a,c) or Candid#1
(b,d). Supernatants were collected at 48 h pi. Data represent the mean ± SD. Statistical analysis
was performed by comparing treatments with vehicle control. p < 0.05 was considered statistically
significant. * p < 0.05; ** p < 0.01; *** p < 0.001.

3.3. AHR Modulation Has an Impact on JUNV Protein Expression

To further study the effects of AHR modulation on JUNV infection, we conducted an
indirect immunofluorescence assay. The JUNV NP protein is the most abundant structural
and functional protein within the Arenaviridae family. Thus, NP was chosen as an interesting
staining target given that only a few studies reported the NP expression pattern of different
JUNV attenuated strains. Our first step was to determine the NP distribution of both JUNV
strains in our cellular models in order to compare the permissiveness of the different cell
lines and the viral dissemination of both attenuated strains in these cell cultures (Figure 4).

The NP localization was exclusively cytoplasmic and exhibited a homogeneous big
punctuate accumulation pattern, similar for both strains in Vero and Huh-7 cell lines
(Figure 4).

Next, we evaluated by immunofluorescence the impact of the pharmacological modu-
lation of AHR on NP expression in JUNV-infected cell cultures.

Briefly, cells were seeded over glass coverslips, pre-treated with either vehicle (DMSO),
CH223191 (10 µM) or kynurenine (40 µM), and then mock-infected or JUNV-infected for
48 h. Afterward, cells were fixed and processed through an immunofluorescence assay
(Figure 5).
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The CH223191 administration remarkably decreased the number of NP-positive cells
in both cell cultures and for both JUNV strains (Figure 5). These observations correlate with
previous results shown in Figure 3a,b. The AHR blockade reduced not only the percentage
of JUNV-infected cells, but also the size of viral foci. Vero cell cultures pre-treated with
CH223191 and infected with either IV4454 or Candid#1 showed a 57.14% (SD ± 7.98) and
41.17% (SD ± 9.05) reduction in foci size, respectively. In addition, Huh-7 cell cultures
pre-treated with the antagonist and infected with either IV4454 or Candid#1 showed a
28.57% (SD ± 8.70) and 12.50% (SD ± 9.30) reduction in foci size, respectively. On the other
hand, it was observed that the treatment with kynurenine did not alter the percentage of
NP-positive cells (Figure 5), or foci size (not shown), compared to non-treated infected cells.

Furthermore, a more detailed microscopic inspection showed that viral foci were larger
in infected Vero cell cultures in comparison to Huh-7-infected cell cultures. We observed
that the average of JUNV-infected Vero cells per foci consisted of 35 cells, while the average
of JUNV-infected Huh-7 cells per foci consisted of 6 cells. This expected observation is
in line with the restricted viral environment that IFN-competent cells imposed on JUNV
multiplication [24].
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Figure 5. AHR impacts on JUNV protein expression. Vero (a) and Huh-7 (b) cells were infected
with either IV4454 or Candid#1 (MOI = 0.5) for 48 h. Then, cells were fixed and processed through
immunofluorescence. NP was stained with Alexa 488 (green), and cell nuclei were stained with DAPI
(blue). Scale bar: 200 µm. Magnification: 600×. (c) Quantification of NP-positive cells. Results were
shown as % of infected cells (% of NP-positive cells). Quantification was performed for over 200 cells
per condition. (d) Quantification of mean fluorescence intensity of individual cells (100 cells) per
treatment. Results were plotted as the mean ±SD. Statistical analysis was performed by comparing
treatments with vehicle control. * p < 0.05 was considered statistically significant.
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3.4. AHR Suppression Reduces JUNV Viral Levels

Finally, with the aim of evaluating if an AHR blockade impacts the JUNV RNA levels,
Vero and Huh-7 cells were treated with either vehicle, CH223191 (10 µM) or kynurenine
(40 µM), and then were mock or JUNV-infected for 48 h. Afterward, the cell monolayers
were harvested and processed for RT-qPCR to monitor ahr, cyp1a1 and np RNA levels
(Figure 6).
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Figure 6. Relative RNA levels of treated and JUNV-infected Vero and Huh-7 cells. Vero cells (a,d) and
Huh-7 cells (b,c,e) were either treated or untreated, and infected with JUNV IV4454 (MOI = 0.5) for
48 h. The results correspond to the ahr mRNA levels (a,b), cyp1a1 (c), or viral RNA levels (d,e). Results
were plotted as fold change relative to vehicle control. β-actin was used as a housekeeping gene.

It was observed that CH223191-treated and JUNV-infected cells exhibited a trend toward
lower ahr mRNA levels compared to vehicle-treated–JUNV-infected samples (Figure 6a,b).
Conversely, the administration of kynurenine displayed a trend towards an enhancement
of the ahr mRNA levels in JUNV-infected cells compared to vehicle-treated–JUNV-infected
samples (Figure 6a,b). In line with these results, treatment with CH223191 showed a trend
towards a reduction in cyp1a1 mRNA levels in Huh-7 cells, while treatment with kynurenine
showed opposite effects (Figure 6c). Regarding the JUNV RNA level, it was observed that
the treatment with the AHR antagonist CH223191 reduced viral RNA levels in infected
cells compared to vehicle-treated–JUNV-infected samples, while kynurenine-treated and
JUNV-infected cells exhibited a tendency towards an increment of the viral RNA levels
(Figure 6d,e).

In this work, we showed for the first time that in vitro JUNV infection induces the
activation of the AHR signaling pathway in liver-derived cell cultures. Microarray analysis
data showed that the AHR signaling pathway is over-expressed in JUNV-infected cell
cultures at 48 h pi.
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Several studies reported that AHR activation can have a variety of effects on cell
physiology, impacting proliferation and immune innate responses [6,25]. In fact, in the last
decade, AHR activation has been described as having IFN modulatory activity-exerting
effects on cytokine secretion [26,27]. Importantly, AHR up-regulation signaling can reduce
IFN-I antiviral immune responses [28]. Regarding this, we evaluated the impact of the AHR
signaling pathway modulation on non-competent and competent IFN cell cultures, such
as Vero and Huh-7 cellular models, using AHR antagonist and agonist small commercial
molecules during in vitro JUNV infection with two different attenuated strains.

Through different approaches, it was confirmed that AHR negative modulation via
pharmacological inhibition with CH223191 had antiviral activity against JUNV. After the
AHR blockade, JUNV in vitro infection was found inhibited. An important decrease in
viral protein expression was observed in JUNV-infected cell cultures treated with the AHR
antagonist. Furthermore, the AHR blockade diminished the extracellular infectious viral
particle production of both attenuated IV4454 and Candid#1 strains of JUNV studied in
this work. Moreover, a trend toward a decrease in viral RNA levels in CH223191-treated
cells was observed. Interestingly, these findings were observed in both Huh-7 and Vero cell
lines and showed an equivalent magnitude, suggesting that the AHR pro-viral role during
JUNV infection might be independent of the IFN-I signaling pathway. These results are in
line with our previous observations in other viral models [13]. More studies will be needed
to elucidate which step of the JUNV replication cycle is affected by the AHR blockade.

Studies showing AHR activation by anthropogenic ligands have gained particular
interest due to the growing awareness involving improper environmental exploitation and
its interplay with viral infection severity [2]. To note, the habitat area covered by JUNV
vector rodents comprises a large territory; however, at present, AHF only affects a restricted
and confined region where mainly rural activities are undertaken [29]. Furthermore,
agricultural workers have been shown to be the main population at risk to suffer severe
manifestations during the AHF disease. Our present work suggests that rodent/human
exposure to AHR agonists might have an impact on the outcome of JUNV infection.

Although intensive efforts have been dedicated in the last decades to antiviral research
against arenaviruses [30], no specific antiviral chemotherapy is currently available for the
treatment of AHF and human diseases caused by other pathogenic members of Arenaviridae.
Particularly, Lassa virus (LASV) is the agent of Lassa fever (LF), which represents a serious
human threat in regions of West Africa with a very high rate of mortality [31]. At present,
the only alternative treatment against LF is the off-label use of the guanosine analog
ribavirin, which has been demonstrated to be partially effective in LF patients only if its
administration is started within 6 days of symptom onset [32,33]. Furthermore, ribavirin
may induce adverse side effects limiting the recommendation of its administration only to
patients at high risk. Then, there is a real demand for new effective antivirals for therapy
of arenavirus hemorrhagic fevers. AHR represents a new host target to be considered.
Indeed, there are several ongoing clinical trials involving AHR inhibitors (BAY2416964,
IK-175, and HP163) in the treatment of different cancers. Nevertheless, these trials are in the
early stages and none focus on the antiviral potential of AHR pharmacological targeting.
Noticeably, drugs directed to cell factors required in the virus multiplication cycle have
regained interest in antiviral development given the chance to obtain a wide-spectrum
inhibitor affecting a host target common to several human pathogens [34,35], a feature
apparently associated with AHR.

In conclusion, the combined results of the present study highlight the relevance of
AHR signaling pathway modulation as a potential therapeutic target against JUNV. Future
studies will be needed to implement AHR targeting therapies to overcome important
challenges, such as the delivery of the AHR ligands to the desired tissues and cells to
minimize possible off-target AHR modulation effects.

Author Contributions: Conceptualization, C.C.G.; methodology, M.A.P., A.E.A.D.L. and A.B.M.;
software, F.G.; validation, M.A.P. and F.G.; formal analysis, M.A.P. and M.F.T.; investigation, M.A.P.
and M.F.T.; resources, E.B.D. and C.C.G.; data curation, F.G.; writing—original draft preparation,



Viruses 2023, 15, 369 13 of 14

M.A.P. and M.F.T.; writing—review and editing, E.B.D. and C.C.G.; supervision, C.C.G.; project
administration, C.C.G.; funding acquisition, E.B.D. and C.C.G. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was funded by Universidad de Buenos Aires (UBA) (grant number
20020170100363BA) and Consejo Nacional de Investigaciones Científicas y Tecnológicas (CONICET)
(grant number PIP11220170100171CO). E.B.D. and C.C.G. are members of the Research Career from
CONICET; M.F.T., A.E.A.D.L., and A.B.M. are fellows from CONICET. M.A.P. is a fellow from UBA.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank all members of the laboratories involved for helpful advice and discussions.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Head, J.L.; Lawrence, B.P. The Aryl Hydrocarbon Receptor Is a Modulator of Anti-Viral Immunity. Biochem. Pharmacol. 2009, 77,

642–653. [PubMed]
2. Torti, M.F.; Giovannoni, F.; Quintana, F.J.; García, C.C. The Aryl Hydrocarbon Receptor as a Modulator of Anti-Viral Immunity.

Front. Immunol. 2021, 12, 624293. [PubMed]
3. Shinde, R.; McGaha, T.L. The Aryl Hydrocarbon Receptor: Connecting Immunity to the Microenvironment. Trends Immunol. 2018,

39, 1005–1020. [PubMed]
4. Stockinger, B.; Hirota, K.; Duarte, J.; Veldhoen, M. External Influences on the Immune System via Activation of the Aryl

Hydrocarbon Receptor. Semin. Immunol. 2011, 23, 99–105.
5. Rothhammer, V.; Borucki, D.M.; Tjon, E.C.; Takenaka, M.C.; Chao, C.C.; Ardura-Fabregat, A.; de Lima, K.A.; Gutiérrez-Vázquez,

C.; Hewson, P.; Staszewski, O.; et al. Microglial Control of Astrocytes in Response to Microbial Metabolites. Nature 2018, 557,
724–728. [CrossRef]

6. Quintana, F.J.; Basso, A.S.; Iglesias, A.H.; Korn, T.; Farez, M.F.; Bettelli, E.; Caccamo, M.; Oukka, M.; Weiner, H.L. Control of Treg
and TH17 Cell Differentiation by the Aryl Hydrocarbon Receptor. Nature 2008, 453, 65–71. [CrossRef]

7. Marshall, N.B.; Kerkvliet, N.I. Dioxin and Immune Regulation: Emerging Role of Aryl Hydrocarbon Receptor in the Generation
of Regulatory T Cells. Ann. N. Y. Acad. Sci. 2010, 1183, 25–37.

8. Vogel, C.F.A.; Khan, E.M.; Leung, P.S.C.; Gershwin, M.E.; Chang, W.L.W.; Wu, D.; Haarmann-Stemmann, T.; Hoffmann, A.;
Denison, M.S. Cross-Talk between Aryl Hydrocarbon Receptor and the Inflammatory Response: A Role for Nuclear Factor-KB.
J. Biol. Chem. 2014, 289, 1866–1875. [CrossRef]

9. Bankoti, J.; Rase, B.; Simones, T.; Shepherd, D.M. Functional and Phenotypic Effects of AhR Activation in Inflammatory Dendritic
Cells. Toxicol. Appl. Pharmacol. 2010, 246, 18–28. [CrossRef]

10. Vogel, C.F.A.; Goth, S.R.; Dong, B.; Pessah, I.N.; Matsumura, F. Aryl Hydrocarbon Receptor Signaling Mediates Expression of
Indoleamine 2,3-Dioxygenase. Biochem. Biophys. Res. Commun. 2008, 375, 331–335. [CrossRef]

11. Jin, G.B.; Moore, A.J.; Head, J.L.; Neumiller, J.J.; Lawrence, B.P. Aryl Hydrocarbon Receptor Activation Reduces Dendritic Cell
Function during Influenza Virus Infection. Toxicol. Sci. 2010, 116, 514–522. [CrossRef]

12. Giovannoni, F.; Bosch, I.; Polonio, C.M.; Torti, M.F.; Wheeler, M.A.; Li, Z.; Romorini, L.; Rodriguez Varela, M.S.; Rothhammer, V.;
Barroso, A.; et al. AHR Is a Zika Virus Host Factor and a Candidate Target for Antiviral Therapy. Nat. Neurosci. 2020, 23, 939–951.
[CrossRef]

13. Giovannoni, F.; Li, Z.; Remes-Lenicov, F.; Dávola, M.E.; Elizalde, M.; Paletta, A.; Ashkar, A.A.; Mossman, K.L.; Dugour, A.V.;
Figueroa, J.M.; et al. AHR Signaling Is Induced by Infection with Coronaviruses. Nat. Commun. 2021, 12, 5148. [CrossRef]

14. Buchmeier, M.J.; de La Torre, J.C.; Peters, C.J. Arenaviridae: The viruses and their replication. In Fields Virology, 4th ed.; Lippincott
Williams & Wilkins: Philadelphia, PA, USA, 2013; pp. 1283–1303.

15. Enria, D.A.; Briggiler, A.M.; Sánchez, Z. Treatment of Argentine Hemorrhagic Fever. Antivir. Res. 2008, 78, 132–139. [CrossRef]
16. Ambrosio, A.; Saavedra, M.C.; Mariani, M.A.; Gamboa, G.S.; Maiza, A.S. Argentine Hemorrhagic Fever Vaccines. Hum. Vaccines

2011, 7, 694–700. [CrossRef]
17. Enria, D.A.; Maiztegui, J.I. Research Antiviral Treatment of Argentine Hemorrhagic Fever. Antivir. Res. 1994, 23, 23–31.
18. Dhananjayan, V.; Ravichandran, B. Occupational Health Risk of Farmers Exposed to Pesticides in Agricultural Activities. Curr.

Opin. Environ. Sci. Health 2018, 4, 31–37.
19. Contigiani, M.S.; Sabattini, M.S. Virulencia Diferencial de Cepas de Virus Junín Por Marcadores Biológicos En Ratones y Cobayos.

Medicina 1977, 37, 244–251.

http://www.ncbi.nlm.nih.gov/pubmed/19027719
http://www.ncbi.nlm.nih.gov/pubmed/33746961
http://www.ncbi.nlm.nih.gov/pubmed/30409559
http://doi.org/10.1038/s41586-018-0119-x
http://doi.org/10.1038/nature06880
http://doi.org/10.1074/jbc.M113.505578
http://doi.org/10.1016/j.taap.2010.03.013
http://doi.org/10.1016/j.bbrc.2008.07.156
http://doi.org/10.1093/toxsci/kfq153
http://doi.org/10.1038/s41593-020-0664-0
http://doi.org/10.1038/s41467-021-25412-x
http://doi.org/10.1016/j.antiviral.2007.10.010
http://doi.org/10.4161/hv.7.6.15198


Viruses 2023, 15, 369 14 of 14

20. Maiztegui, J.I.; Mckee, K.T.; Barrera Oro, J.G.; Harrison, L.H.; Gibbs, P.H.; Feuillade, M.R.; Enria, D.A.; Briggiler, A.M.; Levis, S.C.;
Ambrosio, A.M.; et al. Protective Efficacy of a Live Attenuated Vaccine against Argentine Hemorrhagic Fever. J. Infect. Dis. 1998,
177, 277–283.

21. Anthony Sanchez, B.; Pifat, D.Y.; Kenyon, R.H.; Peters, C.J.; McCORMICK, J.B.; Kiley, M.P. Junin Virus Monoclonal Antibodies:
Characterization and Cross-Reactivity with Other Arenaviruses. J. Gen. Virol. 1989, 70, 1125–1132. [CrossRef]

22. Maiztegui, J.I. Clinical and Epidemiological Patterns of Argentine Haemorrhagic Fever. Bull. World Health Organ. 1975, 52, 567.
23. Gallo, G.L.; López, N.; Loureiro, M.E. The Virus–Host Interplay in Junín Mammarenavirus Infection. Viruses 2022, 14, 1134.
24. Peña Cárcamo, J.R.; Morell, M.L.; Vázquez, C.A.; Vatansever, S.; Upadhyay, A.S.; Överby, A.K.; Cordo, S.M.; García, C.C. The

Interplay between Viperin Antiviral Activity, Lipid Droplets and Junín Mammarenavirus Multiplication. Virology 2018, 514, 216–229.
[CrossRef]

25. Veldhoen, M.; Hirota, K.; Westendorf, A.M.; Buer, J.; Dumoutier, L.; Renauld, J.-C.; Stockinger, B. The Aryl Hydrocarbon Receptor
Links TH17-Cell-Mediated Autoimmunity to Environmental Toxins. Nature 2008, 453, 106–109. [CrossRef]

26. Stockinger, B.; di Meglio, P.; Gialitakis, M.; Duarte, J.H. The Aryl Hydrocarbon Receptor: Multitasking in the Immune System.
Annu. Rev. Immunol. 2014, 32, 403–432.

27. Gutiérrez-Vázquez, C.; Quintana, F.J. Regulation of the Immune Response by the Aryl Hydrocarbon Receptor. Immunity 2018, 48, 19–33.
28. Yamada, T.; Horimoto, H.; Kameyama, T.; Hayakawa, S.; Yamato, H.; Dazai, M.; Takada, A.; Kida, H.; Bott, D.; Zhou, A.C.; et al.

Constitutive Aryl Hydrocarbon Receptor Signaling Constrains Type I Interferon-Mediated Antiviral Innate Defense. Nat. Immunol.
2016, 17, 687–694. [CrossRef]

29. Calderón, G.E.; Provensal, M.C.; Martin, M.L.; Brito Hoyos, D.M.; García, J.B.; Gonzalez-Ittig, R.E.; Levis, S. Cocirculación de
virus Junin y otros mammarenavirus en área geográfica sin casos confirmados de Fiebre Hemorrágica Argentina [Co-circulation
of Junín virus and other mammarenaviruses in a geographical area without confirmed cases of Argentine Hemorrhagic Fever].
Medicina 2022, 82, 344–350. (In Spanish)

30. Kim, Y.J.; Venturini, V.; de la Torre, J.C. Progress in Anti-Mammarenavirus Drug Development. Viruses 2021, 13, 1187. [CrossRef]
31. Richmond, J.K.; Baglole, D.J. Clinical Review Lassa Fever: Epidemiology, Clinical Features, and Social Consequences. BMJ 2003,

327, 1271–1275. [CrossRef]
32. McCormick, J.B.; King, I.J.; Webb, P.A.; Scribner, C.L.; Craven, R.B.; Johnson, K.M.; Elliott, L.H.; Belmont-Williams, R. Lassa fever.

Effective therapy with ribavirin. N. Engl. J. Med. 1986, 314, 20–26. [CrossRef]
33. Attinsounon, C.A.; Ossibi Ibara, B.R.; Alassani, A.; Adé, S.; Saké, K.; Glèlè Kakaï, C.; Dovonou, A. Report of a Fatal Case of

Lassa Fever in Parakou in 2018: Clinical, Therapeutic and Diagnostic Aspects 11 Medical and Health Sciences 1108 Medical
Microbiology 11 Medical and Health Sciences 1117 Public Health and Health Services. BMC Infect. Dis. 2018, 18, 667. [CrossRef]

34. Zakaria, M.K. Cellular Targets for the Treatment of Flavivirus Infections. Front. Cell. Infect. Microbiol. 2018, 8, 398. [CrossRef]
35. Sepúlveda, C.S.; García, C.C.; Damonte, E.B. Inhibitors of Nucleotide Biosynthesis as Candidates for a Wide Spectrum of Antiviral

Chemotherapy. Microorganisms 2022, 10, 1631. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1099/0022-1317-70-5-1125
http://doi.org/10.1016/j.virol.2017.10.012
http://doi.org/10.1038/nature06881
http://doi.org/10.1038/ni.3422
http://doi.org/10.3390/v13071187
http://doi.org/10.1136/bmj.327.7426.1271
http://doi.org/10.1056/NEJM198601023140104
http://doi.org/10.1186/s12879-018-3587-6
http://doi.org/10.3389/fcimb.2018.00398
http://doi.org/10.3390/microorganisms10081631

	Introduction 
	Materials and Methods 
	Cell Lines 
	Viral Strains 
	Microarray Analysis 
	Small Molecule Compounds 
	Cell Viability Assays 
	Treatments and Viral Infections 
	Indirect Immunofluorescence 
	Viral Nucleic Acid Detection 
	Plaque Assay 
	Statistical Analysis 

	Results and Discussion 
	The AHR Pathway Is Over-Represented during JUNV Infection 
	Pharmacological Modulation of AHR Affects Viral Replication 
	AHR Modulation Has an Impact on JUNV Protein Expression 
	AHR Suppression Reduces JUNV Viral Levels 

	References

