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A B S T R A C T   

Many diverse strategies allow and facilitate severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) to 
evade antiviral innate immune mechanisms. Although the type I interferon (IFN) system has a critical role in 
restricting the dissemination of viral infection, suppression of IFN receptor signals by SARS-CoV-2 constitutes a 
checkpoint that plays an important role in the immune escape of the virus. Environmental pollution not only 
facilitates SARS-CoV-2 infection but also increases infection-associated fatality risk, which arises due to Systemic 
Aryl hydrocarbon Receptor (AhR) Activation Syndrome. The intracellular accumulation of endogenous kynur-
enic acid due to overexpression of the indoleamine 2,3-dioxygenase (IDO) by AhR activation induces AhR- 
interleukin-6 (IL-6)-signal transducers and activators of the transcription 3 (STAT3) signaling pathway. The 
AhR-IDO1-Kynurenine pathway is an important checkpoint, which leads to fatal consequences in SARS-CoV-2 
infection and immune evasion in the context of Treg/Th17 imbalance and cytokine storm.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
which was firstly identified in Wuhan, China in December 2019, rapidly 
spread all over the world. Whilst the number of cases to date exceeds 37 
million worldwide, more than one million people have died due to this 
virus infection (Coronavirus Update (Live), 2020). Although the path-
ogenesis of SARS-CoV-2 infection is still not completely clarified, a 
four-stage classification is proposed for the course of disease (From the 
American Association of Neurological Surgeons (AANS), American So-
ciety of Neuroradiology (ASNR), Cardiovascular and Interventional 
Radiology Society of Europe (CIRSE), Canadian Interventional Radi-
ology Association (CIRA), Congress of Neurological Surgeons (CNS), 
European Society of Minimally Invasive Neurological Therapy 
(ESMINT), European Society of Neuroradiology (ESNR), European 
Stroke Organization (ESO), Society for Cardiovascular Angiography and 
Interventions (SCAI), Society of Interventional Radiology (SIR), Society 
of NeuroInterventional Surgery (SNIS), and World Stroke Organization 
(WSO) et al., 2018; Rizk et al., 2020; Rodríguez et al., 2020; Siddiqi and 
Mehra, 2020). 

SARS-CoV-2 enters cells via angiotensin-converting enzyme 2 
(ACE2) by activating viral spike glycoproteins (SARS-2-S) through 

transmembrane protease serine 2 (TMPRSS2) (Engin et al., 2020a; Lei 
et al., 2020; Letko et al., 2020). However, the crosstalk between the 
SARS-CoV-2 and host innate immunity is poorly understood (Lei et al., 
2020). Upregulation of ACE2 or higher ACE2 gene expression may in-
crease susceptibility to infection by SARS-CoV-2 (Brake et al., 2020). 
Unfortunately, SARS-CoV-2 not only effectively uses a critical and 
unique system which is ACE2, to enter and multiply in the host (Ghe-
blawi et al., 2020), but also its binding to ACE2 allows it to evade im-
mune surveillance. The engulfment of ACE2 provides the virus access to 
the host cells system, thereby viral proliferation and immune evasion are 
strongly linked with a successful and potentially devastating infection 
(Brake et al., 2020). Thus, despite all the preventive measures, the rate 
of COVID-19 began to rise again, over second half of 2020. Most prob-
ably, one of the important contributing factors for the continuation of 
the pandemic is that environmental pollution negatively modulates the 
host’s immune response. 

In this context, epidemiological data regarding COVID-19 from 110 
Italian provinces confirmed that environmental pollution facilitates 
SARS-CoV-2 infection and increases the infection-associated fatality risk 
(Borro et al., 2020). Specifically, the adverse health effects of 
traffic-related daily ambient particulate matter pollution result from 
their chemical components like polycyclic aromatic hydrocarbons 
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(PAHs), as well as particulates (Xie et al., 2012). PAHs are well-known 
activators of the aryl hydrocarbon receptor (AhR), which is a latent 
transcription factor. Indeed, AhR is a chemical/ligand-dependent cyto-
plasmic receptor that responds to xenobiotics. In this respect, persistent 
organic pollutants, such as dibenzo-p-dioxins, dibenzofurans and 
non-ortho substituted (Borro et al., 2020) as well as polychlorinated 
biphenyl groups that can be found in particulate fractions, are 
high-affinity AhR ligands (Aristizábal et al., 2011; Denison and Nagy, 
2003; Ma et al., 2013). Furthermore, the bioinformatic analysis of the 
ACE2 gene has identified nine putative motifs for the AhR. This finding 
not only confirms the supposed link between environmental pollution 
and the SARS-CoV-2 infection, but also supports the hypothesis of 
pollution-induced ACE2 over-expression (Borro et al., 2020). As an ev-
idence of this, high AhR signal activity related with SARS-CoV-2 infec-
tion together have been shown to contribute to life-threatening 
progressive respiratory failure (Giovannoni et al., 2020). 

AhR has both exogenous and endogenous ligands. Exogenous ligands 
includes 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) which has a high 
affinity to the receptor and is found in cigarette smoke. In addition, the 
polychlorinated biphenyl congener 126 (PCB126), is a common 
pollutant and among the chlorinated biphenyls (PCBs) is the AhR 
agonist with the highest potency. Additionally, the novel pharmaceu-
tical, 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl ester 
(ITE), is an indole-based ligand. The endogenous ligands include 

tryptophan degradation products, which originate from the kynurenine 
pathway. All of these can modulate the immune responses of host to 
viral infection (Boule et al., 2018; Franchini et al., 2019). Modulation of 
the host’s immune response via AhR activation, leads to the expression 
of several effector genes, including TCDD-inducible poly adenosine 
diphosphate ribose (ADP-ribose) polymerase (TiPARP), which is 
required for maximal coronavirus replication (Grunewald et al., 2020). 
Consequently, AhRs play a critical role in immune and inflammatory 
processes and modulate the host’s responses to the environmental 
pollution (Veldhoen et al., 2008). Nevertheless, there is very scanty 
information on the innate immune responses to SARS-CoV-2, and on the 
regulatory mechanisms thereof, which impair the clearance of the virus 
and promote its immune escape (Maggi et al., 2020). In this review, the 
hypothetical mechanisms of immune evasion checkpoints adopted by 
SARS-CoV-2 and the impaired immune response of the host due to 
environmental pollution contributing the immunosuppression, which is 
observed in COVID-19 are discussed. 

2. Type I and III interferons in SARS-CoV-2 infection 

Pattern recognition receptors like Toll-like receptors (TLR-3, -7/8), 
and RIG-1-like receptors (RLRs), and cytokine receptors mediate the 
responses to RNA viruses which infect the airways (Goritzka et al., 
2015). After endocytosis, RNA genome of SARS-CoV-2 binds to the TLRs 

Fig. 1. Possible checkpoints that suppress the immune response of patients who are co-exposed to environmental pollution and SARS-CoV-2 aerosol. 
Airway innate immune cells, such as epithelial cells, DCs and pulmonary macrophages, function at different stages of SARS-CoV-2 infection. Both xenobiotic and virus 
act as AhR ligands in individuals exposed to aerosol effect, which contains various environmental pollutants and SARS-CoV-2. While xenobiotics pass through the 
plasma membrane by passive diffusion, SARS-CoV-2 binds to ACE2 and enters into cell, thereby both form a ligand-receptor complex with AhR ("double-hit hy-
pothesis"). After this complex is transported to nucleus, it heterodimerizes with its partner ARNT and genomic pathway is activated. This initiates the "Systemic AhR 
Activation Syndrome" (SAAS) via multiple AhR signaling pathways. SARS-CoV-2 blocks the production of type 1 IFNs and binding to the IFNARs, thus directly 
antagonizes the actions of ISG. Delayed IFN-I signaling results in excess virus replication in the epithelial cells and leads to severe complications. AhR activation by 
xenobiotic ligands and SARS-CoV-2 increases the expression of the IDO1 in DCs. Increase in IDO1 activity results in the production of immunosuppressive tryptophan 
metabolites via kynurenine pathway. The AhR-IL-6 STAT3 pathway induces the differentiation of naïve CD4+ T cells toward Th17 cells, while inhibiting Treg cells, 
leading to Treg/Th17 imbalance and SARS-CoV-2 immune evasion. Persistence of the inflammatory vicious circle and the IDO1-kynurenine-AhR pathway hyper-
activation culminate with cytokine storm. The intensity of AhR activation, and AhR/IL-22 signaling pathway may enhance the thromboembolism and fibrosis in 
multiple organs (Abbreviations: ACE2: Angiotensin-converting enzyme 2; Aer: Aerosol; AhR: Aryl hydrocarbon receptor; ARNT: AhR nuclear translocator protein; 
DC: Dendritic cell; DRE: Dioxin responsive element; Foxp3: Forkhead box P3+; HAHs: Halogenated Aromatic Hydrocarbons; HSP90: Chaperone 90-kDa heat shock 
protein; IDO1: Indolamine 2,3-dioxygenase 1; IFNγ: Interferon-gamma, Type III Interferon; IFNAR: Interferon alpha and beta receptors; IFNLR: Interferon lambda 
receptor, Type III IFN receptor; IL-6: Interleukin-6; ISG: Interferon-1 stimulated gene; IT-checkpoint: Immune tolerance checkpoints; Kyn: Kynurenine; PAHs: 
Polycyclic aromatic hydrocarbons; SAAS: Systemic AhR Activation Syndrome; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; SRC: HSP90 co- 
chaperone kinase (stress-regulated client protein); STAT3: Signal transducers and activators of transcription 3; TMPRSS: Transmembrane protease serine 2; Treg: 
T regulatory cell; Trp: Tryptophan; Type1 IFNs: Interferon alpha and beta; XRE: Xenobiotic response element). 
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3, 7 and 8, RLRs, nuclear factor kappa-light-chain-enhancer of activated 
B cells (NF-κB) and interferon regulatory factor 3 and 7 (IRF3 and IRF7). 
Via type I and type III interferons (IFNs) (interferon-gamma; IFN-γ) 
signaling, pro-inflammatory cytokines synthesis is initiated (Fig. 1) 
(Park and Iwasaki, 2020; Zhou et al., 2020). 

Indeed, the type I interferon system has a critical role in restricting 
the dissemination of viral infection. Viruses stimulate the expression of 
IFN and binding of IFN to the IFN-α/β receptor (IFNAR) initiates the 
Janus kinase (JAK)/signal transducers and activators of transcription 
(STAT) signaling cascade. Subsequent activation of IFN-stimulated 
genes (ISGs) prevents viral replication and support the host innate 
antiviral response (Lenschow, 2010). Whereas RNA viruses arrest or 
impede IFN production via reducing the expression of ISGs. (Reid and 
Charleston, 2014). 

A vigorous antiviral response is triggered by type I IFNs via binding 
its own receptor, which stimulates phosphorylation of STAT1 and 
STAT2. Subsequently, these transcription factors together with IRF 
create the IFN stimulated gene factor (ISGF) complex. This complex 
induces ISGs (Platanias, 2005; Schoggins et al., 2011). Despite the 
similarities between the type I IFNs and IFN-γ signaling pathways and 
ISGs, both type of IFNs’ responses are thought to be depend on virus 
intensity. The IFN-γ is the primary local defense against the low doses of 
viruses, however, the IFN-γ activation may be insufficient during the 
exposure to high doses of virus (Andreakos et al., 2017; Schoggins et al., 
2011). Although it is claimed that IFN-γ does not trigger inflammation as 
much as type I IFNs (Galani et al., 2017), interestingly, serum analysis of 
COVID-19 patients showed that proinflammatory cytokines and che-
mokines are strongly elevated without a significant increase in type I 
IFNs and IFN-γ (Blanco-Melo et al., 2020). In view of these findings, 
Blanco-Melo et al. suggested that SARS-CoV-2 infection induces low 
IFN-I and IFN-γ with insufficient ISG response while unexpectedly 
vigorously stimulating the expression of chemokine and 
pro-inflammatory cytokine genes (Blanco-Melo et al., 2020). This is 
attributed to the inhibition of phosphorylation and nuclear translocation 
of IRF3 by SARS-CoV-2 non-structural protein 3 (nsp3) (Blanco-Melo 
et al., 2020). The common accessory protein of SARS-CoVs, capsid 
protein ORF3b suppresses type I IFN more effectively by inhibiting ISGs 
transcription in SARS-CoV-2 compared to other SARS-CoVs. Therefore, 
in COVID-19, although the cytokine signal is intact, IFN signaling is 
uniquely suppressed by infected airway cells (Kopecky-Bromberg et al., 
2007; Schwartz et al., 2020). 

Recently, Park and Iwasaki claimed that the ISGs are proportional 
with the viral load as well as disease severity, and accordingly, severe 
SARS-CoV-2 infection leads to large quantities of type I IFN expression 
that fail to reduce viral load (Park and Iwasaki, 2020). Although the 
findings on IFN expression are contradictory, in the early phase of 
COVID-19, high amounts of inflammatory cytokines and chemokines 
secretion from activated macrophages, mature dendritic cells (DCs) and 
epithelial cells is unchallenged (Cheung et al., 2005; Fu et al., 2020). 
This clearly demonstrates the presence of disequilibrium between 
pro-inflammatory cytokine and IFN expression in SARS-CoV-2 infection 
(Park and Iwasaki, 2020). Suppression of IFN receptor signals by 
SARS-CoV-2 constitutes a checkpoint that plays an important role in the 
immune evasion of the virus. As mentioned above, there is an imbalance 
between the amounts of IFNs and the level of highly expressed proin-
flammatory cytokines. Because of this conflict, it is thought that either 
the AhR directly or the AhR-Kynurenine pathway influence the forma-
tion of the cytokine storm, which is largely responsible for lung tissue 
damage and death in COVID-19 patients. 

Environmental pollution enhances angiotensin I (Ang I) conversion 
to Ang II via promoting plasma ACE activity and results in increased 
COVID-19 mortality (Engin et al., 2020b). Indeed, increased Ang II 
promotes IL-6 expression via JAK/STAT pathway, thereby setting up a 
positive inflammatory feedback loop. The resultant cytokine storm 
causes tissue damage. Furthermore, the disintegrin and metal-
loproteinase 17 (ADAM17), which is activated by the Ang II/AT1 

receptor axis, increases Ang II retention (Catanzaro et al., 2020). 

3. Aryl hydrocarbon receptor and immune evasion of SARS-CoV- 
2 

Environmental pollutants are very stable in the human body, and 
some may accumulate and remain as potent inducers of AhR for many 
years (Denison and Nagy, 2003). In the sampling study conducted in the 
fall of 2017, it was determined that particulate matter 2.5 (PM2.5) 
concentrations in six Chinese cities, including Wuhan, exceeded the 
amounts recommended by the World Health Organization regarding 
daily average air quality by 2.4–6.1 times (Wang et al., 2020b). The 
epidemiological data revealed that the air quality index was signifi-
cantly and positively correlated with the daily amount of COVID-19 
cases in both Wuhan and XiaoGan. In this respect, air quality index, 
PM2.5, nitrogen dioxide (NO2), and temperature have been established 
as promoting factors in the transmission of COVID-19 (Engin et al., 
2020b; H. Li et al., 2020b). These particles contain AhR ligands as well 
as the potential to carry viable virus particles. Although the transmission 
of COVID-19 is dependent on human-to-human spread, the environ-
mental pollution rapidly enhances the air-to-human contamination and 
forms a hazardous vicious cycle (Coccia, 2020). Thus, analysis of data of 
150 patients from Wuhan, China evidently displayed that the fatal 
outcome in COVID-19 patients was due to uncontrollable cytokine 
release (Ruan et al., 2020). In fact, environmental pollutants expressing 
ACE2 and AhR use the same genomic pathway. Pollution-induced 
over-expression of ACE2 on human airways promotes SARS-CoV-2 
infectivity, while inducing viral immune evasion (Borro et al., 2020). 
Hence, a positive correlation was found between the virus spread, 
environmental pollution, and ACE2 receptor expression and severity of 
SARS-CoV-2 infection (Comunian et al., 2020). This process is defined as 
the "double-hit hypothesis" by Frontera et al. (Frontera et al., 2020). 
Precursors to AhR ligands, which are derived from industrial waste, such 
as PAHs found in tobacco smoke, coal tar, grilled meats, and in many 
foods are potent agonists of the AhR (Machala et al., 2001; Quintana and 
Sherr, 2013). Following the diffusion through plasma membrane, these 
exogenous ligands bind to cytoplasmic AhR. Hsp90 and aryl hydrocar-
bon receptor interacting protein (AIP) retain AhR in the cytoplasm, and 
AIP prevents the degradation of AhR (Kazlauskas et al., 2000). 
Furthermore, AIP strongly suppresses interferon regulatory factor 
7-induced type I IFN (IFNα/β) expression and negatively affects 
anti-viral response (Zhou et al., 2015). Ligand-AhR complex moves to-
wards the nucleus (Larigot et al., 2018; Neavin et al., 2018). Later, the 
90-kDa heat shock protein (HSP90/c)-SRC compound and AIP dissociate 
from the Ligand-AhR complex that translocates to the nucleus 
(Kazlauskas et al., 2000; Quintana and Sherr, 2013; Stockinger et al., 
2014). Indeed, HSP90 release in the nuclear region is required for the 
generation of the AhR/AhR nuclear translocator (ARNT) heterodimer, 
which controls the transcriptional activity of target genes (Quintana and 
Sherr, 2013; Stockinger et al., 2014; Tsuji et al., 2014). AhR hetero-
dimerizes with the ARNT protein. This heterodimer binds to xenobiotic 
responsive elements, which has specific DNA sequences, thereby 
genomic pathway is activated (Larigot et al., 2018; Neavin et al., 2018; 
Petrulis et al., 2003, 2000). In addition to environmental pollution, 
direct activation of AhRs by virus stimulates immediately simultaneous 
up-regulation of various distinct AhR-dependent effectors. All these, by 
turns consequently lead to a "Systemic AhR Activation Syndrome" 
(SAAS) (Fig. 1). Clinical manifestations of SAAS are inflammation, 
cytokine storm, thromboembolism, fibrosis, and result in multiple organ 
injuries and death (Larigot et al., 2018; Neavin et al., 2018). In this 
process, simultaneous exposure to SARS-CoV-2 with environmental 
pollutants initially induces activation of AhRs by a mechanism in which 
indolamine 2,3-dioxygenase 1 (IDO1) is not involved. (Checkpoint) 
(Fig. 1) (Larigot et al., 2018; Neavin et al., 2018). Subsequently, AhR 
activation increases the expression of the IDO1, and the essential amino 
acid tryptophan is metabolized throughout the kynurenine pathway. 
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Formation of kynurenine and kynurenine metabolites initiate an 
important immune tolerance mechanism in DCs (Mezrich et al., 2010; 
Munn et al., 2002; Nguyen et al., 2010; Takikawa, 2005). Besides the 
environmental pollutants, activation of AhR due to extensive viral 
exposure leads to additional release of kynurenine (Turski et al., 2020). 
The downstream metabolite of kynurenine, kynurenic acid, acts as an 
AhR ligand (DiNatale et al., 2010; Heath-Pagliuso et al., 1998). The 
intracellular accumulation of endogenous kynurenine has 100–1000 
fold more AhR agonist potential in comparison to classic AhR ligands 
(Seok et al., 2018). Kynurenine and kynurenic acid produced by IDO1 in 
epithelial cells, activates more AhR, thereby induce interleukin (IL)-6. 
IL-6 in turn drives more IDO1 expression via an AhR-IL-6-STAT3 
signaling (Litzenburger et al., 2014). Thus, kynurenic acid supports 
the cytokine storm by inducing the production of inflammatory cyto-
kines (DiNatale et al., 2010). 

Therefore, AhR also increases its own effect via the activation of the 
IDO1-AhR-IDO1 positive feedback loop. The effects of AhR activation by 
SARS-CoV-2 with environmental pollutants together are essentially 
synergistic (Neavin et al., 2018). The AhR ligand-receptor interactions 
control the immune processes in response to environmental stimuli. 
Kynurenine and related metabolites increase the differentiation of 
forkhead box P3+ (FoxP3+) regulatory T cells (Tregs), and this effect is 
also dependent on AhR signaling in T cells. In this respect, it is thought 
that there is a positive feedback loop in that AhR ligands dramatically 
induce the expression of IDO1. More IDO1, in turn generates more 
kynurenine, as endogenous AhR ligand. Both cytokine storm, and im-
mune escape of SARS-CoV-2 supports each other in fatal progression of 
COVID-19 (Rizk et al., 2020). The AhR-IDO1-Kynurenine pathway is an 
important checkpoint which leads to fatal consequences in SARS-CoV-2 
infection. Indeed, IDO1 activity is markedly increased in sepsis, consti-
tuting an independent predictor of severity and fatality of various dis-
eases (Huttunen et al., 2010). Moreover, increased IDO1 activity and 
kynurenine show a strong positive correlation with community-acquired 
pneumonia severity score (Meier et al., 2017). The concept stated as 
"AhR activation could suppress immune responses" was first defined by 
Kerkvliet et al. (Kerkvliet et al., 1990). In this context, AhR activation 
induces the differentiation to IL-17-producing CD4+ T cells. Polariza-
tion into new Th17 cells increases the production of the Th17-related 
inflammatory cytokines, IL-17A, IL-17F, IL-22 and IL-21 (Kimura 
et al., 2008; Quintana et al., 2008; Veldhoen et al., 2008). In severe 
SARS-CoV-2 infection Th17 cells (CCR6+ Th17) rapidly increase, while 
Treg cells (CD3+CD4+CD25+CD127low+) are significantly decreasing. 
Thereby, in lethal COVID-19, cytokine secretion from DCs and macro-
phages provoke the infiltration of Th17 cells to the site of infection and 
lead to diffuse lung injury (Qin et al., 2020; F. Wang et al., 2020a; Wu 
and Yang, 2020). In fact, IL-12 predominantly induces Th1 immune 
responses, whereas IL-23 contributes to Th17 immunity (Schön and 
Erpenbeck, 2018). An infection with SARS-CoV-2 likely leads to 
enhanced IL-12 and IL-23 serum concentrations (Schön et al., 2020). The 
effect of environmental pollution on Th17 cell systems incorporates AhR 
induction within intermediary DCs, rather than a direct impact on actual 
Th17 cells (Kazantseva et al., 2012). Since cytokines act through a 
common JAK-STAT signaling pathway, STAT3, a transcription factor, 
mediates IL-6 and IL-23 signals for the initial differentiation of Th17 cell. 
In this feedback cycle in patients with COVID-19, both IL-6 and IL-23 
activate STAT3 through JAK2, whereas IL-21 activates STAT3 via 
JAK1 and JAK3 (Wu and Yang, 2020). Eventually, differentiation of 
Th17 represses Treg cells and this is followed by severe cytokine release 
(G. Li et al., 2020a). FoxP3+ Treg cells act as a key factor in the control 
of immune reactivity to self and non-self-antigens (Sakaguchi et al., 
2010). Treg cells express anti-inflammatory cytokines, and control 
excessive immune responses. Thereby, decrease in Treg/Th17 cell ratio 
in SARS-CoV-2 infection is a serious immunological conundrum. 

In this context, the Treg/Th17 imbalance contributes to the explo-
sion of the cytokine storm and can lead to severe multiple organ failure 
during the SARS-CoV-2 infection (Li et al., 2016; Muyayalo et al., 2020). 

In a series of twenty-one patients with COVID-19, who had pulmonary 
insufficiency, significantly higher cytokine expression was found despite 
the decreasing IFNs (Chen et al., 2020). The decrease in CD4+ and 
CD8+ cells, increased level of proinflammatory cytokines and chemo-
kines, in addition to decreased Treg cells, and the resultant excessive 
cytokine release syndrome eliminates the patient’s control over the 
destructive immune response and leads to the death in COVID-19 
(Jesenak et al., 2020). In fact, all these alterations are more pro-
nounced in severe SARS-CoV-2 infection than in those with mild disease 
(Song et al., 2020). 

4. Conclusion 

SARS-CoV-2 is explicitly prone to evade immune detection by sup-
pressing human immune responses. The presence of disequilibrium be-
tween pro-inflammatory cytokine and IFN expression (Checkpoint) in 
SARS-CoV-2 infection may be associated with the environmental 
pollution-related IDO1-AhR-IDO1 pathway activation. Decreased 
clearance of the virus through immune evasion of SARS-CoV-2 due to 
AhR-Kynurenine pathway interactions plays an important role in the 
severity of COVID-19. The AhR-IDO1-Kynurenine pathway supports the 
cytokine storm by inducing the production of inflammatory cytokines. 
The immunomodulatory effects of kynurenine are mediated by the AhR. 
Thus, it seems reasonable that novel therapies of SARS-CoV-2 infection 
could perhaps target the IDO1 pathway and thus reverse the IDO1- 
mediated suppression of T cell activity. Such a treatment strategy may 
also include the use of IDO1 inhibitors in addition to checkpoint-related 
combination regimens. 
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