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Inhibition of IRGM establishes a robust antiviral
immune state to restrict pathogenic viruses
Parej Nath1,2,†, Nishant Ranjan Chauhan1,† , Kautilya Kumar Jena1,†, Ankita Datey3,

Nilima Dinesh Kumar4 , Subhash Mehto1, Saikat De3, Tapas Kumar Nayak3, Swatismita Priyadarsini1,

Kshitish Rout1, Ramyasingh Bal1, Krushna C Murmu5 , Manjula Kalia6 , Srinivas Patnaik2,

Punit Prasad5, Fulvio Reggiori4 , Soma Chattopadhyay3,* & Santosh Chauhan1,**

Abstract

The type I interferon (IFN) response is the major host arsenal
against invading viruses. IRGM is a negative regulator of IFN
responses under basal conditions. However, the role of human
IRGM during viral infection has remained unclear. In this study, we
show that IRGM expression is increased upon viral infection. IFN
responses induced by viral PAMPs are negatively regulated by
IRGM. Conversely, IRGM depletion results in a robust induction of
key viral restriction factors including IFITMs, APOBECs, SAMHD1,
tetherin, viperin, and HERC5/6. Additionally, antiviral processes
such as MHC-I antigen presentation and stress granule signaling
are enhanced in IRGM-deficient cells, indicating a robust cell-
intrinsic antiviral immune state. Consistently, IRGM-depleted cells
are resistant to the infection with seven viruses from five different
families, including Togaviridae, Herpesviridae, Flaviviverdae, Rhab-
doviridae, and Coronaviridae. Moreover, we show that Irgm1 knock-
out mice are highly resistant to chikungunya virus (CHIKV)
infection. Altogether, our work highlights IRGM as a broad thera-
peutic target to promote defense against a large number of human
viruses, including SARS-CoV-2, CHIKV, and Zika virus.
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Introduction

Deadly outbreaks of viruses are of significant human health

concern. A large number of viral infections are treated using antivi-

ral drugs, which typically target mechanisms of viral replication

(Strasfeld & Chou, 2010). In most cases, due to selective pressure,

the virus evolves faster to circumvent the targeted mechanism and

become resistant to the drug (Strasfeld & Chou, 2010). In addition,

vaccine efficacy is a significant problem in effectively restricting

viral diseases because of the continuous evolution of viruses (Lip-

sitch, 2019). Due to these problems, the development of host-

directed therapies for improving broad antiviral immunity could be

a more effective approach, especially against emerging strains and

viruses (Kaufmann et al, 2018). Understanding the mechanisms of

antiviral host response is therefore crucial to identify new targets for

host-based therapies.

The type I interferon (IFN) response is one of the robust antiviral

components of the host’s innate immune systems, which also oper-

ates cell autonomously (Teijaro, 2016). This is why a multitude of

viruses have developed strategies to downregulate type I IFN

response. The pattern recognition receptors (PRRs) such as cGAS,

RIG-I, MDA5, TLR9, TLR7, and TLR3 sense nucleic acids pathogen-

associated molecular patterns (PAMPs) of viral origin and induce

downstream signaling events leading to the production of type I

IFNs (McNab et al, 2015). The interaction of type I IFNs with

cognate receptors activates JAK-STAT1/2 signaling leading to the

transcriptional upregulation of hundreds of interferon-stimulated

genes (ISG’s) (Schoggins & Rice, 2011; McNab et al, 2015; Teijaro,

2016). The ISGs are the effector molecules of the IFN response and

can autonomously inhibit every step of viral propagation, including

virus cell entry, replication, transcription, translation, egression,

and cell-to-cell transmission (Schoggins & Rice, 2011; Schoggins,

2019). In addition to the direct role of ISGs in viral inhibition, ISGs

1 Cell Biology and Infectious Diseases Unit, Department of Infectious Disease Biology, Institute of Life Sciences, Bhubaneswar, India
2 School of Biotechnology, KIIT University, Bhubaneswar, India
3 Molecular Virology Lab, Department of Infectious Disease Biology, Institute of Life Sciences, Bhubaneswar, India
4 Department of Biomedical Sciences of Cells and Systems, University of Groningen, University Medical Center Groningen, Groningen, The Netherlands
5 Epigenetic and Chromatin Biology Unit, Institute of Life Sciences, Bhubaneswar, India
6 Virology Lab, Regional Centre for Biotechnology, NCR Biotech Science Cluster, Faridabad, India

*Corresponding author. Tel: +91 0674 2304235; E-mail: soma@ils.res.in
**Corresponding author (lead contact). Tel: +91 0674 2304334; E-mail: schauhan@ils.res.in
†These authors contributed equally to this work

ª 2021 The Authors. Published under the terms of the CC BY 4.0 license EMBO reports 22: e52948 | 2021 1 of 17

https://orcid.org/0000-0002-9137-6024
https://orcid.org/0000-0002-9137-6024
https://orcid.org/0000-0002-9137-6024
https://orcid.org/0000-0003-2788-0303
https://orcid.org/0000-0003-2788-0303
https://orcid.org/0000-0003-2788-0303
https://orcid.org/0000-0002-5568-680X
https://orcid.org/0000-0002-5568-680X
https://orcid.org/0000-0002-5568-680X
https://orcid.org/0000-0002-3376-3659
https://orcid.org/0000-0002-3376-3659
https://orcid.org/0000-0002-3376-3659
https://orcid.org/0000-0003-2652-2686
https://orcid.org/0000-0003-2652-2686
https://orcid.org/0000-0003-2652-2686
https://orcid.org/0000-0001-9167-5107
https://orcid.org/0000-0001-9167-5107
https://orcid.org/0000-0001-9167-5107


and IFNs have immunomodulatory functions (Schoggins & Rice,

2011; McNab et al, 2015; Schoggins, 2019). Several ISGs are potent

chemokines and cytokines that trigger infiltration and activation of

immune cells for clearance of infected cells (Schoggins & Rice, 2011;

McNab et al, 2015; Schoggins, 2019). Thus, identification of gene

targets that can induce host type I IFN response could be valuable

for the development of prophylactic, host-based antiviral therapies.

Immunity-related GTPase M (IRGM) and its mouse orthologue

Irgm1 are key negative regulators of inflammation (Bafica et al, 2007;

Chauhan et al, 2015; Pei et al, 2017; Mehto et al, 2019a, 2019b). We

and others have shown that IRGM negatively regulates the activation

of NLRP3 inflammasomes to control colon inflammation in a colitis

mouse model (Pei et al, 2017; Mehto et al, 2019a,b). Our recent work

demonstrated that in basal conditions, IRGM is also a master negative

regulator of type I IFN response by negatively regulating cGAS-

STING, RIG-I-MAVS, and TLR3 signaling pathways (Jena et al, 2020).

However, it is unclear how IRGM is regulated and how it modulates

IFN response during viral infections. More importantly, it remains to

be established whether inhibiting IRGM expression could induce

broad antiviral immunity to new emerging viruses.

In this study, we show that a large number of well-established

viral restriction factors and other antiviral mechanisms are induced

upon IRGM depletion. Remarkably, inhibiting IRGM in human cells

makes them resistant and/or resilient to the infection of human

DNA and RNA viruses, including herpes simplex virus 1 (HSV-1),

Zika virus (ZIKV), West Nile virus (WNV), CHIKV, vesicular stom-

atitis virus (VSV), Japanese encephalitis virus (JEV), and severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2 virus). In

line with these findings, IRGM knockout mice were highly resistant

to CHIKV infection. Taken together, this work establishes that

blocking IRGM expression could be an effective approach to induce

broad antiviral immunity and protect individuals from infections

caused by life-threatening viruses.

Results and discussion

Viruses and viral PAMPs induce IRGM expression

First, we tested whether IRGM expression is modulated by a viral

infection and synthetic analogs of viral PAMPs. We found that infec-

tion of three different viruses including CHIKV, JEV, and HSV-I

increased the IRGM protein expression (Fig 1A–C). The synthetic

analogs of viral PAMPs such as polyinosinic:polycytidylic acid (poly

(I:C), a synthetic analog of dsRNA), triple phosphate RNA

(5’pppRNA, a synthetic ligand of RIG-I), and poly (deoxyadenylic-

deoxythymidylic) acid (poly (dA-dT), a synthetic analog of B-DNA)

also significantly enhanced the expression of IRGM at mRNA and

protein levels (Figs 1D–F, and EV1A and B). During DNA virus

infection, the cytosolic dsDNA is detected by cGAS leading to the

synthesis of a second messenger cyclic GMP-AMP (cGAMP). cGAMP

induces the STING pathway, which in turn increases type I IFN

response and an antiviral state (Ni et al, 2018). We found that both

dsDNA and cGAMP robustly induced the expression of IRGM

(Figs 1G and H, and EV1C). Altogether, these data show that IRGM

expression is increased by viral infections and PAMP treatment.

Viral PAMP-induced type I IFN response is negatively regulated
by IRGM

Viral PAMPs such as poly (I:C) and poly (dA-dT) are robust induc-

ers of type I IFN response. To test how IRGM modulates viral

PAMP-induced IFN response, we first employed a THP-1 luciferase

IFN reporter cell line (InvivoGen). The poly (I:C)- and poly (dA-dT)-

induced IFN response was substantially increased upon IRGM

knockdown (Fig 1I and J). A similar effect was observed upon expo-

sure of cGAMP- and interferon-b (IFN-b) (Fig 1K and L). The IRGM

knockdown efficiency was ~75–80% in THP-1 cells (Fig EV1D). To

further substantiate the finding, we performed qRT–PCR with the

IFN-b gene and the sentinel IFN responsive genes. The poly (I:C)-

and poly (dA-dT)-induced expression of IFN-b, MX2, ISG15, and

OAS1 was strongly increased upon IRGM knockdown (Fig 1M–T).

Taken together, the data suggest that the viral PAMPs-induced IFN

response is negatively regulated by IRGM.

Several classical cell-autonomous viral restriction factors are
upregulated in IRGM-depleted cells

Viral restriction factors are host cellular proteins that establish the

first line of defense and are capable of blocking almost all stages of

the viral life cycle, including viral entry, replication, assembly, and

egress/release (Goff, 2004; Colomer-Lluch et al, 2018; Urbano et al,

2018; Chemudupati et al, 2019; Boso & Kozak, 2020) (Fig 2A). Each

of these factors is self-sufficient in conferring an effective and early

restriction of viruses. The classical host antiviral restriction factors

that are known for their activity against a large number of RNA and

▸Figure 1. Viruses and viral PAMP-induced IRGM expression suppress IFN response.

A–C Western blot analysis of THP-1 cells infected with (A) HSV-1 at MOI 5 for 3 h, 6 h, 12 h, 18 h, and 24 h (B) CHIKV at MOI 5 for 3 h, 6 h, 12 h, 18 h, and 24 h (C) JEV
at MOI 5 for 3 h, 6 h, 12 h, and 24 h.

D–H Western blot analysis of THP-1 cells untreated or treated with (D) 5’pppRNA (1 lg/ml) for 3 h, 6 h, 12 h, 18 h and 24 h (E) Poly I:C (1 lg/ml) for 3 h, 6 h, 9 h, 12 h
and 24 h (F) Poly dA:dT (1 lg/ml) for 3 h, 6 h, 9 h,12 h and 24 h (G) cGAMP (1 lg/ml) for 6 h, 12 h, 18 h, and 24 h (H) dsDNA (1 lg/ml) for 3 h, 6 h, and 12 h and
probed with antibodies as indicated.

I–L Control and IRGM knockdown THP-1 IFN reporter cells were treated with (I) Poly I:C (1 lg/ml) for 8 h, 12 h and 24 h or (J) Poly dA:dT (1 lg/ml) for 12 h and 24 h
or (K) IFN-b (500 ng/ml) for 8 h and 12 h or (L) cGAMP (1 lg/ml) for 12 h and 24 h and the supernatant was subjected to luciferase reporter assay using QUANTI-
Luc reagent (n = 3, mean � SD, *P < 0.05, **P < 0.005, ***P < 0.0005, Student’s unpaired t-test).

M–P Control and IRGM knockdown THP-1 cells were untreated and treated with Poly I:C (1 lg/ml) for 8 h and the total RNA was subjected to qRT–PCR with primers of
(M) MX2 (N) ISG15 (O) OAS1 and (P) IFN-b. (n = 3, mean � SD, *P ≤ 0.05, **P ≤ 0.005, ***P < 0.0005, Student’s unpaired t-test).

Q–T Control and IRGM knockdown THP-1 cells were untreated and treated with Poly dA:dT (1 lg/ml) for 8 h and the total RNA was subjected to qRT–PCR with primers
of (Q) MX2 (R) ISG15 (S) OAS1 and (T) IFN-b. (n = 3, mean � SD, **P ≤ 0.005, ***P < 0.0005, Student’s unpaired t-test).

Source data are available online for this figure.
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DNA viruses are IFITMs, APOBECs, SAMHD1, SAMD9L, tetherin/

BST2, RSAD2/ viperin, HERC5/6, OAS’s, MX1/2, ISG15, PKR, and

TRIM5a (Goff, 2004; Colomer-Lluch et al, 2018; Urbano et al, 2018;

Chemudupati et al, 2019; Boso & Kozak, 2020) (Fig 2A). Interferon-

induced transmembrane proteins (IFITMs) localize in the cell

membranes and restrict virus infection at cell entry by interrupting

the membrane fusion between the viral envelope and cellular

membranes (Weidner et al, 2010; Li et al, 2013; Perreira et al, 2013;

Compton et al, 2014). SAM domain and HD domain-containing

protein 1 (SAMHD1), apolipoprotein B mRNA editing enzyme3

(APOBEC3), and viperin (RSAD2) are nucleotide manipulating

enzymes and restrict a variety of viruses by manipulating host

NTP’s/dNTP’s or viral nucleic acid (Sze et al, 2013; Gizzi et al, 2018;

Coggins et al, 2020). IFIT’s can inhibit mRNA translation initiation by

binding to the multisubunit eukaryotic translation initiation factor 3

(eIF3) and interfering with the assembly of the preinitiation complex

and can inhibit specifically translation of viral mRNA (Fensterl & Sen,

2015). Human HERC5 and HerC6 inhibit virus particle assembly by

conjugating ISG15 (ISGylation) to various viral proteins (Durfee et al,

2010; Oudshoorn et al, 2012). Tetherin broadly restricts enveloped

virus release by tethering budded viral particles to the plasma

membrane (Neil, 2013). We compared the transcriptome (Jena et al,

2020) of control and IRGM-deficient cells to determine whether the

expression of these factors is changed in the absence of IRGM. To our

surprise, almost all of the established classical host restriction factors

were significantly (P-value < 0.05, > 1.5 folds) upregulated in RNA

sequencing analysis of stable IRGM knockdown HT-29 epithelial cells

(Fig 2B) and bone marrow-derived macrophages (BMDMs) from

Irgm1�/� knockout mice (Fig 2C).

To confirm the results of RNA sequencing, we performed qRT–

PCR for key antiviral restriction factors using RNA from mouse

BMDMs and human cell lines. All of the tested antiviral restriction

factors were induced in IRGM knockdown HT-29 cells and Irgm1�/-

� BMDMs (Figs 2D, and EV2A and B). The levels of IFNb in serum

of Irgm1�/� knockout mice were found to be significantly higher

than wild-type mice (Fig EV2C). Next, we analyzed the protein

levels of several viral restriction factors, including IFITM3,

SAMHD1, APOBEC3G, viperin, ISG15, and tetherin. All of these

viral restriction factors were dramatically induced in IRGM knock-

down HT-29 cells compared to control cells (Fig 2E). Also,

enhanced ISGylation of proteins, a hallmark of viral infection, was

observed in IRGM-depleted cells (Fig 2E). On contrary, the overex-

pression of IRGM suppressed the levels of viral restriction factors

(Fig EV2D).

To ensure the specificity of the IRGM-mediated regulation, we

performed a rescue experiment by complementing IRGM in IRGM

knockdown cells. The increased levels of viral restriction factors in

IRGM-depleted cells were restored to basal levels in the comple-

mented cells (Figs 2F and EV2E). The GTPase activity of IRGM is

essential for its autophagy and anti-inflammatory functions (Singh

et al, 2006; Kumar et al, 2018; Mehto et al, 2019b). The conversion

of amino acid residue serine to asparagine at 47th position (S47N

mutation) renders IRGM inactive (Singh et al, 2006; Kumar et al,

2018; Mehto et al, 2019b). We compared wild-type IRGM and S47N

mutant for their ability to regulate the expression levels of viral

restriction factors. As compared to wild type, the catalytic mutant of

IRGM was not able to efficiently suppress the expression of viral

restriction factors (Fig 2G) suggesting that GTPase activity of IRGM

is required for suppression of IFN response.

Taken together, the data show that a large number of the classi-

cal host viral restriction factors are robustly induced upon depletion

of IRGM in human and mouse cells.

▸Figure 2. Depletion of IRGM induces key viral restriction factors and antiviral mechanisms.

A Pictorial representation of stages (black font) of a typical life cycle of RNA viruses with host viral restriction factors (red font) induced in IRGM/Irgm1 depleted cells.
Created using Biorender.com.

B, C Heatmaps representing the expression pattern of viral restriction factors from RNA sequencing data in (B) control and IRGM knockdown shRNA stable HT-29 cells
(3 biological replicates) and (C) irgm1+/+ and irgm1�/� mice BMDMs (2 biological replicates).

D RNA was isolated from irgm1+/+ and irgm1�/� BMDMs and subjected to qRT–PCR with indicated viral restriction factor genes (n = 3, mean � SD, *P < 0.05,
**P ≤ 0.005, ***P < 0.0005, Student’s unpaired t-test).

E Western blot analysis with lysates of control and IRGM+/� HT-29 cells with indicated antibodies of viral restriction factors.
F Western blot analysis with lysates of control or IRGM+/� HT-29 cells or Flag IRGM complemented IRGM+/� HT-29 cells with indicated antibodies of viral restriction

factors.
G RNA isolated from control or Flag IRGM transfected or Flag IRGM S47N transfected THP-1 cells subjected to qRT–PCR with indicated genes. (n = 3, mean � SD,

**P < 0.005, ***P < 0.0005, Student’s unpaired t-test).
H–J RNA isolated from control and IRGM knockdown HT-29 cells and subjected to qRT–PCR with indicated genes of (H) Immunoproteasome complex (I) TAP complex

(J) human leukocyte antigen (HLA) system. (n = 3, mean � SD, *P < 0.05, **P < 0.005, ***P < 0.0005, Student’s unpaired t-test).
K Antigen uptake assay shown by representative flow cytometry analysis of control and IRGM siRNA transfected THP-1 cells treated with OVA conjugate AF488

(5 µg/ml, 30 min). The graph depicts the mean fluorescence intensity of control and IRGM knockdown THP-1 cells treated with OVA conjugate AF488 (n = 3, mean
� SD, **P < 0.005, Student’s unpaired t-test).

L, M Antigen processing assay shown by representative confocal images of control and IRGM siRNA transfected THP-1 cells treated with DQ-OVA (green) (10 µg/ml,
30 min). Scale Bar, 10 µm. (M) Graph depicts percentage of control and IRGM knockdown THP-1 cells with DQ-OVA puncta’s (n = 3, mean � SD, ***P < 0.0005,
Student’s unpaired t-test).

N, O SIINFEKL based Antigen presentation assay shown by representative flow cytometry analysis of H-2Kb-SIINFEKL on the surface of Irgm1+/+ and irgm1�/� mouse
BMDMs treated with OVA (2 mg/ml, 3 h). (O) The graph depicts the mean fluorescence intensity of H-2Kb- SIINFEKL on the surface of Irgm1+/+ and irgm1�/�

mouse BMDMs treated with OVA (2 mg/ml, 3 h) (n = 3, mean � SE, **P < 0.005, Student’s unpaired t-test).
P Representative confocal images of H-2Kb-SIINFEKL (red) on the surface of Irgm1+/+ and irgm1�/� mouse BMDMs treated with OVA (2 mg/ml, 3 h), Scale bar 5 µm

or 8 µm (as indicated).
Q Western blot analysis with lysates of control and IRGM siRNA knockdown HT-29 cells with indicated antibodies of stress granules signaling pathway.
R Representative Immunofluorescence confocal images of irgm1+/+ and irgm1�/� mouse BMDMs immunostained with dsRNA (green) and TIA-1 (red) antibody. Scale

bar 3 µm.

Source data are available online for this figure.
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Antigen presentation pathways and stress granule PKR signaling
are activated in IRGM-depleted cells

We have previously shown that IRGM depletion induces the expres-

sion of genes involved in the MHC-mediated antigen presentation

pathways (Jena et al, 2020). However, we did not test whether this

induction leads to an effective upregulation of antigen uptake,

processing, and presentation. While the MHC class II pathway

presents exogenous antigens via the endolysosomal pathway, the

MHC class I pathway presents endogenous peptides derived from

viral antigens, via the immunoproteasome (Fig EV2F) (Hewitt,

2003). MHC class I molecules, in complex with b2-Microglobulin

A B C D E
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Figure 3.
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(B2M), are loaded with endogenous peptides that are generated by

the immunoproteasome (PSMB8 and PSMB9) and subsequently

imported into the ER by the heterodimeric TAP1/TAP2 transporter.

The depletion of IRGM resulted in the induction of classical (HLA-B

and HLA-C) and non-classical (HLA-F) MHC class I molecules, B2M,

PSMB8/9, and TAP1/2 genes (Fig 2H–J). Several of these MHC-1

molecules are shown to be regulated by NLRC5 (Meissner et al,

2010; Kobayashi & van den Elsen, 2012; Neerincx et al, 2012),

which itself is an ISG and is regulated by IRGM (Jena et al, 2020).

We also performed functional assays to understand whether

IRGM-depleted cells have increased capacity to uptake and process

antigens. Alexa Fluor 488-conjugated ovalbumin (OVA) is

commonly used to study the uptake of antigens (Burgdorf et al,

2007). Indeed, IRGM knockdown THP-1 cells showed a significantly

higher ability to uptake Alexa Fluor 488-conjugated OVA from the

medium (Figs 2K and EV2G). Next, we used DQ-OVA to test the

antigen uptake and processing capacity of the same cells. DQ-OVA

is a self-quenched conjugate of OVA and only exhibits green fluores-

cence upon proteolytic degradation. Thus, it is extensively used to

study antigen processing (Wahid et al, 2005; von Garnier et al,

2007). We detected a significantly large number of cells displaying

fluorescent puncta in IRGM knockdown THP-1 macrophages in

comparison to the control (Fig 2L and M) suggesting an increased

ability of antigen uptake and processing in these cells. To test

whether this phenomenon is specific for OVA or general endocytosis

is induced in IRGM-depleted cells, we monitored the uptake of

transferrin, a protein whose internalization in cells is dependent on

receptor-mediated endocytosis. We found increased internalization

of transferrin in IRGM knockdown cells (Fig EV2H) suggesting that

IRGM depletion enhances endocytosis per se.

Next, we utilized an extensively used OVA-derived SIINFEKL-

peptide-based system to measure MHC Class I antigen presentation

efficiency (Dersh et al, 2019). The 25-D1.16 monoclonal antibody

reacts with the SIINFEKL peptide bound to H-2Kb of MHC class I,

but not with unbound H-2Kb, or H-2Kb loaded with an irrelevant

peptide. BMDMs from Irgm1+/+ and irgm1�/� mice were pulsed

with OVA before staining them with phycoerythrin (PE)-conjugated

25-D1.16 monoclonal antibody for FACS and microscopic analysis.

Both assays showed a considerably higher ability of irgm1�/�

BMDMs to process OVA and present the SIINFEKL peptide with

MHC class I molecule (Figs 2N–P and EV2I). Taken together, these

results show that IRGM-depleted cells have an augmented capacity

in antigen uptake, processing, and presentation by the MHC class I

system.

◀ Figure 3. IRGM-depleted cells can restrict infection with CHIKV, HSV-1, JEV, VSV, ZIKV, WNV, and SARS-CoV-2.

A Total RNA was isolated from mock and CHIKV (MOI 1, 24 h) infected control and IRGM knockdown HT-29 cells and subjected to qRT–PCR with CHIKV specific primers
to quantitate total viral load (n = 3, mean � SE, **P < 0.005, Student’s unpaired t-test).

B The graph depicts quantification of CHIKV plaque assays (plaque-forming units/ml) in Vero cells performed from the culture supernatant of CHIKV (MOI 1, 24 h)
infected HT-29 control and IRGM knockdown cell (n = 3, mean � SE, ****P < 0.00005, Student’s unpaired t-test).

C Representative images of the plaque assay in Vero cells performed from the culture supernatant of CHIKV (MOI 1, 24 h) infected HT-29 control and IRGM knockdown
cells.

D Total RNA was isolated from mock and HSV-1 (MOI 1, 24 h) infected control and IRGM knockdown HT-29 cells and subjected to qRT–PCR with HSV-1 specific primers
to quantitate total viral load (n = 3, mean � SE, ***P < 0.0005, Student’s unpaired t-test).

E The graph depicts quantification of HSV-1 plaque assays (plaque-forming unit/ml) in Vero cells performed from culture supernatant of HSV-1 (MOI 1, 24 h) infected
HT-29 control and IRGM knockdown cell (n = 3, mean � SE, ***P < 0.0005, Student’s unpaired t-test).

F Representative images of plaque assay in Vero cells performed from the culture supernatant of HSV-1 (MOI 1, 24 h) infected HT-29 control and IRGM knockdown
cells.

G Total RNA was isolated from mock and JEV (MOI 1, 48 h) infected control and IRGM knockdown HT-29 cells subjected to qRT–PCR with JEV specific primers to
quantitate total viral load (n = 3, mean � SE, **P < 0.005, Student’s unpaired t-test).

H The graph depicts quantification of JEV plaque assays (plaque-forming unit/ml) in Vero cells performed from the culture supernatant of JEV (MOI 1, 24 h) infected
HT-29 control and IRGM knockdown cell (n = 3, mean � SE, ***P < 0.0005, Student’s unpaired t-test).

I Representative images of plaque assay in Vero cells performed from the culture supernatant of JEV (MOI 1, 24 h) infected HT-29 control and IRGM knockdown cells.
J The graph depicts the percentage of WNV (MOI 0.3, 16 h) infected control and IRGM knockdown Huh7 cells stained with 4G2 antibody analyzed by flow cytometry

(n = 3, mean � SE, ***P < 0.0005, Student’s unpaired t-test).
K The graph depicts quantification of WNV plaque assays (plaque-forming units/ml) in Vero cells performed from culture supernatant of WNV (MOI 0.3, 16 h) infected

Huh7 control and IRGM knockdown cell (n = 3, mean � SE, ***P < 0.0005, Student’s unpaired t-test).
L Representative images of plaque assay in Vero cells were performed from the culture supernatant of WNV (MOI 0.3, 16 h) infected HuH7 control and IRGM

knockdown cells.
M The graph depicts the percentage of ZIKV (MOI 5, 48 h) infected control and IRGM knockdown HuH7 cells stained with 4G2 antibody analyzed by flow cytometry

(n = 3, mean � SD, *P < 0.05, Student’s unpaired t-test).
N The graph depicts quantification of ZIKV plaque assays (plaque-forming units/ml) in Vero cells performed from the culture supernatant of ZIKV (MOI 5, 48 h) infected

Huh7 control and IRGM knockdown cells (n = 3, mean � SD, *P < 0.05, Student’s unpaired t-test).
O Representative images of plaque assay in Vero cells were performed from the culture supernatant of ZIKV (MOI 5, 48 h) infected Huh7 control and IRGM knockdown

cells.
P Total RNA was isolated from mock and SARS-CoV-2 (MOI 1, 24 h) infected control and IRGM knockdown THP-1 cells and subjected to qRT–PCR with envelope

specific primers of SARS-CoV-2 to quantitate total viral load (n = 3, mean � SE, **P < 0.005, Student’s unpaired t-test).
Q Total RNA was isolated from mock and SARS-CoV-2 (MOI 1, 24 h) infected control and IRGM knockdown THP-1 cells and subjected to qRT–PCR with nucleocapsid

specific primers of SARS-CoV-2 to quantitate total viral load (n = 3, mean � SE, **P < 0.005, Student’s unpaired t-test).
R Total RNA was isolated from the supernatant of mock and SARS-CoV-2 (MOI 1, 10 h and 20 h) infected control and IRGM knockdown THP-1 cells and subjected to

qRT–PCR with nucleocapsid specific primers of SARS-CoV-2 to quantitate total viral load (n = 3, mean � SE, **P < 0.005, Student’s unpaired t-test).
S Representative images of plaque assay in Vero E6 cells were performed from the culture supernatant of SARS-CoV-2 (MOI 1, 24 h) infected THP-1 control and IRGM

knockdown cells.
T The graph depicts quantification of SARS-CoV-2 plaque assays (plaque-forming units/ml) in Vero E6 cells performed from the culture supernatant of SARS-CoV-2 (MOI

1, 24 h) infected THP-1 control and IRGM knockdown cells (n = 3, mean � SE, **P < 0.005, Student’s unpaired t-test).
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Viral-sensing activates IFN-inducible RNA-dependent protein

kinase (PKR/EIF2AK2 gene), and the downstream phosphorylation

of eukaryotic translation initiation factor 2 alpha (eIF2a) leads to

both the inhibition of host protein translation and the formation of

cytoplasmic stress granules (McCormick & Khaperskyy, 2017).

Stress granules strongly inhibit viral replication (McCormick &

Khaperskyy, 2017), and therefore, several viruses have evolved

mechanisms to suppress stress granule formation. The phosphoryla-

tion of eIF2a by PKR is sufficient to induce stress granule formation

even in uninfected cells. We found increased phosphorylation of

PKR and eIF2a in IRGM knockdown cells (Fig 2Q), whereas no

significant change in G3BP protein levels was observed. Impor-

tantly, very large stress granules-like structures, identified using the

stress granule marker TIA-1 and dsRNA antibody, were observed in

irgm1�/� BMDMs but not in the control cells (Fig 2R). The induc-

tion of stress granule signaling in IRGM-deficient cells is probably

due to the enhanced IFN response, which can lead to the activation

of PKR and its downstream signaling. Altogether, the data suggest

that multiple host antiviral mechanisms are induced in IRGM-

depleted cells.

IRGM-depleted cells are resistant to numerous viral infections
including ZIKV and SARS-CoV-2

The above data suggest that blocking IRGM expression may provide

an inimical environment for the virus propagation in host cells. We

tested this hypothesis by infecting cell lines of epithelial (Huh7 and

HT-29) and monocytic (THP-1) origin with viruses from different

families. First, we assessed the replication of CHIKV in control and

IRGM knockdown HT-29 cells.

CHIKV is a mosquito-transmitted positive-sense ssRNA virus

belonging to the Togaviridae family. We found that CHIKV replica-

tion was significantly reduced (80–90%, 24 hpi) in IRGM-deficient

cells (Fig 3A). Consistently, there was a strong reduction (10 fold)

in total infectious virus particles produced by IRGM knockdown

cells compared to the control in plaque assays (Fig 3B and C).

Further, in agreement, replication of CHIKV was found to be signifi-

cantly higher in IRGM overexpressing cells (18 hpi) (Fig EV3A).

HSV-1 is a sexually transmitted double-stranded DNA virus from

the Herpesviridae family. We observed a significant inhibition

(~ 90% at 24 hpi) of HSV-1 replication in IRGM-depleted HT-29 cells

compared to the control cells (Fig 3D). Measurement of produced

infectious HSV-1 particles using the plaque assay also showed a

dramatic reduction in IRGM-deficient cells in comparison to the

controls (Fig 3E and F).

We next tested the replication of three positive-sense ssRNA

viruses of the Flaviviridae family, JEV, ZIKV, and WNV. As

compared to control cells, IRGM knockdown cells showed inhibi-

tion of JEV replication and infectious particle egression of > 50%

and > 90%, respectively (Fig 3G–I). The replication of the ZIKV

and WNV was compared in control and IRGM-depleted Huh7 cells.

The percentage of infected cells was determined by flow cytometry

after staining cells with primary antibody against protein E, a fla-

vivirus group antigen. This analysis revealed that IRGM-depleted

cells could robustly restrict the growth of the ZIKV and WNV

(Fig 3J and M). In plaque assays, more than 90% inhibition of

WNV (Fig 3K and L) and ZIKV virus was observed in IRGM knock-

down cells (Fig 3N and O).

We also tested replication of VSV, a negative sense ssRNA virus

from the Rhabdoviridae family that mainly infects animals and is

the most common virus used in the laboratory to study immune

responses. Strong inhibition of VSV replication was observed in

IRGM knockdown HeLa cells compared to the control cells

(Fig EV3B). We exposed the control and IRGM knockdown HeLa

and THP-1 cells to a VSV strain expressing GFP for 4 h. The GFP flu-

orescence was first observed in control cells as compared to IRGM

knockdown cells and also a lower fluorescence was observed in

IRGM knockdown HeLa and THP-1 cells (Fig EV3C) indicating a

reduced propagation of the virus. Further, we tested whether the

complementation of IRGM in IRGM knockdown cells can rescue the

viral replication defect. Indeed, the viral replication in Flag IRGM

complemented IRGM knockdown cells was similar to wild-type cells

(Fig EV3D).

The ongoing SARS-CoV-2 outbreak has posed an enormous

threat to global public health. SARS-CoV-2 is a positive-sense ssRNA

virus belonging to the Coronaviridae family. A robust induction of

type I IFN response upon SARS-CoV-2 infection is reported (Winkler

et al, 2020; Zhou et al, 2020). Moreover, like other viruses, SARS-

CoV-2 infection can be inhibited by the IFN response (Lokugamage

et al, 2020; Mantlo et al, 2020). Also, inborn errors of type I IFN

immunity or the presence of autoantibodies against type I IFNs in

patients can lead to life-threatening COVID-19 (Bastard et al, 2020;

Meffre & Iwasaki, 2020; Zhang et al, 2020b). Further, it is demon-

strated that administration of IFN-I pre- or post-virus challenge can

suppress SARS-CoV-2 infection (Hoagland et al, 2021). Taken

together, these studies suggest that upregulating IFN response could

be an important prophylactic measure to restrict SARS-CoV-2 infec-

tion. Since IRGM depletion results in constitutive upregulation of

IFN response, this model permits to directly test the effect of an

enhanced type I IFN response on SARS-CoV-2 infection.

First, we compared the transcriptome of IRGM knockout cells

(Jena et al, 2020) to the transcriptomes (or proteomes) modulated

by SARS-CoV-2 infection in seven different conditions from four dif-

ferent studies (Blanco-Melo et al, 2020; Wilk et al, 2020; Zhang

et al, 2020a; Wyler et al, 2021) using metascape (https://metasca

pe.org/COVID) (Zhou et al, 2019). There was a significant overlap

in transcriptome induced in IRGM-deficient cells with the transcrip-

tomes induced upon SARS-CoV-2 infection but not with the tran-

scriptomes that were downregulated upon infection (Fig EV3E). A

gene overlap analysis using circos plot showed a high degree of

overlap between genes upregulated in IRGM-deficient cells and

genes induced upon SARS-CoV-2 infection in different cell types and

different studies (Fig EV3F). The Gene Ontology (GO) enrichment

analysis comparing a few SARS-CoV-2 induced transcriptomes with

IRGM�/� transcriptome includes GO terms like “positive regulation

of cytokine”, “Interferon response,” and “Defense response to

virus” that are related to the activated immune system (Fig EV3G).

This analysis suggests that the host immune defense that is raised

against infection of SARS-CoV-2 is already possessed by IRGM-

deficient cells.

Previous studies suggest that THP-1 is permissive to SARS-CoV

and other coronavirus infections (Ng et al, 2004; Yen et al, 2006;

Desforges et al, 2007). We infected THP-1 cells with SARS-CoV-2 for

1.5 h, washed, and then further incubated for either 10 or 20 h. We

examined the presence of progeny virions in the supernatant by

qRT–PCR. We observed > 8 folds induction in nucleocapsid RNA in
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the supernatant of 20 hpi samples as compared to the 10 hpi

(Fig EV3H), indicating that THP-1 is permissive for infection of

SARS-CoV-2 as also suggested by a recent report (Boumaza et al,

2021). The plaque assays were also performed from the supernatant

to confirm the production of infectious viral particles. The plaque

formed was small and less in number (Fig EV3I) indicating that

THP-1 cells are permissive for SARS-CoV-2 infection but less permis-

sive for production of the virion.

Next, control and IRGM knockdown THP-1 cells were infected

with SARS-CoV-2 for 24 h, and subsequently, the qRT–PCR analysis

was performed from RNA isolated from cells and supernatant. The

expression of the envelope and nucleocapsid genes was reduced by

approximately 40–60% in IRGM knockdown cells compared to the

control (Fig 3P and Q). Similar results were obtained with the

culture supernatants (Fig 3R). Measurement of infectious SARS-

CoV-2 particles produced using the plaque assay showed that IRGM

knockdown cells were significantly resistant to the replication of

SARS-CoV-2 in comparison to the controls (Fig 3S and T). The

levels of ACE2 receptor in control and IRGM knockdown cells were

found to be similar suggesting that differential expression of ACE2

does not contribute to lower viral load in IRGM-depleted cells

(Fig EV3J). Altogether, the results show that IRGM-depleted cells

efficiently suppress SARS-CoV-2 infection.

The data presented here strongly suggest that suppressing IRGM

levels in cells can robustly restrict the infection of viruses belonging

to different virus families.

Irgm1�/� mice are resistant to CHIKV infection

Next, we employed a CHIKV infection neonatal mouse model

(Couderc et al, 2008) to determine the role of IRGM in vivo. In this

model, the young age and the inefficient type I IFN signaling have

been found to be the reasons for severe disease outcomes (Couderc

et al, 2008). Intradermal injection of 107 plaque-forming units (PFU)

of CHIKV to the 6 days old wild-type C57BL/6 neonates can induce

chikungunya disease symptoms. Those are characterized by mild

paralysis in one leg at 3 days post-infection (dpi), severe leg paraly-

sis at 6–7 dpi, and death of the animals at 12–15 dpi (Fig 4A and

Movie EV1) (Couderc et al, 2008). Accordingly, CHIKV-infected WT

neonate mice displayed all of the progressive symptoms before they

died (Fig 4A and Movie EV1). Even before the paralysis, the WT

neonate mice appear to have problems including difficulty in main-

taining body stability, seizures-like conditions, difficulty in walking,

etc (Movie EV2).

CHIKV-infected Irgm1+/+ neonate mice displayed no increase in

body weight until 6 dpi, which was then followed by a reduction in

body weight until they died (Fig 4B). In contrast, a constant

increase in body weight was observed in irgm1�/� neonates until

the termination of the experiments (Fig 4B). All of the twelve

CHIKV-infected Irgm1+/+ neonate mice developed typical symptoms

of paralysis by 5–6th dpi (Fig 4C). In striking contrast, there were no

visible symptoms of paralysis in all the twelve Irgm1�/� neonate

mice subjected to the same infection by 5–6 dpi (Fig 4C and Movie

EV3).

Out of twelve, ten of the wild-type mice died 15 dpi (point of

termination of the experiment). In the case of irgm1�/� neonates,

two mice developed mild paralysis on day 10, and one died at 12

dpi (Fig 4D). None of the other ten irgm1�/� neonate mice showed

any disease symptoms until the termination of the experiments

(Fig 4D). This result reveals that a very strong intrinsic antiviral

state exists in neonates of irgm1�/� mice, which can prevent lethal

CHIKV virus infection. We also measured the viral load in the

muscles, liver, and brains of Irgm1+/+ and irgm1�/� mice by esti-

mating CHIKV infection by qRT–PCR (Fig 4E–G). We observed

substantial viral load in both the muscles and the brain of the

Irgm1+/+ mice, while CHIKV was practically undetectable in the

same tissues from the irgm1�/� animals. To understand the status

of the IFN response, we also determined the expression of MX2. As

expected, there was robust induction of MX2 expression in the

infected wild-type mice in comparison to the mock-treated animals

(Fig 4H and I). The expression of MX2 was also significantly

increased in infected irgm1�/� mice, but consistently with the symp-

toms, the induction was significantly less than infected Irgm1+/+

mice. Altogether, these results indicate that irgm1�/� mice have the

augmented capacity to restrict CHIKV infection.

Taken together, the in vitro and the in vivo results demonstrate

that IRGM inhibition could be a potent therapeutic target for induc-

ing a robust, broad-spectrum antiviral host immunity.

Type I IFN response is blunted in virus-infected IRGM
knockdown cells

The irgm1�/� mice evoked a milder type I IFN response than the

wild-type animals when exposed to CHIKV (Fig 4G–I). This result

was somehow opposite to the one obtained with the synthetic viral

PAMPs, where we found that the type I IFN response was further

increased upon IRGM knockdown (Fig 1J–U). We hypothesized that

this could be due to the capability of IRGM-deficient cells to effi-

ciently block viral multiplication resulting in lower levels of PAMPs

in the milieu.

To test this notion, we examined the status of the type I IFN

response in cells in the presence or the absence of IRGM upon

infection. In luciferase-based IFN reporter assays, CHIKV, JEV,

HSV-1, and VSV induced IFN response was significantly less in

IRGM-depleted cells (Fig 5A–D). This also correlated with a

reduced expression of several viral restriction factors, including

SAMHD1, HERC5, ISG15, RSAD1, and APOBEC3, in CHIKV-

infected cells lacking IRGM compared to the control cells

(Fig 5E–J). Further, the CHIKV-induced levels of ISG15 and

ISGylation of other proteins were attenuated in IRGM knock-

down cells (Fig 5K). Similarly, the levels of viperin, IFITM3,

SAMHD1, MX1, and OAS1 were also reduced in CHIKV-infected

IRGM knockdown cells than in the control, in two different cell

lines (THP-1 and HT-29) (Fig 5K and L). Furthermore, similar

results were obtained when JEV is used instead of CHIKV

(Fig 5M) suggesting that IFN response is blunted in viral-infected

IRGM knockdown cells.

The decreased levels of ISGs in viral-infected IRGM knockdown

cells (or knockout mice) are probably the consequence of a reduced

viral uptake and/or propagation in these cells, which results in

lower amounts of PAMPs and therefore a blunted host IFN

response. To test this hypothesis, we transfected heat-killed CHIKV

and viral RNA isolated from CHIKV in control and IRGM knock-

down cells before examining ISGs levels by Western blot. Unlike the

case of live viruses, the levels of ISGs were not decreased in IRGM-

depleted cells (except in the case of heat-killed viruses and viperin)
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(Fig 5N). The levels of ISG15 and viperin are rather increased in

IRGM-depleted cells upon treatment with CHIKV viral RNA

(Fig 5N). These data suggest that to some extent our hypothesis is

correct; however, it appears that some additional factors contribute

to such powerful reduction of ISG’s in viral-infected IRGM-depleted

cells.

A

E F G H I

B

D

C

Figure 4. Irgm1�/� mice are resistant to CHIKV infection.

A The stages of paralysis in C57BL/6 mice post CHIKV infection (MOI 1 × 107 PFU/mouse, 6 dpi) with scoring according to the severity of the disease.
B The graph depicts percentage change in body weight of CHIKV-infected irgm1+/+ and irgm1�/� neonates for duration as indicated (n = 12, mean � SD, *P < 0.05,

**P < 0.005, ***P < 0.0005, Student’s unpaired t-test).
C The graph depicts total paralysis scores of CHIKV-infected irgm1+/+ and irgm1�/� neonates (n = 12) until 5 days post-infection.
D Kaplan–Meier survival graph depicts percentage survival of mock and CHIKV-infected irgm1+/+ and irgm1�/� neonates during the course of infection (n = 12,

****P < 0.0001, Log-rank (Mantel-Cox) test).
E, F Total RNA isolated from muscles of mock and CHIKV-infected (MOI 1 × 107 PFU/mouse, 6 and 11 dpi) irgm1+/+ and irgm1�/� mice and was subjected to qRT–PCR

to quantitate the viral load (n = 3, mean � SD, ***P < 0.0005, Student’s unpaired t-test).
G Total RNA isolated from the brain of mock and CHIKV-infected (MOI 1 × 107 PFU/mouse, 6 dpi) irgm1+/+ and irgm1�/� mice and was subjected to qRT–PCR for

quantitation of viral load (n = 3, mean � SD, ***P < 0.0005, Student’s unpaired t-test). The total RNA used for qRT–PCR with the brain is four times more than
muscles.

H, I Total RNA isolated from muscles and brains of mock and CHIKV-infected (MOI 1 × 107 PFU/mouse) (6 dpi) irgm1+/+ and irgm1�/� mice and was subjected to qRT–PCR
with MX2 (n = 3, mean � SD, *P < 0.05, ***P < 0.0005, Student’s unpaired t-test). The total RNA used for qRT–PCR with the brain is four times more than muscles.
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Overwhelming inflammation (cytokine storm) is one of the main

reasons for mortality in viral infections, including the one of SARS-

CoV-2. These data suggest that IRGM could be an ideal and broad

therapeutic target for prophylactic use against a variety of viruses.

Importantly, IRGM inhibitors may inhibit viruses without causing

an elevated inflammation.

RIG-I-MAVS and cGAS-STING signaling are required to maintain
an antiviral state of IRGM knockdown cells

We have previously shown that both cGAS-STING and RIG-I-MAVS

signaling are important for constitutive upregulation of type I IFN

response in IRGM-depleted cells (Jena et al, 2020). Therefore, we

tested whether cGAS-STING and RIG-I-MAVS pathways play a

significant role in the antiviral response of IRGM-depleted cells. We

performed a simultaneous knockdown of cGAS and STING, RIG-I

and MAVS, STING and MAVS or cGAS and RIG-I, in IRGM-depleted

THP-1 cells, before infecting them with CHIKV (Fig 5O). The deple-

tion of these PRRs and adaptors in IRGM knockdown cells make

them susceptible to viral infection (Fig 5P). Interestingly, the low

levels of ISGs in infected IRGM knockdown cells were rescued upon

knockdown of cGAS and RIG-I (Fig 5Q). These data suggest that

induction of cGAS-STING and RIG-I-MAVS signaling pathways are

responsible for the antiviral state of IRGM-deficient cells.

Previously, we found that mitophagy defects in IRGM-depleted

cells result in increased reactive oxygen species (ROS), and quench-

ing it with N-acetyl-cysteine (NAC) suppresses IFN response in

these cells, but not completely (Jena et al, 2020). We tested whether

NAC can restore the replication of viruses in IRGM knockdown

cells. There was significant but not complete restoration of viral

replication in these cells (Fig EV3K), indicating that just ROS

production is not enough to increase IFN response and decrease

viral replication.

Taken together, this study shows that inhibiting IRGM estab-

lishes a broad and strong antiviral immune state in cells. Several

mechanisms might have contributed to such a powerful antiviral

response, which includes the enhanced expression of almost all

viral restriction factors, the presence of upregulated MHC-1 antigen

presentation/processing pathway, and the persistent presence of

stress granules. It is an unprecedented observation that so many of

the key viral restriction factors can be induced by the manipulation

of a single gene. This could be because IRGM controls several of the

DNA/RNA viral sensing-signaling pathways, including the cGAS-

STING, the RIG-I-MAVS, the TLR3-TRIF, and the TLR7 signaling

system (Jena et al, 2020; Rai et al, 2021). IRGM deficiency causes a

potent induction of these signaling systems leading to a strong type

I IFN-mediated antiviral response.

Previously, it was shown that IRGM could interact with several

viral proteins and can modulate replication of Hepatitis C virus

(HCV), human immunodeficiency virus 1 (HIV-1), and Measles

virus (MeV) (Gregoire et al, 2011). The authors suggest that autop-

hagy defects in IRGM-depleted cells could be the reason for lower

viral replication in these cells. Our data show that autophagy defects

leading to a heightened IFN response resulting in the upregulation

of large numbers of host antiviral processes is the prime mechanism

of controlling viral replication in IRGM-depleted cells. Altogether,

our work along with this previous study strongly suggests that ther-

apeutic targeting of IRGM could lead to the development of host-

directed therapies for improving broad antiviral innate immunity

against emerging strains and viruses. We also understand that on

the flipside, therapeutic inhibition of IRGM may predispose to

autoinflammatory conditions. However, it can be argued that since

such drugs would be administrated for prophylactic use for a short

duration especially during viral outbreaks, the benefits may

outweigh the side effects (if there are any).

Materials and Methods

Cell culture

The cell lines, HT-29 (ATCC #HTB-38), THP-1 (ATCC #TIB-202),

HeLa (ATCC #CCL-2), were obtained from American Type Culture

Collection (ATCC). THP-1 dual cells (NF-jB-SEAP and IRF-Lucia

luciferase Reporter Monocytes; #thpd-nfis) were purchased from

InvivoGen. Huh7 cells were kindly provided by Dr. Tonya Colpitts.

◀ Figure 5. Type I IFN response is blunted in virus-infected IRGM knockdown cells.

A–D Control and si-IRGM transfected THP-1 IFN reporter cells were kept uninfected (Mock) or infected with (A) JEV (MOI 5) or (B) CHIKV (MOI 5) or (C) HSV-1 (MOI 2.5)
or (D) VSV-eGFP (MOI 1) and the supernatant collected 8 hpi were subjected to luciferase assay. The graphs depict fold change in interferon response. (n = 3, mean
� SD, *P < 0.05, **P < 0.005, ***P < 0.0005, Student’s unpaired t-test).

E–J Control and si-IRGM transfected HT-29 cells uninfected or infected with CHIKV and qRT–PCR analysis were performed with several ISG’s (E) SAMHD1 (F) HERC5 (G)
ISG15 (H) viperin/RSAD2 (I) MX1 (J) APOBEC3G. (n = 3, mean � SE, **P < 0.005, ***P < 0.0005, ****P < 0.00005, Student’s unpaired t-test).

K Western blot analysis with cell lysates of mock and CHIKV (MOI 5, 24 h) infected control and si-IRGM transfected THP-1 cells and probed with the indicated
antibodies. S.E, short exposure; L.E, long exposure.

L Western blot analysis with cell lysates of mock and CHIKV (MOI 5, 24 h) infected control and IRGM knockdown HT-29 cells and probed with the indicated
antibodies.

M Western blot analysis with cell lysates of mock and JEV (MOI 5, 24 h) infected control and si-IRGM transfected HT-29 cells and probed with the indicated
antibodies.

N Western blot analysis with cell lysates of THP-1 control or IRGM knockdown cells, untransfected or transfected with, heat-killed whole CHIKV or CHIKV viral RNA
and probed with the indicated antibodies.

O qRT–PCR analysis to determine the knockdown efficiencies of PRR’s and adaptor proteins as indicated (n = 3, mean � SE, ***P < 0.0005, Student’s unpaired t-test).
P qRT–PCR analysis with total RNA isolated from control and IRGM knockdown HT-29 cells transfected with siRNA combinations as indicated that were infected with

CHIKV (MOI 5, 24 h). (n = 3, mean � SE, ***P < 0.0005, ****P < 0.00005, Student’s unpaired t-test).
Q Western blot analysis with cell lysates of mock and CHIKV (MOI 5, 24 h) infected control and IRGM knockdown HT-29 cells transfected with indicated siRNA and

probed with the indicated antibodies.

Source data are available online for this figure.
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HT-29 and Vero cells were grown in DMEM (Gibco #10569044)

supplemented with 10% fetal bovine serum (FBS) and penicillin/

streptomycin (10,000 units/ml). Human monocytic cell line,

THP-1, and BMDMs were grown in RPMI-1640 (Gibco#61870127)

media supplemented with 10% FBS, 5 mM L-glutamine, glucose

(5%), HEPES buffer, sodium pyruvate (1 mM), penicillin/strepto-

mycin (10,000 units/ml). All the experiments were performed

with cells before the 20th passage was reached. The IRGM CRISPR

knockout and shRNA stable in cell lines are described before (Jena

et al, 2020).

Virus

CHIKV (accession no. EF210157.2) was gifted by Dr. M. M. Parida,

DRDE Gwalior, India. JEV (accession no. AF075723) was kindly

provided by Dr. A. Basu, National Brain Research Center, India. For

ZIKV, we used a clinical isolate from Surinam (a kind gift from Dr.

Martijn van Hemert, Leiden University Medical Center). WNV strain

NY99 is a kind gift from Dr. Claire Huang, CDC. HSV-1 (accession

no. JQ673480.1) was kindly gifted by Dr. Roger Everett, Glasgow

University. The SARS-CoV-2 strain (accession no. EPI_ISL_1196305)

was isolated and characterized previously (Raghav et al, 2020).

Virus infection

Control and IRGM knockdown cells were seeded in 6-well plates.

Next day, the cells were infected with either CHIKV, JEV, or HSV-1

with MOI as indicated in figure legends and as described earlier

(Kumar et al, 2014; Nayak et al, 2017). Briefly, the confluent mono-

layers were washed in sterile 1X PBS and infected with the virus (di-

luted in serum-free media) for 1.5 h with manual shaking at an

interval of 10 min. Then, the cells were washed in sterile 1X PBS

and were maintained in complete DMEM in the incubator till

harvest. The infected cells were collected for Western blotting or

qRT–PCR analysis. THP-1 or THP-1 dual control and IRGM knock-

down cells were differentiated into a macrophage-like state by the

addition of 50 ng/ml of PMA (16 h). After a resting period of 48 h,

macrophages were infected with viruses.

Plaque assay

The plaque assay was performed to quantitate the release of new

infectious viral particles according to the previously described proto-

col (Kumar et al, 2014). Briefly, virus-infected cell culture super-

natants were serially diluted in serum-free media, which was used

to infect confluent Vero cells seeded in 12-well cell culture plates.

After infection, the cells were overlaid with methylcellulose (Sigma

#M0387) containing DMEM and kept in the 37°C incubator for 3–

4 days until visible plaques developed. Then the cells were fixed in

8% formaldehyde, washed gently in tap water followed by staining

with crystal violet. The number of plaques was counted manually to

determine plaque-forming units/ml (PFU/ml).

Transient transfection with siRNA

The THP-1 cells were electroporated (Neon, Invitrogen #MPK5000;

setting: 1400 V, 10 ms, 3 pulses using 100 µl tip #MPK10096) with

non-targeting siRNA (30 nM) or specific siRNA (30 nM) and

incubated for 24 h. Another round of siRNA transfection was

performed after 24 h in a similar condition and incubated for the

next 48 h. The siRNA (10 nM) transfection in HT-29 cells was

performed using the Lipofectamine� RNAiMAX (Invitrogen

#13778075) as per the manufacturer’s instructions. Following siRNA

was used in the present study: Non-specific siRNA (SMARTpool:

siGENOME ns siRNA; Dharmacon #D-001206-13-20), IRGM siRNA

(SASI_HS02_00518571), Human RIG-I siRNA (SASI_Hs01_00047980),

Human cGAS siRNA (SASI_Hs01_00197466), MAVS siRNA

(SASI_Hs01_00128708), STING siRNA (SASI_Hs02_00371843).

Transient transfection with plasmids

For transient expression, THP-1 cells were transfected using the

Neon electroporation system (Thermo) with the following parame-

ters: 1,300 V, 30 ms, one pulse. For rescue experiments, 2 × 106

THP-1 cells were transfected with IRGM (30 nM) siRNA. After 72 h,

the cells were transfected with 3X-Flag or Flag IRGM (3 lg). After
4 h, cells were collected for qRT–PCR or Western blotting. For the

catalytic mutant overexpression assays in THP-1, 2 × 106 THP-1

cells were transfected with 3X-Flag or Flag IRGM (3 lg) or FLAG

IRGM S47N (3 lg). After 4 h, cells were collected for qRT–PCR.

Plasmid transfection in HT-29 cells was performed using ViaFect

reagent (Promega #E4982) as per the manufacturer’s instruction.

Western blotting

The cell lysates were prepared using the NP-40 lysis buffer (Invitro-

gen #FNN0021) containing protease inhibitor cocktail (Roche

#11836170001), phosSTOP (Roche #4906845001), and 1 mM PMSF

(Sigma #P7626). Mice tissues (100 mg) were homogenized in 1 ml

Radio-immunoprecipitation assay (RIPA) buffer (20 mM Tris, pH

8.0; 1 mM, EDTA; 0.5 mM, EGTA; 0.1% Sodium deoxycholate;

150 mM NaCl; 1% IGEPAL; 10% glycerol) with protease inhibitor

cocktail, phosSTOP and 1 mM PMSF using tissue tearor (BioSpec

#985370). Lysates were separated using SDS-polyacrylamide gel,

transferred onto a nitrocellulose membrane (Bio-Rad), and blocked

for 1 h in 5% skimmed milk followed by incubation in primary anti-

body overnight at 4°C. Membranes were then washed thrice with 1X

PBS/PBST and incubated for 1 h with HRP-conjugated secondary

antibody. After washing with PBS/PBST, the blots were developed

using enhanced chemiluminescence reagent (Thermo Fisher

#32132X3).

Antibodies

Primary antibodies used in Western blotting with dilutions: Actin

(Abcam #ab6276; 1:5,000), IRGM antibody rodent specific (CST

#14979; 1:1,000), IRGM (Abcam #ab69494; 1:500), MX1 (CST

#37849; 1:1,000), OAS1 (CST #14498; 1:1,000), ISG15 (CST #2743;

Santacruz sc-166755; 1:1,000; 1:1,000), SAMHD1 (CST #12361;

1:1,000), BST2 (CST #19277; 1:1,000), viperin (CST #13996;

1:1,000), APOBEC3G (CST #43584; 1:1,000), IFITM3 (CST #59212;

1:1,000), PKR B10 (sc-6282; 1:1,000), p-PKR (#ab32036; 1:1,000),

EIF2 Alpha (CST #9722; 1:1,000), p-EIF2 Alpha (CST #3398S;

1:1,000), G3BP (BD Bioscience #611126; 1:1,000), GAPDH (CST

#2118; 1:1,000), ACE2 (R&D systems #AF933; 1:1,000), HRP-

conjugated secondary antibodies were purchased from Santa Cruz
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(1:2,000) or Promega (1:5,000) or Abcam (1:10,000) or Novus

(1:5,000).

Primary antibodies used in immunofluorescence assays with

dilutions: dsRNA (Kerafast # ES2001; 1:60), TIA-1 (Abcam #140595;

1:100), OVA257-264 (SIINFEKL) peptide bound to H-2Kb Mono-

clonal Antibody (eBio25-D1.16 25-D1.16), PE (Invitrogen).

Immunofluorescence analysis

Approximately, 105 cells were seeded on the coverslip and allowed

to adhere to the surface. For THP-1, cells were differentiated into

the macrophage-like state by the addition of 50 ng/ml of phorbol

12-myristate 13-acetate (PMA) (Sigma #P8139) for 16 h. Next, the

culture medium was replaced and incubated for 48 h. The adhered

cells were fixed in 4% paraformaldehyde for 10 min and permeabi-

lized with 0.1% Triton X-100 for 10 min, followed by blocking with

1% BSA for 30 min at RT. The cells were then incubated with

primary antibody for 1 h at RT, washed thrice with 1X PBS,

followed by 1 h incubation with Alexa Fluor-conjugated secondary

antibody. Cells were again washed thrice with 1X PBS, mounted

(Prolong gold antifade, Invitrogen #P36931), and visualized using

Leica TCS SP8 STED confocal microscope. For immunofluorescence

analysis, ovalbumin pulsed BMDMs were once washed with 1X PBS

and stained with PE (Phycoerythrin)-conjugated 25-D1.16 mono-

clonal antibody (0.2 lg/test) for 2 h at 4°C and subsequently used

for microscopy.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed where polystyrene 96-well plates (Corning

Costar # 9018) were pre-coated overnight at 4°C with mouse serum

(antigen) diluted in coating buffer i.e. 1X PBS, then blocked with

3% BSA diluted in 1X PBS for 2 h at RT, followed by incubation

with primary antibody IFN-b antibody 7F-D3 (sc-57201; 1:50) for

2 h at RT. Primary antibody was removed and washed with 1X PBS

containing 0.05% Tween 20 followed by incubation with HRP-

conjugated secondary antibody for 1 h at RT and washed again. 1X

TMB (3,30,5,50-Tetramethylbenzidine) was added, and the plate was

incubated in the dark, and the reaction was stopped using 1 M

H3PO4. Microplate reader (Bio-Rad) was used to measure the absor-

bance at 450 nm.

Luciferase assay

Luciferase assay was performed using THP-1 dual cells (thpd-nfis,

InvivoGen) as per manufacture protocol (InvivoGen). Briefly, THP-1

dual control and IRGM knockdown cells were differentiated into a

macrophage-like state by the addition of 50 ng/ml of PMA (16 h).

After a resting period of 48 h, macrophages were infected with

viruses or treated with Poly I:C HMW (1 lg/ml), Poly dA:dT (1 lg/
ml), cGAMP (1 lg/ml), and IFN-b (500 ng/ml) for indicated time

points and the supernatant were collected. All PAMPs were

purchased from InvivoGen. 10–20 µl of the sample was pipetted per

well into a 96-well white plate. 50 µl of QUANTI-LucTM lumines-

cence assay reagent; # rep-qlc2, (InvivoGen) was added to each

well. The plate was gently tapped to mix and immediately

proceeded with the measurement of luminescence using the Perki-

nElmer VICTOR Nivo multimode plate reader.

RNA isolation and quantitative real-time PCR

RNA was extracted from cells using TRIZOL by following the manu-

facturer’s protocol. Viral RNA from the supernatant was extracted

by an automated RNA isolation system. The cDNA was synthesized

using the high capacity DNA reverse transcription kit (Applied

Biosystems,#4368813), and qRT–PCR was performed using TaqMan

master mix (Applied Biosystems, #4369016) or Power SYBR green

PCR master mix (Applied Biosystems, #4367659) according to the

manufacturer’s protocol. For normalization of the assay, the house-

keeping gene GAPDH or b-Actin was used. The fold change in

expression was calculated by the 2�DDCt method. Excel or GraphPad

is used for generating graphs and statistics.

Mouse experiments

Irgm1 knockout (C57BL/6) mice (Irgm1�/�) were kindly provided

by Dr. Gregory Taylor and maintained as described previously (Liu

et al, 2013). Mouse experiments were performed with procedures

approved by the institutional animal ethical committee (IAEC) at

the Institute of Life Sciences, Bhubaneswar, India. For each experi-

ment, littermates were used with no gender bias. The six days old

Irgm1 wild-type and knockout mouse pups (n = 12) were infected

with CHIKV (1 × 107 PFU/mouse) through the intradermal route.

Mice were monitored daily for muscle weakness, flaccid paralysis

symptoms, and changes in body weights. The paralysis scores were

assigned as follows: normal; 0, single-leg paralysis; 1, both leg

paralysis; 2, severe paralysis; 3. The mice were sacrificed, and dif-

ferent organs were collected and processed further for qRT–PCR

analysis.

Mice bone marrow cells isolation and differentiation
into macrophages

The bone marrow cells from wild-type (Irgm1+/+) and knockout

(Irgm1�/�) mice were isolated and differentiated into macro-

phages by standard procedure. Briefly, six to eight weeks old male

C57BL/6 Irgm1+/+and Irgm1�/� mice were sacrificed by cervical

dislocation, bone marrow cells from the tibia, and femurs were

flushed out in RPMI medium. Red blood cells were removed by

cell lysis buffer containing (155 mM NH4Cl, 12 mM NaHCO3, and

0.1 mM EDTA). Bone marrow cells were differentiated in RPMI

medium (10% FBS, 1 mM sodium pyruvate and 0.05 M 2-

mercaptoethanol) containing 20 ng/ml mouse M-CSF (Gibco

#PMC2044) for 5 days. On every alternate day, media was

replaced with fresh media containing M-CSF.

Antigen uptake assay

The cells were incubated with 5 lg/ml fluorescent Alexa Fluor

488-OVA (a model antigen) (Invitrogen #O34781) or 10 lg/ml

Alexa FluorTM 488-conjugated transferrin (Invitrogen #T13342) for

30 min at 37°C. The cells were serum-starved for 1 h in case of

treatment with transferrin. Any excess fluorochrome bound to the

cell surface was quenched for 3–4 min on ice using 2% FBS/ PBS

solution. After repeating quenching steps twice, cells were thor-

oughly washed using ice-cold FACS buffer (2% FBS/ PBS) and

then immediately examined using a FACS (BD LSRFortessa). Data
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were analyzed using the FlowJo Software (Tree Star Inc., Ashland,

OR).

Antigen processing/presentation assay

The cells were treated with BODIPY-conjugated DQ-OVA (# D12053

Invitrogen), a self-quenched conjugate of OVA that exhibits bright

green fluorescence only upon proteolytic cleavage releasing the dye

molecule from the OVA. Briefly, the cells were incubated with

10 lg/ml of DQ-OVA for 30 min at 37°C. After 30 min, cells were

washed using 1X PBS and then fixed with 2% paraformaldehyde for

10 min at room temperature. Fixed cells were washed twice using

ice-cold FACS buffer and then analyzed using a FACS (BD LSRFor-

tessa). Negative untreated control cells were separately prepared by

incubation of cells with DQ-OVA on ice followed by fixation. The

MFI of the ice control cells was subtracted from that of cells incu-

bated at 37°C with OVA per treatment or control. Data were

analyzed using the FlowJo Software (Tree Star). For immunofluores-

cence, cells were subjected to 10 lg/ml DQ-OVA treatment for

30 min at 37°C followed by washing two times with 1X PBS and

then fixed with 2% paraformaldehyde for 10 min at room tempera-

ture. The coverslips were washed thrice with 1X PBS and perma-

nently mounted using Prolong gold antifade (Invitrogen #P36931)

and finally visualized using TCS SP8 STED confocal microscope.

SIINFEKL-peptide-based system to measure MHC Class I
antigen presentation

The 25-D1.16 monoclonal antibody reacts with the OVA-derived

peptide SIINFEKL bound to H-2Kb of MHC class I, but not with

unbound H-2Kb, or H-2Kb bound with an irrelevant peptide. The

BMDMs were treated with OVA (2 mg/ml) for 3 h at 37°C. Cells

were then washed once with 1X PBS and stained with PE

(Phycoerythrin)-conjugated 25-D1.16 monoclonal antibody (0.2 lg/
test) for 30 min at 4°C followed by FACS analysis. For immunofluo-

rescence analysis, OVA pulsed BMDMs were once washed with 1X

PBS and stained with PE (Phycoerythrin)-conjugated 25-D1.16

monoclonal antibody (0.2 lg/test) for 2 h at 4°C and subsequently

used for microscopy.

Software and statistics analysis

Microsoft Excel and GraphPad Prism 6 is used to analyze and

present the data. The statistical test used is mentioned in respective

figure legends. For making graphics Biorender.com is used.

Data availability

RNA sequencing, data processing, and gene expression analysis

were described previously (Jena et al, 2020). In the current study,

we have reanalyzed the previous data (Jena et al, 2020) to extract

the expression profile of viral restriction factors. Heatmap was

generated as described earlier (Jena et al, 2020). For comparison

with SARS-CoV-2 studies, the genes that are induced significantly

(P < 0.05; 1.5 folds) in IRGM-depleted cell (Jena et al, 2020) are

used. The RNA-seq datasets have been deposited in the ArrayEx-

press database at EMBL-EBI (www.ebi.ac.uk/arrayex press) under

accession number E-MTAB-9164 (http://www.ebi.ac.uk/arrayexpre

ss/experiments/E-MTAB-9164) and E-MTAB-9142(http://www.eb

i.ac.uk/arrayexpress/experiments/E-MTAB-9142).

Expanded View for this article is available online.

Acknowledgements
This work is funded by the Department of Science & Technology SERB grant

CRG/2020/003480, Department of Biotechnology grant BT/PR23942/BRB/10/

1808/2019, and DBT/Wellcome Trust India Alliance (IA/I/15/2/502071) fellow-

ship to Santosh Chauhan. Soma Chattopadhyay is funded by the Department

of Science and Technology (DST), New Delhi, India, vide-grant no EMR/2016/

000854. Fulvio Reggiori is supported by ENW KLEIN-1 (OCENW.KLEIN.118),

ZonMW TOP (91217002) Marie Skłodowska-Curie Cofund (713660) and Marie

Skłodowska-Curie ETN (765912) grants. Subhash Mehto is supported by the

DST-Inspire faculty fellowship (DST/INSPIRE/04/2019/001857). We acknowledge

the technical assistance of Bhabani Sahoo (Microscopy facility) and Paritosh

Nath (FACS facility). We gratefully acknowledge the support of the Institute of

Life Sciences central facilities funded by the Department of Biotechnology

(India). We gratefully acknowledge Dr. M. M. Parida, Dr. A. Basu, Dr. Roger

Everett for providing CHIKV strain, JEV strain HSV-1 KOS strain, respectively.

Author contributions
SChau secured funding, conceived the project, designed the experiments, and

wrote the manuscript. P.N., N.R.C, and K.K.J performed the majority of experi-

ments. A.D, N.D.K, R.B, KCM, S.M, S.D, T.K.N, S.P, K.R, R.B, performed the experi-

ments. M.K, P.P, S.P, F.R, SChat provided critical inputs for experiments and

edited the manuscript.

Conflict of interest
The authors declare that they have no conflict of interest.

References

Bafica A, Feng CG, Santiago HC, Aliberti J, Cheever A, Thomas KE, Taylor GA,

Vogel SN, Sher A (2007) The IFN-inducible GTPase LRG47 (Irgm1)

negatively regulates TLR4-triggered proinflammatory cytokine production

and prevents endotoxemia. J Immunol 179: 5514 – 5522

Bastard P, Rosen LB, Zhang Q, Michailidis E, Hoffmann HH, Zhang Y,

Dorgham K, Philippot Q, Rosain J, Beziat V et al (2020) Autoantibodies

against type I IFNs in patients with life-threatening COVID-19. Science

370: eabd4585

Blanco-Melo D, Nilsson-Payant BE, Liu W-C, Uhl S, Hoagland D, Møller R,

Jordan TX, Oishi K, Panis M, Sachs D et al (2020) Imbalanced host

response to SARS-CoV-2 drives development of COVID-19. Cell 181:

1036 – 1045

Boso G, Kozak CA (2020) Retroviral restriction factors and their viral targets:

restriction strategies and evolutionary adaptations. Microorganisms 8: 1965

Boumaza A, Gay L, Mezouar S, Bestion E, Diallo AB, Michel M, Desnues B,

Raoult D, La Scola B, Halfon P et al (2021) Monocytes and macrophages,

targets of SARS-CoV-2: the clue for Covid-19 immunoparalysis. J Infect Dis

224: 395 – 406

Burgdorf S, Kautz A, Bohnert V, Knolle PA, Kurts C (2007) Distinct pathways of

antigen uptake and intracellular routing in CD4 and CD8 T cell activation.

Science 316: 612 – 616

Chauhan S, Mandell MA, Deretic V (2015) IRGM governs the core autophagy

machinery to conduct antimicrobial defense. Mol Cell 58: 507 – 521

ª 2021 The Authors EMBO reports 22: e52948 | 2021 15 of 17

Parej Nath et al EMBO reports

http://www.ebi.ac.uk/arrayex
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-9164
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-9164
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-9142
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-9142
https://doi.org/10.15252/embr.202152948


Chemudupati M, Kenney AD, Bonifati S, Zani A, McMichael TM, Wu L, Yount

JS (2019) From APOBEC to ZAP: Diverse mechanisms used by cellular

restriction factors to inhibit virus infections. Biochim Biophys Acta Mol Cell

Res 1866: 382 – 394

Coggins SA, Mahboubi B, Schinazi RF, Kim B (2020) SAMHD1 functions and

human diseases. Viruses 12: 382

Colomer-Lluch M, Ruiz A, Moris A, Prado JG (2018) Restriction factors: from

intrinsic viral restriction to shaping cellular immunity against HIV-1. Front

Immunol 9: 2876

Compton AA, Bruel T, Porrot F, Mallet A, Sachse M, Euvrard M, Liang C,

Casartelli N, Schwartz O (2014) IFITM proteins incorporated into HIV-1

virions impair viral fusion and spread. Cell Host Microbe 16: 736 – 747

Couderc T, Chr�etien F, Schilte C, Disson O, Brigitte M, Guivel-Benhassine F,

Touret Y, Barau G, Cayet N, Schuffenecker I et al (2008) A mouse model

for Chikungunya: young age and inefficient type-I interferon signaling are

risk factors for severe disease. PLoS Pathog 4: e29

Dersh D, Yewdell JW, Wei J (2019) A SIINFEKL-based system to measure MHC

class I antigen presentation efficiency and kinetics. Methods Mol Biol 1988:

109 – 122

Desforges M, Miletti TC, Gagnon M, Talbot PJ (2007) Activation of human

monocytes after infection by human coronavirus 229E. Virus Res 130:

228 – 240

Durfee LA, Lyon N, Seo K, Huibregtse JM (2010) The ISG15 conjugation system

broadly targets newly synthesized proteins: implications for the antiviral

function of ISG15. Mol Cell 38: 722 – 732

Fensterl V, Sen GC (2015) Interferon-induced Ifit proteins: their role in viral

pathogenesis. J Virol 89: 2462 – 2468

Gizzi AS, Grove TL, Arnold JJ, Jose J, Jangra RK, Garforth SJ, Du Q, Cahill SM,

Dulyaninova NG, Love JD et al (2018) A naturally occurring antiviral

ribonucleotide encoded by the human genome. Nature 558: 610 – 614

Goff SP (2004) Retrovirus restriction factors. Mol Cell 16: 849 – 859

Gr�egoire IP, Richetta C, Meyniel-Schicklin L, Borel S, Pradezynski F, Diaz O,

Deloire A, Azocar O, Baguet J, Le Breton M et al (2011) IRGM is a common

target of RNA viruses that subvert the autophagy network. PLoS Pathog 7:

e1002422

Hewitt EW (2003) The MHC class I antigen presentation pathway: strategies

for viral immune evasion. Immunology 110: 163 – 169

Hoagland DA, Møller R, Uhl SA, Oishi K, Frere J, Golynker I, Horiuchi S, Panis

M, Blanco-Melo D, Sachs D et al (2021) Leveraging the antiviral type I

interferon system as a first line of defense against SARS-CoV-2

pathogenicity. Immunity 54: 557 – 570

Jena KK, Mehto S, Nath P, Chauhan NR, Sahu R, Dhar K, Das SK, Kolapalli SP,

Murmu KC, Jain A et al (2020) Autoimmunity gene IRGM suppresses cGAS-

STING and RIG-I-MAVS signaling to control interferon response. EMBO Rep

21: e50051

Kaufmann SHE, Dorhoi A, Hotchkiss RS, Bartenschlager R (2018) Host-

directed therapies for bacterial and viral infections. Nat Rev Drug Discov

17: 35 – 56

Kobayashi KS, van den Elsen PJ (2012) NLRC5: a key regulator of MHC class I-

dependent immune responses. Nat Rev Immunol 12: 813 – 820

Kumar A, Mamidi P, Das I, Nayak TK, Kumar S, Chhatai J, Chattopadhyay S,

Suryawanshi AR, Chattopadhyay S (2014) A novel 2006 Indian outbreak

strain of Chikungunya virus exhibits different pattern of infection as

compared to prototype strain. PLoS One 9: e85714

Kumar S, Jain A, Farzam F, Jia J, Gu Y, Choi SW, Mudd MH, Claude-Taupin A,

Wester MJ, Lidke KA et al (2018) Mechanism of Stx17 recruitment to

autophagosomes via IRGM and mammalian Atg8 proteins. J Cell Biol 217:

997 – 1013

Li K, Markosyan RM, Zheng Y-M, Golfetto O, Bungart B, Li M, Ding S, He Y,

Liang C, Lee JC et al (2013) IFITM proteins restrict viral membrane

hemifusion. PLoS Pathog 9: e1003124

Lipsitch M (2019) Challenges of vaccine effectiveness and waning studies.

Clin Infect Dis 68: 1631 – 1633

Liu B, Gulati AS, Cantillana V, Henry SC, Schmidt EA, Daniell X, Grossniklaus E,

Schoenborn AA, Sartor RB, Taylor GA (2013) Irgm1-deficient mice exhibit

Paneth cell abnormalities and increased susceptibility to acute intestinal

inflammation. Am J Physiol Gastrointest Liver Physiol 305: G573 –G584

Lokugamage KG, Hage A, de Vries M, Valero-Jimenez AM, Schindewolf C,

Dittmann M, Rajsbaum R, Menachery VD (2020) Type I interferon

susceptibility distinguishes SARS-CoV-2 from SARS-CoV. J Virol 94:

e01410 – e01420

Mantlo E, Bukreyeva N, Maruyama J, Paessler S, Huang C (2020) Antiviral

activities of type I interferons to SARS-CoV-2 infection. Antiviral Res 179:

104811

McCormick C, Khaperskyy DA (2017) Translation inhibition and stress

granules in the antiviral immune response. Nat Rev Immunol 17: 647 – 660

McNab F, Mayer-Barber K, Sher A, Wack A, O’Garra A (2015) Type I interferons

in infectious disease. Nat Rev Immunol 15: 87 – 103

Meffre E, Iwasaki A (2020) Interferon deficiency can lead to severe COVID.

Nature 587: 374 – 376

Mehto S, Chauhan S, Jena KK, Chauhan NR, Nath P, Sahu R, Dhar K, Das SK,

Chauhan S (2019a) IRGM restrains NLRP3 inflammasome activation by

mediating its SQSTM1/p62-dependent selective autophagy. Autophagy 15:

1645 – 1647

Mehto S, Jena KK, Nath P, Chauhan S, Kolapalli SP, Das SK, Sahoo PK, Jain A,

Taylor GA, Chauhan S (2019b) The Crohn’s disease risk factor IRGM limits

NLRP3 inflammasome activation by impeding its assembly and by

mediating its selective autophagy. Mol Cell 73: 429 – 445.e7

Meissner TB, Li A, Biswas A, Lee KH, Liu YJ, Bayir E, Iliopoulos D, van den

Elsen PJ, Kobayashi KS (2010) NLR family member NLRC5 is a

transcriptional regulator of MHC class I genes. Proc Natl Acad Sci USA 107:

13794 – 13799

Nayak TK, Mamidi P, Kumar A, Singh LP, Sahoo SS, Chattopadhyay S,

Chattopadhyay S (2017) Regulation of viral replication, apoptosis and pro-

inflammatory responses by 17-AAG during Chikungunya Virus Infection in

Macrophages. Viruses 9: 3

Neerincx A, Rodriguez GM, Steimle V, Kufer TA (2012) NLRC5 controls basal

MHC class I gene expression in an MHC enhanceosome-dependent

manner. J Immunol 188: 4940 – 4950

Neil SJ (2013) The antiviral activities of tetherin. Curr Top Microbiol Immunol

371: 67 – 104

Ng LFP, Hibberd ML, Ooi E-E, Tang K-F, Neo S-Y, Tan J, Krishna Murthy KR,

Vega VB, Chia J-M, Liu ET et al (2004) A human in vitro model system for

investigating genome-wide host responses to SARS coronavirus infection.

BMC Infect Dis 4: 34

Ni G, Ma Z, Damania B (2018) cGAS and STING: At the intersection of DNA

and RNA virus-sensing networks. PLoS Pathog 14: e1007148

Oudshoorn D, van Boheemen S, Sanchez-Aparicio MT, Rajsbaum R, Garcia-

Sastre A, Versteeg GA (2012) HERC6 is the main E3 ligase for global ISG15

conjugation in mouse cells. PLoS One 7: e29870

Pei C, Wang C, Xu H (2017) Irgm1 suppresses NLRP3 Inflammasome-

mediated IL-1b production. J Immunol 198: 201.225

Perreira JM, Chin CR, Feeley EM, Brass AL (2013) IFITMs restrict the

replication of multiple pathogenic viruses. J Mol Biol 425: 4937 – 4955

Raghav S, Ghosh A, Turuk J, Kumar S, Jha A, Madhulika S, Priyadarshini M,

Biswas VK, Shyamli PS, Singh B et al (2020) Analysis of Indian SARS-CoV-2

16 of 17 EMBO reports 22: e52948 | 2021 ª 2021 The Authors

EMBO reports Parej Nath et al



genomes reveals prevalence of D614G mutation in spike protein

predicting an increase in interaction with TMPRSS2 and virus infectivity.

Front Microbiol 11: 594928

Rai P, Janardhan KS, Meacham J, Madenspacher JH, Lin W-C, Karmaus PWF,

Martinez J, Li Q-Z, Yan M, Zeng J et al (2021) IRGM1 links mitochondrial

quality control to autoimmunity. Nat Immunol 22: 312 – 321

Schoggins JW, Rice CM (2011) Interferon-stimulated genes and their antiviral

effector functions. Curr Opin Virol 1: 519 – 525

Schoggins JW (2019) Interferon-stimulated genes: what do they all do? Annu

Rev Virol 6: 567 – 584

Singh SB, Davis AS, Taylor GA, Deretic V (2006) Human IRGM induces

autophagy to eliminate intracellular mycobacteria. Science 313:

1438 – 1441

Strasfeld L, Chou S (2010) Antiviral drug resistance: mechanisms and clinical

implications. Infect Dis Clin North Am 24: 809 – 833

Sze A, Olagnier D, Lin R, van Grevenynghe J, Hiscott J (2013) SAMHD1 host

restriction factor: a link with innate immune sensing of retrovirus

infection. J Mol Biol 425: 4981 – 4994

Teijaro JR (2016) Type I interferons in viral control and immune regulation.

Curr Opin Virol 16: 31 – 40

Urbano DV, De Crignis E, Re MC (2018) Host restriction factors and human

immunodeficiency virus (HIV-1): a dynamic interplay involving all phases

of the viral life cycle. Curr HIV Res 16: 184 – 207

von Garnier C, Wikstrom ME, Zosky G, Turner DJ, Sly PD, Smith M, Thomas JA,

Judd SR, Strickland DH, Holt PG et al (2007) Allergic airways disease

develops after an increase in allergen capture and processing in the

airway mucosa. J Immunol 179: 5748 – 5759

Wahid R, Cannon MJ, Chow M (2005) Dendritic cells and macrophages are

productively infected by poliovirus. J Virol 79: 401 – 409

Weidner JM, Jiang D, Pan XB, Chang J, Block TM, Guo JT (2010) Interferon-

induced cell membrane proteins, IFITM3 and tetherin, inhibit vesicular

stomatitis virus infection via distinct mechanisms. J Virol 84:

12646 – 12657

Wilk AJ, Rustagi A, Zhao NQ, Roque J, Mart�ınez-Col�on GJ, McKechnie JL, Ivison

GT, Ranganath T, Vergara R, Hollis T et al (2020) A single-cell atlas of the

peripheral immune response in patients with severe COVID-19. Nat Med

26: 1070 – 1076

Winkler ES, Bailey AL, Kafai NM, Nair S, McCune BT, Yu J, Fox JM, Chen RE,

Earnest JT, Keeler SP et al (2020) SARS-CoV-2 infection of human ACE2-

transgenic mice causes severe lung inflammation and impaired function.

Nat Immunol 21: 1327 – 1335

Wyler E, Mösbauer K, Franke V, Diag A, Gottula LT, Arsi�e R, Klironomos F,

Koppstein D, Hönzke K, Ayoub S et al (2021) Transcriptomic profiling of

SARS-CoV-2 infected human cell lines identifies HSP90 as target for

COVID-19 therapy. iScience 24: 102151

Yen YT, Liao F, Hsiao CH, Kao CL, Chen YC, Wu-Hsieh BA (2006) Modeling the

early events of severe acute respiratory syndrome coronavirus infection

in vitro. J Virol 80: 2684 – 2693

Zhang J-Y, Wang X-M, Xing X, Xu Z, Zhang C, Song J-W, Fan X, Xia P, Fu J-L,

Wang S-Y et al (2020a) Single-cell landscape of immunological responses

in patients with COVID-19. Nat Immunol 21: 1107 – 1118

Zhang Q, Bastard P, Liu Z, Le Pen J, Moncada-Velez M, Chen J, Ogishi M, Sabli

IKD, Hodeib S, Korol C et al (2020b) Inborn errors of type I IFN immunity

in patients with life-threatening COVID-19. Science 370: eabd4570

Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, Benner

C, Chanda SK (2019) Metascape provides a biologist-oriented resource for

the analysis of systems-level datasets. Nat Commun 10: 1523

Zhou Z, Ren L, Zhang LI, Zhong J, Xiao Y, Jia Z, Guo LI, Yang J, Wang C, Jiang

S et al (2020) Heightened innate immune responses in the respiratory

tract of COVID-19 patients. Cell Host Microbe 27: 883 – 890

License: This is an open access article under the

terms of the Creative Commons Attribution License,

which permits use, distribution and reproduction in

any medium, provided the original work is properly

cited.

ª 2021 The Authors EMBO reports 22: e52948 | 2021 17 of 17

Parej Nath et al EMBO reports


