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Abstract

Interferons (IFNs) exhibit forceful inhibitory activities against numerous viruses by inducing 

synthesis of anti-viral proteins or promoting immune cell functions, which help eradicate the 

vicious microbes. Consequently, the degree to which viruses evade or counterattack IFN responses 

influences viral pathogenicity. Viruses have developed many strategies to interfere with the 

synthesis of IFNs or IFN receptor signaling pathway. Furthermore, multiple viruses decrease 

levels of IFN receptors via diverse tactics, which include decreasing type I IFN receptor mRNA 

expression, blocking post-translational modification of the receptor, and degrading IFN receptors. 

Recently, influenza virus was found to induce CK1α-induced phosphorylation and subsequent 

degradation of the receptor for type I and II IFNs. In this review, viral mechanisms that remove 

IFN receptors are summarized with an emphasis on the mechanisms for virus-induced degradation 

of IFN receptors.
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1. Introduction

Type I IFN was first found to interfere with the replication of influenza virus by Isaacs and 

Lindenmann in 1957 (Isaacs and Lindenmann, 1957). Since then, the potent antiviral 

function of IFN has been confirmed in versatile systems (Hoffmann et al., 2015; Katze et al., 

2002; Muller et al., 1994). Cellular sensing of viral genetic information triggers a signal 

cascade to induce and secrete type I IFNs, which can bind to the cell (self) or neighboring 

cells via the interaction of IFN with its cognate receptor. This autocrine and paracrine 
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signaling activates the renowned JAK/STAT signaling pathway to induce expression of IFN-

stimulated genes (/SGs), whose products exert antiviral functions and lead to the 

establishment of an antiviral state (Aaronson and Horvath, 2002; Darnell et al., 1994; 

Schoggins, 2014; Sharma et al., 2003). Type I IFNs that include multiple IFN-α subtypes 

and IFN-ß directly obstruct the replication of viruses, while type II IFN (IFN-γ) is produced 

from specific immune cells such as T cells and NK cells displaying immunoregulatory 

activities (Alspach et al., 2018; Schroder et al., 2004).

Viruses strive to escape host protective IFN responses to maximize viral propagation. One 

strategy, which has been elucidated for many viruses, is to interfere with the production of 

type I IFNs, thereby reducing anti-viral signaling. (Garcia-Sastre, 2017; Hoffmann et al., 

2015; Horner and Gale, 2013; Nan et al., 2014). For example, influenza virus was shown to 

use a viral protein to block activation of RIG-I, a cellular sensor of viral RNAs involved in 

the interferon response (Gack et al., 2009). Nevertheless, completely blocking the 

production of type I IFNs seems difficult, given that type I IFNs were detected in diverse 

experimental systems as well as flu patients (de Jong et al., 2006; Garcia-Sastre, 2011; Kash 

et al., 2006; Killip et al., 2015). Furthermore, type I IFNs can be produced from uninfected 

cells through soluble secondary messengers produced from cGAS-STING pathway, indirect 

activation of plasmacytoid dendritic cells, or detection of viral genetic elements delivered 

from apoptotic cells by conventional dendritic cells and macrophages (Colonna et al., 2004; 

Ma and Damania, 2016; Seo and Hahm, 2010). Thus, for efficient replication, viruses may 

need to interfere with IFN receptor signaling as well. Indeed, viruses can impair the 

activation of receptor signaling by using diverse strategies, which include viral decoy to bind 

type I IFN to prevent IFN recognition by the receptor, inhibition of JAK/STAT signaling, 

and regulation of the antiviral function of ISG products (Garcia-Sastre, 2017; Symons et al., 

1995; Xu et al., 2012; Xu et al., 2014).

Recently, influenza virus was demonstrated to induce degradation of receptors for type I and 

type II IFNs (Xia et al., 2015; Xia et al., 2018). This suggests an additional mechanism of 

anti-IFN defense, enabling influenza virus to interfere with the IFN response at both the 

level of IFN receptor signaling as well as IFN synthesis. Indeed, several other viruses were 

also shown to induce the downregulation of type I IFN receptor (IFNAR) (Chandra et al., 

2014; Cho et al., 2012; Jarret et al., 2016; Liu et al., 2009b; Lu et al., 2012; Shah et al., 

2009; Zhang et al., 2017b). Viral antagonism targeting IFNAR seems to be accomplished 

through a variety of mechanisms, which include the regulation of IFNAR1 mRNA 

expression, IFNAR1 degradation, and the inhibition of post-translational modification of 

IFNAR1. Additionally, a few reports indicate that viruses can cause downregulation of type 

II IFN receptor (IFNGR) (Chandra et al., 2014; Li et al., 2007; Shah et al., 2009). However, 

the degradation process of IFNGR remains largely unexplored. This review compiles reports 

on IFN receptor degradation and downregulation, particularly upon virus infection, and 

discusses the underlying mechanisms, which contain the findings from influenza virus-

induced destruction of IFN receptors.
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2. IFNAR degradation

2.1. Cellular conditions for IFNAR degradation.

IFNAR is composed of IFNAR1 and IFNAR2 (Uze et al., 2007). Detailed mechanisms for 

the regulation of IFN receptor endocytosis and degradation processes are found in an 

excellent review article written by Fuchs SY (Fuchs, 2013) and are briefly summarized in 

this introductory section. The IFNAR complex undergoes clathrin-dependent endocytosis 

when the Tyrosine (Y466 of human IFNAR1)-based endocytic motif (YVFF), which is 

present on the cytoplasmic domain of IFNAR1, is exposed to the adaptin protein-2 (AP-2) 

complex. Internalized IFNAR1 generally undergoes subsequent lysosomal degradation, 

while the IFNAR2 subunit tends to recycle back to the cell surface. Therefore, the level of 

IFNAR1 seems to be targeted for regulation and important for triggering the IFNAR 

downstream signaling pathway (Fuchs, 2012, 2013; Hwang et al., 1995; Marijanovic et al., 

2007).

In unstimulated cells, the endocytic motif of IFNAR1 is engaged for association with TYK2 

kinase, blocking the internalization and degradation of IFNAR1. This process is independent 

of the catalytic activity of TYK2 (Kumar et al., 2008). However, when stimulated by type I 

IFN, human IFNAR1 is ubiquitinated at K501, K525, and K526, which is critical for 

recruiting of AP2 complex to IFNAR1 to initiate its endocytosis (Kumar et al., 2007; Kumar 

et al., 2004). Importantly, Skp1-Cullin1-HOS-Roc1 (SCFHOS, also known as β-TrCP2) has 

been identified to mediate the ubiquitination of IFNAR1 (Kumar et al., 2003). Furthermore, 

serine phosphorylation of IFNAR1 is required for the interaction of IFNAR1 with β-TrCP2 

and the consequent degradation of IFNAR1. The phosphorylation site (S535 in human 

IFNAR1) of IFNAR1 is located in the degradation motif DSGNYS (amino acid, aa 534–

539), which is conserved in all known species (Kumar et al., 2004; Kumar et al., 2003).

In a process called eliminative signaling, type I IFN bound to its receptor initiates 

internalization and degradation of IFNAR1 (Huangfu and Fuchs, 2010; Kumar et al., 2003). 

This seems to be a negative regulatory mechanism that could attenuate signaling when 

amounts of IFN reach a certain level (Fuchs, 2013). Perhaps, our cells intend to block the 

inflammatory response by downregulating IFNAR. In support of this, inflammatory 

experimental conditions and TLR stimulations could cause the downregulation of IFNAR 

(Bhattacharya et al., 2014; Katlinskaya et al., 2016; Qian et al., 2011). Cellular kinase, 

serine/threonine protein kinase D2 (PKD2) was reported to mediate the phosphorylation of 

IFNAR1 when type I IFN triggers the degradation process of IFNAR1 (Figure 1) (Zheng et 

al., 2011a; Zheng et al., 2011c). Although TYK2 is important for protecting IFNAR1 from 

endocytosis by masking the endocytic motif, the enzymatic activity of TYK2 is required for 

IFN-induced PKD2 activation for IFNAR1 degradation (Zheng et al., 2011a). PKD2 can be 

also activated by other stimuli, leading to IFNAR1 degradation. For example, vascular 

endothelial growth factor (VEGF), an angiogenic cytokine that is widely expressed in 

tumors, activates PKD2. This leads to the phosphorylation of IFNAR1 and consequent 

attenuation of type I IFN signaling during angiogenesis (Zheng et al., 2011b). BCR-ABL 

also activates PKD2 in chronic myeloid leukemia cells, resulting in the phosphorylation and 

Xia et al. Page 3

Virology. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subsequent degradation of IFNAR1 (Bhattacharya et al., 2011b; Mihailovic et al., 2004). 

This implies that IFNAR1 degradation is involved in BCR-ABL-mediated tumorigenesis.

IFNAR1 can be degraded in a manner independent of its ligand (type I IFN) such as the 

inflammatory response (Bhattacharya et al., 2014; Huangfu et al., 2012) and the 

endoplasmic reticulum (ER) stress response (Bhattacharya et al., 2013; Liu et al., 2009b). 

ER stress response mainly occurs through activation of one or more of the following 

regulatory proteins: activating transcription factor 6 (ATF6), PKR-like ER kinase (PERK), 

or inositol-requiring enzyme 1 (IRE1) (Hassan et al., 2012; Xu et al., 2005). Initially, 

forcibly overexpressed IFNAR1 at high levels was shown to undergo phosphorylation within 

its destruction motif. This prompted investigation into the relationship between the ER stress 

response and IFNAR1 degradation (Liu et al., 2009b). Pharmacologic induction of ER stress 

response such as the treatment with thapsigargin induced IFNAR1 degradation, which was 

demonstrated to be reliant on the PERK pathway (Liu et al., 2009b; Yu et al., 2015). While it 

is unclear how the PERK-dependent ER stress response activates p38 MAPK, p38 MAPK 

phosphorylates IFNAR1 at S532. This pre-phosphorylation subsequently induces the 

phosphorylation of IFNAR1 at S535 by casein kinase 1α (CK1α), which is independent of 

type I IFN (ligand) (Figure 1) (Bhattacharya et al., 2010; Bhattacharya et al., 2011a; Liu et 

al., 2009a; Liu et al., 2009b). Furthermore, inflammatory cytokines such as tumor necrosis 

factor-α (TNF-α) and IL-1 β were also shown to induce the phosphorylation and 

degradation of IFNAR1 through activation of p38 MAPK and CK1α (Huangfu et al., 2012). 

Viral infections can cause inflammatory responses by inducing the synthesis of TNF-03b1 or 

IL-1 β, which may also lead to IFNAR1 degradation. Possibly, viruses could utilize this 

cellular mechanism of IFNAR1 degradation for their own benefit, which warrants future 

investigation. The phosphorylated IFNAR1 becomes a substrate for the ubiquitinase, β-

TrCP2, leading to the degradation of poly-ubiquitinated IFNAR1 (Kumar et al., 2004; 

Kumar et al., 2003). After IFNAR1 is phosphorylated by either CK1α or PKD2, the 

following ubiquitination step between the ligand (type I IFN)-dependent and ligand-

independent (ER stress response) degradation of IFNAR1 appears to be the same.

The phosphorylation-incompetent mutant of IFNAR1 (S535A) was shown to become 

resistant to degradation signaling (Kumar et al., 2004). Moreover, IFNAR1 knock-in mice 

that have a mutation at the phosphorylation site (S526A) of murine IFNAR1 was created. 

IFNAR1 (S526A) knock-in mice developed normally, but under the experimental 

inflammatory disease condition of pancreatitis, mice developed increased IFN responses and 

enhanced IFN-stimulated gene expression, leading to heightened inflammatory responses 

(Bhattacharya et al., 2014). The possible role of IFNAR degradation during tumorigenesis 

and tumor escape response is discussed in another review (Fuchs, 2013); this review will 

focus on viral regulation of IFNAR.

2.2. Viral elimination of IFNAR.

Many viruses have been reported to downregulate the level of IFNAR1. RNA viruses 

including the flaviviruses, hepatitis C virus (HCV), vesicular stomatitis virus (VSV), 

enterovirus 71 (EV71), and influenza A virus (IAV), as well as DNA viruses such as 

hepatitis B virus (HBV), herpes simplex virus (HSV), and Epstein-Barr virus (EBV) were 
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shown to decrease the level of IFNAR1 (Table 1) (Chandra et al., 2014; Chee and Roizman, 

2004; Cho et al., 2012; Jarret et al., 2016; Liu et al., 2009b; Lu et al., 2012; Lubick et al., 

2015; Shah et al., 2009; Zhang et al., 2017b). It seems that the mechanisms to reduce 

IFNAR1 levels during virus infections are diverse.

In some cases, both RNA and protein levels of IFNAR1 are modulated during virus 

infection. HCV infection was demonstrated to decrease the mRNA expression of IFNAR1, 

but not IFNAR2 (Jarret et al., 2016). Intriguingly, HCV induces aberrant expression of host 

microRNAs, miR-208b and miR-499a-5p encoded by myosin genes, which bind 3’UTR of 

IFNAR1 to destabilize the IFNAR1 mRNA leading to the inhibition of antiviral type I IFN 

signaling in HCV-infected hepatocytes (Jarret et al., 2016). Furthermore, ER stress markers 

were detected in HCV-induced chronic liver disease and liver cirrhosis patients, which was 

associated with the impaired expression of IFNAR1 (Chandra et al., 2014). Infection by 

HCV or VSV induces the PERK pathway of ER-stress response, which results in the 

phosphorylation and ubiquitination of IFNAR1, followed by endocytosis and degradation of 

the receptor (Chandra et al., 2014; Liu et al., 2009b). Therefore, during HCV infection, 

IFNAR1 seems to be controlled at both RNA and protein levels. HBV reduces the RNA 

expression of IFNAR1 by viral protein X (HBx) (Cho et al., 2012). HBx also diminished the 

expression of TYK2, which was proven to be crucial for the stabilization of IFNAR1 

(Ragimbeau et al., 2003), and induced translocation of IFNAR1 into cytoplasm (Cho et al., 

2012). Therefore, it is likely that HBx decreases the level of IFNAR1 protein by reducing 

the expression of TYK2. This means that HBx regulates IFNAR1 at the post-translational 

level as well as the transcriptional stage. However, the detailed molecular mechanism 

remains to be defined.

West Nile virus (WNV) was reported to induce depletion of IFNAR1 protein. WNV 

infection or expression of viral nonstructural (NS) proteins in subgenomic replicon-bearing 

cells caused downregulation of IFNAR1 without affecting the level of IFNAR1 mRNAs. 

Although this decrease of IFNAR1 was reliant on the lysosomal or proteasome degradation 

pathway, it was independent of the ER stress response and phosphorylation of S535 in 

IFNAR1, suggesting the presence of a non-canonical pathway (Evans et al., 2011). Another 

study reported that Flaviviruses including TickBorne Encephalitis virus (TBEV) and WNV 

inhibit IFNAR1 surface expression by suppressing post-translational modification such as 

glycosylation (maturation) of IFNAR1 (Lubick et al., 2015). IFNAR1 is known to be heavily 

glycosylated mostly through N-linked modifications (Ling et al., 1995). In this case, viral 

NS5 protein binds to the host factor prolidase, which prevents the glycosylation and surface 

expression of IFNAR1 (Lubick et al., 2015). This study elucidated the function of prolidase 

as being critical for post-translational modification of IFNAR1 and therefore a target for 

viral interference. Their results also suggest that the glycosylation of IFNAR1 is important 

for accumulation of functional IFNAR1 on the surface of cells. Human metapneumovirus 

(hMPV) infection reduced the surface expression of type I IFN receptor (IFNAR) but total 

cellular level of IFNAR1 appeared unchanged, suggesting that hMPV facilitated the 

internalization of IFNAR1 (Ren et al., 2011). The decreased level of IFNAR1 on cells could 

be due to the decreased level of TYK2 caused by hMPV infection. In contrast to hMPV, 

EBV has been shown to reduce the level of intracellular IFNAR1 without altering IFNAR1 

levels on the surface of cells (Shah et al., 2009). In this research, LMP2A and LMP2B 
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proteins of EBV were shown to accelerate the turnover of IFNAR1 through processes 

requiring endosomal and lysosomal function (Shah et al., 2009). However, it is unclear how 

the decrease of the intracellular IFNAR1 without altering surface level of IFNAR1 inhibits 

antiviral IFN pathway. It is possible that LMP2A/LMP2B have an as-yet unidentified 

mechanism to impair the functionality of IFN receptors on cell surfaces and decrease 

intracellular pool of IFNAR that can replace the non-functional receptors.

Protease 2A of EV71 was reported to reduce IFNAR1 levels, attenuating IFN receptor 

signaling. The protease activity of EV71 2A is required for this inhibitory effect, but the 

target of 2A protease is unknown (Lu et al., 2012). dUTPase UL50 of pseudorabies virus 

(PRV) was shown to induce the lysosomal degradation of IFNAR1; however, the degradation 

of IFNAR1 was independent of the dUTPase activity of UL50 of PRV (Zhang et al., 2017b). 

Similarly, dUTPase enzymatic activity of ORF54 was not required for downregulation of 

IFNAR1 protein during murine gammaherpesvirus-68 (MHV-68) infection (Leang et al., 

2011). In this study, ORF54’s anti-IFN function was shown to be critical for persistent 

infection of MHV-68. Therefore, viral proteins may or may not utilize their well-known 

enzymatic function in the induction of IFNAR1 downregulation.

The level of IFNAR1 was shown to decrease following HSV infection in vitro (Chee and 

Roizman, 2004). IFNAR1 degradation caused by HSV infection was reported to be 

independent of PERK, but possibly mediated by p38 MAP kinase upon stimulation of toll-

like receptors (TLRs) (Ma and He, 2014; Qian et al., 2011 ).

Recently, we have shown that IAV induces the reduction of IFNAR1 at a post-transcriptional 

stage (Xia et al., 2015). In fact, the viral hemagglutinin (HA) was proven to trigger 

phosphorylation and ubiquitination of IFNAR1, leading to the degradation of this receptor 

(Figure 2). IAV HA-induced IFNAR1 degradation appeared to be dependent on both the 

proteasome and lysosome degradation pathways (Xia et al., 2015). Traditionally, degradation 

of the cell-surface receptor IFNAR1 is thought to depend primarily on the lysosomal 

degradation pathway (Katzmann et al., 2001; Kumar et al., 2003). However, HA-induced 

degradation of IFNAR1 is reliant on the proteasome-dependent pathway as well as lysosome 

pathway (Xia et al., 2015). Possibly, influenza viral HA also regulates the stability of 

IFNAR1 protein from the intracellular pool existing within the cells before the receptor is 

localized on the plasma membrane of cell surface.

2.3. Phosphorylation of IFNAR by viral infection.

Although several viruses were shown to induce degradation of IFNAR1 during infection, 

phosphorylation of IFNAR1 was demonstrated to take place during infection by only a few 

viruses such as VSV and HCV via the ER-stress response, or by IAV HA (Liu et al., 2009b; 

Xia et al., 2015). In the context of VSV or HCV infection, PERK-mediated ER stress 

responses cause p38 MAPK-induced phosphorylation of IFNAR1, leading to degradation of 

IFNAR1. Recently, CK1α was proven to be critical in IAV HA-mediated IFNAR1 

degradation, as pharmacologic inhibition of CK1α as well as siRNA-based knockdown of 

CK1α attenuated the degradation process of IFNAR1 triggered by IAV infection or IAV HA 

expression (Figure 3) (Xia et al., 2018).
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Unlike during the ER stress response, influenza viral HA-induced IFNAR1 degradation does 

not require the activation of p38 MAPK (Xia et al., 2018). Thus, HA seems to have a unique 

strategy to activate CK1α, bypassing the pre-phosphorylation step of IFNAR1 by p38 

MAPK. IAV-induced CK1α activation appeared to be independent of the ligand, type I IFN. 

This is because viral HA did not induce IFN response but caused IFNAR1 to degrade. 

Furthermore, IAV infection could effectively induce IFNAR1 degradation in IFN 

production-incompetent Vero cells, which was also blocked by treatment with CK1α -

specific inhibitor (Xia et al., 2018).

It is unknown if FIA directly associates with CK1α or if HA utilizes another cellular factor 

to recruit CK1α to IFNAR1. It is also uncertain whether IAV HA displays any function 

inside cells to activate CK1α or if HA on virus particle interacts with a cellular surface 

protein triggering a signal cascade to regulate host IFNAR1 stability. Interestingly, when 

cells were infected with an HA gene-deficient influenza virus, IFN receptor was not 

downregulated (Xia et al., 2018). HA gene-deficient influenza virus was made using HA 

protein-expressing cells and thus retains HA proteins on the virus, allowing one cycle of 

viral infection (Marsh et al., 2007; Martinez-Sobrido et al., 2010). Thus, the engagement of 

HA protein with the cellular receptor, sialic acid, does not appear to cause downregulation of 

IFNAR1. Rather, HA proteins newly expressed in the infected cells seem to trigger a signal 

path for the receptor degradation. Indeed, the degradation of IFNAR1 is correlated with the 

increased expression level of viral proteins in the cells (Xia et al., 2015; Xia et al., 2018). 

The possibility of specific localization of HA inside cellular organelles such as the ER or 

Golgi being important for initializing the degradation pathway remains to be further 

investigated.

While viruses such as TBEV were shown to downregulate functional IFNAR to promote 

viral spread (Lubick et al., 2015), the importance of IFNAR1 degradation during IAV 

infection has not been investigated. It is conceivable that the downregulation of IFNAR1 is a 

cellular process that takes place at the late stage of virus replication to prevent extreme 

activation of IFN signal. Fortunately, the identification of CK1α as a cellular protein to 

control IFNAR1 degradation allowed us to directly address this question during IAV 

infection. Indeed, CK1α was demonstrated to display a pro-viral function by inducing 

degradation of IFNAR1. Treatment of A549 cells with a CK1α-specific inhibitor, (D4476), 

massively suppressed the production of infectious influenza virus by over 100 fold. This 

effect was observed throughout the course of infection with time points taken at 24, 48, and 

72 hours post-infection. This was also associated with an increase in IFN-induced gene 

expressions (Xia et al., 2018). These results demonstrate the importance of IFNAR1 

degradation caused by influenza and show how strongly influenza virus suppresses host IFN 

system by eliminating IFNAR1. Nullifying the viral immune-evasive strategy of IFNAR1 

degradation presents a possible target to potently repress influenza virus replication in this 

culture system.

Recently, CK1α was reported to interact with the VP2 protein of the infectious bursal 

disease virus (IBDV) resulting in regulation of viral growth (Zhang et al., 2017a). It was also 

shown that CK1α was downregulated during IBDV replication. The siRNA-mediated 

knockdown of CK1α inhibited IBDV replication, whereas overexpression of CK1α 
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enhanced IBDV propagation. Although it is uncertain whether IBDV induces CK1α-

mediated degradation of IFNAR, the results suggest that CK1α exhibits a pro-viral function 

during IBDV infection. CK1α may represent an attractive cellular target to impair 

replication processes of multiple viruses in our effort to cure viral diseases.

3. Viral degradation of IFNGR

The IFNGR complex consists of IFNGR1 and IFNGR2 subunits, and it undergoes clathrin-

dependent endocytosis upon binding to IFN-γ (Bach et al., 1997; Blouin and Lamaze, 2013; 

Marchetti et al., 2006). It was reported that both of the two subunits contain putative AP-2 

binding motifs: A leucine-isoleucine (LI) doublet (aa 270–271) and a typical tyrosine-based 

endocytic motif (YVSL, aa 287–290) are found in IFNGR1; a LI doublet (aa 255–256) and 

an YRGL motif (aa 273–276) are present in IFNGR2. Deletion of these motifs impaired 

cellular response to IFN-γ as well as the receptor internalization (Blouin and Lamaze, 2013; 

Farrar et al., 1991). Knockdown of calthrin resulted in accumulation of IFNGR1 at the cell 

surface and suppressed the IFN-y uptake (Marchetti et al., 2006). However, it is unknown 

whether IFN-γ induces the phosphorylation or ubiquitination of endogenous IFNGR.

A few reports have documented downregulation of IFNGR1 during viral infection. Kaposi’s 

sarcoma-associated herpesvirus (KSHV) was shown to downregulate IFNGR1 by using viral 

proteins. In this elegant study, K3 and K5 proteins of KSHV were proven to increase the 

endocytosis rate of IFNGR1 expressed on the surface of lymphocytes. K5 induced 

internalization and ubiquitination of IFNGR1 more strongly than K3, and domains including 

the amino terminal ring finger motif in K5 were identified to be crucial for downregulation 

of IFNGR1 (Li et al., 2007). Further, EBV viral proteins LMP2A and LMP2B were reported 

to accelerate the turnover of IFNGR1 without affecting the level of cell surface IFNGR1 

(Shah et al., 2009). HCV infection of primary human hepatocytes shows impaired 

expression of IFNGR1 as well as IFNAR1 (Chandra et al., 2014). Unlike IFNAR, the 

degradation mechanism for IFNGR has not been extensively investigated.

Our findings indicate that CK1α is required for efficient degradation of both IFNAR1 and 

IFNGR1 during influenza virus infection (Figure 3) (Xia et al., 2018). This suggests that the 

initial degradation pathways for these two receptors may have commonality in employing 

the same host factors during infection. This could be beneficial for the virus that pulls one 

trigger to twist both arms of IFN system (type I and type II IFNs). However, IFNAR1 

degradation is dependent on both proteasome and lysosomal degradation pathways, whereas 

IFNGR1 degradation is solely dependent on lysosomal pathway and independent of 

proteasome pathway during IAV infection (Xia et al., 2015; Xia et al., 2018). The finding 

implies that these two pathways are different after the step of phosphorylation by CK1α 
during influenza viral infection. It is possible that the type of poly-ubiquitination or 

cytosolic and lysosome transport system are different between these two pathways, which 

could be the cellular intrinsic process designated for these receptors’ degradation.

It was reported that HCV-infected primary human hepatocytes showed a reduction of 

IFNGR1 and IFNAR1 expression. It was also shown that ER stress markers and autophagy 

responses were induced in HCV infected chronic liver disease and liver cirrhosis patients 
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(Chandra et al., 2014). We also noted that the ER stress response could induce IFNGR1 

degradation, as the treatment of cells with thapsigargin, an inhibitor of the autophagic 

process which in turn induces stress on the ER, caused downregulation of this receptor (Xia 

et al., 2018). However, unlike IFNAR1 degradation caused by ER stress response, IFNGR1 

degradation in response to thapsigargin treatment is not dependent on p38 MAPK (Xia et al., 

2018). Therefore, during PERK-mediated ER stress response, the degradation processes of 

IFNAR1 and IFNGR1 could be more divergent than the elimination of these receptors by 

influenza. It is possible that Influenza virus is using a mechanism that simplifies the 

degradation processes and rapidly destroys both receptors simultaneously.

Degradation of IFNGR1 induced by influenza virus infection rendered cells much less 

sensitive to recombinant IFN-γ as evidenced by the decreased expression of type II IFN-

induced genes such as interferon regulatory factor-1 (IRF-1), transporter associated with 

antigen processing 1 (TAP-1), and low molecular weight polypeptide 2 (LMP-2) (Xia et al., 

2018). Similar results were observed following FIA expression. The antiviral activity of 

CK1α shown in A549 cells was dependent on the level of IFNAR1, but independent of 

IFNGR1 expression (Xia et al., 2018). Obviously, type II IFN is produced from some 

immune cells such as T cells and NK cells and thus the level of IFNGR1 in A549 cells is not 

important for virus replication. Type II IFN is known to increase the level of proteins that 

mediate the antigen processing and presentation such as MHC molecules and the cell death 

pathway (Ferm et al., 1996; Novelli et al., 1997; Seliger et al., 1997). Also, type II IFN 

could heighten the capability of dendritic cells in producing IL-12 to promote the host 

protective immunity (Liu et al., 2005; Wang et al., 2000). Therefore, IAV infection is 

expected to attenuate IFN-γ-induced host immunity during infection (Figure 3). The 

biological role of IFNGR1 degradation during influenza requires further investigation. 

Developing new experimental systems, such as creation of the degradation-resistant IFNGR 

mutant knock-in mice could help address this issue. If the phosphorylation site in the 

IFNGR1 is defined, the degradation-resistant IFNGR1 mutant can be generated. 

Additionally, identifying amino acid position in HA protein that is responsible for IFNGR1 

degradation may allow us to generate recombinant influenza virus where HA gene is 

mutated not to cause degradation of IFNGR1. Evaluating the host immunity to this 

recombinant virus could help us understand the importance of IFNGR1 degradation during 

virus infection.

A previous study found that high levels of IFN-γ were detected in mouse lungs during IAV 

infection. It was shown that IFN-γ regulates contraction of the influenza virus-specific CD8 

T cells response (Prabhu et al., 2013). However, by using IFNGR−/−IFN-γ−/− mice, the 

authors demonstrated that the absence of IFN-γ or IFNGR did not compromise the survival 

of infected mice, virus titers, or rates of viral clearance in their experimental conditions 

(Prabhu et al., 2013). This implies that IAV has a good strategy to evade the type II IFN 

signaling, creating a condition favorable for IAV propagation. Our findings that IAV 

infection can cause rigorous degradation of IFNGR1 may partially explain the reason why 

deficiency of IFNGR or its binding cytokine ligand does not affect IAV eradication. 

However, we could not exclude the possibility that the removal of IFNGR1 is simply a 

byproduct of the viral antagonism of IFNAR pathway, as the IFNGR1 is linked to the 

mechanism for the elimination of IFNAR1.
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4. Perspectives

In sum, a growing body of evidence demonstrates that viruses induce elimination of IFN 

receptors, presumably in order to maximize viral propagation and survival in the host. The 

molecular and cellular mechanisms for IFN destruction during virus infection warrants 

further exploration, which will greatly increase our knowledge about virus-host defense 

interaction. Since excessive IFN-signaling could cause detrimental inflammatory responses, 

direct targeting of IFN receptors to increase their expression may not be an ideal approach to 

designing therapeutic interventions for the treatment of viral infections. However, 

uncovering viral mechanisms that result in IFN receptor degradation could identify a novel 

cellular protein that can be targeted to treat viral diseases or autoimmune conditions 

associated with aberrant production of type I IFNs.
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Fig 1. Type I IFN-dependent pathway and ER stress response-induced pathway of IFNAR1 
degradation.
Two representative pathways of IFNAR1 degradation, i.e., ligand (IFN)-dependent pathway 

and ligand-independent but ER stress-induced pathway are depicted. PERK-mediated ER 

stress response activates p38 MAPK. IFNAR1 is phosphorylated by p38 MAPK at S532, 

and then subsequently phosphorylated again by CK1α at S535. Binding of type I IFN to the 

receptor also induces phosphorylation of IFNAR1 at S535, which is catalyzed by PKD2 and 

requires the activity of TYK2. The phosphorylation of IFNAR1 then recruits the E3 

ubiquitin ligase β-TrCP2, which catalyzes poly-ubiquitination on IFNAR1, leading to the 

endocytosis and lysosomal degradation of IFNAR1.
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Fig 2. Influenza HA-induced degradation of IFNAR1 blocks the IFNAR signaling pathway.
(A)Type I IFNs (IFN-α/β) bind to their receptor IFNAR, which is composed of IFNAR1 and 

IFNAR2. This interaction elicits the JAK/STAT signaling pathway. JAK1 and TYK2 

phosphorylate STAT1 and STAT2, which form a trimeric complex with IRF9, translocate to 

the nucleus, and bind to interferon stimulated response elements (ISRE), leading to the 

expression of interferon-stimulated genes (ISGs). ISGs encode antiviral proteins, which 

establish an anti-viral status. (B) During IAV infection, hemagglutinin protein induces 

phosphorylation and ubiquitination of IFNAR1, leading to the degradation of this receptor. 

This process will deplete cellular IFNAR1, which in turn suppresses the JAK/STAT 

activation and inhibits the expression of ISGs.
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Fig 3. CK1α controls HA-induced IFN receptor degradation, which regulates influenza viral 
replication and the host immunity to infection.
During IAV infection, hemagglutinin induces activation of casein kinase 1α (CK1α), which 

mediates the phosphorylation and ubiquitination of IFNAR1 and IFNGR1, leading to the 

degradation of both receptors. The elimination of IFN receptors suppresses both the IFNAR-

mediated anti-viral responses and the IFNGR-triggered host immunity to virus infection.
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Table 1.

Regulation of type I and type II IFN receptors during virus infections.

Viruses Impact on IFN receptors Viral protein(s) Molecular Mechanisms References

Hepattis C virus (HCV)

1) Reduces mRNA 
expression of IFNAR1 1) ND

1) Infection induces 
aberrant expression of 
host microRNAs

1) Jarret et 
al., Nat 
Med, 2016

2) Accelerates erdccytoss 
and degradation cf IFNAR1 2) ND

2) ER-stress response 
mediates 
phosphorylation and 
ubiquitination of 
IFNAR1

2) Liu et 
al., Cell 
host 
Microbe, 
2009.

Vesicular stomatitis virus (VSV) Accelerates endocytosis 
and degradation of IFNAR1 ND

ER-stress response 
mediates 
phosphorylation and 
ubiquitination of 
IFNAR1

Liu et al., 
Cell host 
Microbe, 
2009.

RNA viruses Flaviviruses:West nile virus (WNV) and 
Tickborne encephalitis virus (TBEV)

1)WNV downregulates 
IFNAR1 at protein level

1) WNV 
Nonstructural 
proteins

1) Non-canonical 
pathway: dependent on 
lysosomal and 
proteasome degradation 
pathway but 
independent of IFNAR1 
phosphorylation

1) Evans et 
al., Viral 
Immunol,
2011

2) WNV and TBEV 
inhibits maturation 
(glycosylation) of IFNAR1

2) NS5 of WNV and 
TBEV associates 
with cellular 
prolidase to inhibit 
IFNAR1 maturation

2) NS5 of WNV and 
TBEV

2) Lubck et 
al., Cell 
host 
Mcrcte. 
2015

Enterovirus 71 (EV71) Downregulation of IFNAR1 Protease 2A ND Lu et al., J 
Virol. 2012

Influenza A virus (IAV) Induces degradation of 
IFNAR1 HA

HA induces 
phosphorylation and 
ubiquitination of 
IFNAR1 via CK1α

Xia et al., J 
Virol. 
2015;
Xia et al., J 
Virol. 2018

IFNAR1

Human
metapneumovirus

(hMPV)

Reduces surface expression 
but not total level cf 
IFNAR1

ND ND
Ren et al., 
PloS One, 
2011

Herpes simplex virus (HSV)

1) Accelerates endocytosis 
and degradation cf IFNAR1

ND

1) PERK-indeperdent 
pathway; Possible 
involvement cf TLR 
signaling

1) Qian et 
al., PloS 
Pathogen. 
2011

2) Reduces the level of 
IFNAR1 2) ND

2) Chee et 
al., J Virol, 
2004

Murine gammaherpesvirus-68 (MHV-68) Induces degradation of 
IFNAR1

ORF54
(dUTPase) ND

Leang et 
al., PloS 
Pathogen. 
2011

DNA
viruses Epstein-Barr virus (EBV)

Reduces the level of 
intracellular pool of 
IFNAR1 without affecting 
surface level

LMP2A and LMP2B ND
Shah et al., 
Oncogene. 
2009

Hepatitis B virus (HBV)

1) Reduces RNA 
expression of IFNAR1 Protein X 1) ND Cho et al., 

Int J Mol 
Med, 20122) Dmmshes IFNAR1 

surface expression (HBx) 2) HBx reduces 
expression of TYK2
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Pseudorabies virus (PRV) Accelerates lyscscmal 
degradatici cf IFNAR1

UL50
(dUTPase) ND

Zhang et 
al., J Virol. 
2017

RNA
viruses

Hepattis C virus (HCV) Expression of IFNGR1 is 
mppaired ND ND

Chancra et 
al., PLoS 
Cne. 2014

Influenza A virus (IAV) Induces degradation of 
IFNGR1 HA

HA induces 
phosphorylation and 
ubiquitination of 
IFNGR1 via CK1α

Xia et al ., 
J Virol, 
2018

IFNGR1

DNA
viruses

Kaposi's sarcoma-associated herpesvrus 
(KSHV)

Reduces surface expression 
of IFNGR1 K3 and K5

K3 and K5 induces 
ubiquitination and 
endocytosis of IFNGR1

Li et al., J 
Virol,

Epstein-Barr virus (EBV)
Reduces the level of 
intracellular pool of 
IFNGR1 without

LMP2A and LMP2B ND
Shah et al., 
Oncogene, 
2009

ND: Not determined.
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