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Abstract: Immune surveillance by natural killer (NK) cells and their recruitment to sites of inflamma-
tion renders them susceptible to viral infection, potentially modulating their effector function. Here,
we analyzed innate RNA receptor signaling in NK cells downstream of direct Influenza A virus (IAV)
infection and its impact on NK cell effector function. Infection of NK cells with IAV resulted in the
activation of TBK1, NF-
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Abstract: Immune surveillance by natural killer (NK) cells and their recruitment to sites of inflam-

mation renders them susceptible to viral infection, potentially modulating their effector function. 

Here, we analyzed innate RNA receptor signaling in NK cells downstream of direct Influenza A 

virus (IAV) infection and its impact on NK cell effector function. Infection of NK cells with IAV 

resulted in the activation of TBK1, NF-ϰB and subsequent type-I IFN secretion. CRISPR-generated 

knockouts in primary human NK cells revealed that this effect depended on the antiviral cytosolic 

RNA receptor RIG-I. Transfection of NK cells with synthetic 3p-dsRNA, a strong RIG-I agonist that 

mimics viral RNA, resulted in a similar phenotype and rendered NK cells resistant to subsequent 

IAV infection. Strikingly, both IAV infection and 3p-dsRNA transfection enhanced degranulation 

and cytokine production by NK cells when exposed to target cells. Thus, RIG-I activation in NK 

cells both supports their cell intrinsic viral defense and enhances their cytotoxic effector function 

against target cells. 

Keywords: Influenza A; NK cells; RIG-I; IFN-α/β; innate nucleic acid receptors 

 

1. Introduction 

Viral infection can be sensed by germline-encoded nucleic-acid receptors that are ex-

pressed in discrete cellular compartments and sense distinct nucleic acid sequences, mod-

ifications and/or conformations [1–3]. While Toll-like receptors (TLR) 3, 7, 8 and 9 detect 

nucleic acids in the endosome, RIG-I like helicases (RLH) sense cytosolic RNA, and cGAS 

detects cytosolic DNA [1,3]. The RLH RIG-I has a preeminent role in the immune recog-

nition of RNA viruses [2,4–6]. It is broadly expressed in the cytosol of immune and non-

immune cells [3,4] and detects short double-stranded(ds) RNA with 5′ di- or triphosphate 

termini, as found in genomes and nascent transcripts of RNA viruses [2,4–9]. RIG-I acti-

vation leads to TBK1/IKKε and nuclear factor kappa B (NF-ϰB) signaling, which, in turn, 

induces the secretion of antiviral cytokines of the type-I interferon family (type-I IFN), 

pro-inflammatory and chemotactic cytokines [3,5,10]. Of these, type-I IFN signaling is 

particularly essential to antiviral defense [11,12]. Canonical type-I IFN signaling via signal 

transducer and activator of transcription 1 (STAT1) and STAT2 induces a broad antiviral 
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B and subsequent type-I IFN secretion. CRISPR-generated knockouts in
primary human NK cells revealed that this effect depended on the antiviral cytosolic RNA receptor
RIG-I. Transfection of NK cells with synthetic 3p-dsRNA, a strong RIG-I agonist that mimics viral
RNA, resulted in a similar phenotype and rendered NK cells resistant to subsequent IAV infection.
Strikingly, both IAV infection and 3p-dsRNA transfection enhanced degranulation and cytokine
production by NK cells when exposed to target cells. Thus, RIG-I activation in NK cells both supports
their cell intrinsic viral defense and enhances their cytotoxic effector function against target cells.
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1. Introduction

Viral infection can be sensed by germline-encoded nucleic-acid receptors that are
expressed in discrete cellular compartments and sense distinct nucleic acid sequences,
modifications and/or conformations [1–3]. While Toll-like receptors (TLR) 3, 7, 8 and
9 detect nucleic acids in the endosome, RIG-I like helicases (RLH) sense cytosolic RNA, and
cGAS detects cytosolic DNA [1,3]. The RLH RIG-I has a preeminent role in the immune
recognition of RNA viruses [2,4–6]. It is broadly expressed in the cytosol of immune
and non-immune cells [3,4] and detects short double-stranded(ds) RNA with 5′ di- or
triphosphate termini, as found in genomes and nascent transcripts of RNA viruses [2,4–9].
RIG-I activation leads to TBK1/IKKε and nuclear factor kappa B (NF-
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B) signaling, which,
in turn, induces the secretion of antiviral cytokines of the type-I interferon family (type-I
IFN), pro-inflammatory and chemotactic cytokines [3,5,10]. Of these, type-I IFN signaling is
particularly essential to antiviral defense [11,12]. Canonical type-I IFN signaling via signal
transducer and activator of transcription 1 (STAT1) and STAT2 induces a broad antiviral
program of interferon-stimulated genes (ISG) devoted to restricting viral replication and
spread [1,5,11,12], including nucleic acid receptors, such as RIG-I itself, and direct antiviral
effectors, including the interferon-induced protein with tetratricopeptide repeats 1 (IFIT1),

Int. J. Mol. Sci. 2023, 24, 12220. https://doi.org/10.3390/ijms241512220 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms241512220
https://doi.org/10.3390/ijms241512220
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0009-0008-5634-3551
https://orcid.org/0000-0003-2939-6267
https://orcid.org/0000-0001-8103-8040
https://orcid.org/0000-0003-0556-1950
https://doi.org/10.3390/ijms241512220
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms241512220?type=check_update&version=1


Int. J. Mol. Sci. 2023, 24, 12220 2 of 16

which sequesters 5′ triphosphate RNA. In addition to viral RNA, RIG-I can recognize
synthetic dsRNA with a 5′ triphosphate (3p-dsRNA) [2,13], and specific RIG-I agonists
have been explored as antiviral and antitumor agents [5,14–17].

Natural killer (NK) cells are cytotoxic innate lymphocytes that also form a key part of
the cellular immune surveillance of both transformed and virus-infected cells. NK cells
recognize such cells through a repertoire of activating and inhibitory receptors [18,19].
Target cell elimination can occur through cell-to-cell synapse formation and degranulation,
transferring of lytic granules of perforin and granzymes, or the release of the FAS-Ligand
and TNF-related apoptosis-inducing ligand (TRAIL) [20,21], which activate death receptors
and induce extrinsic apoptosis programs. In addition to cytotoxicity, NK cells can influence
the immune responsiveness of other cells through the secretion of multiple cytokines and
chemokines [18–20] including the pleiotropic cytokine TNF and IFN-γ, which promotes
antiviral Th1-cell responses, activates antigen presenting cells and induces their MHCII
expression [22]. Both NK cell cytotoxicity and cytokine release can be influenced by
exposure to cytokines in the (anti-) inflammatory milieu. While type-I IFN is known to
pre-activate NK cells, it also upregulates ligands for inhibitory receptors on potential targets
(MHCI) and activating receptors on NK cells (e.g., NCR1) [18,19,23].

During viral infection, cell–cell contact during target-cell recognition brings NK cells
in close proximity to infected cells that have the potential to directly export mature virions
into the NK cells and/or transfer viral entry receptors [24,25]. The negative sense single-
stranded RNA viruses Influenza A (IAV) [26,27] and Respiratory syncytial virus (RSV) [28]
have shown some capacity to infect primary NK cells. While RSV infection has been
reported to enhance NK cell IFN-γ secretion, IAV has been shown to induce apoptosis [29]
and in mouse models, reduce NK cell cytokine production and cytotoxicity [27]. Similarly,
prolonged exposure of human NK cells to both IAV virions and hemagglutinin has been
associated with impaired NK cell effector responses [26]. Although NK cells express high
basal levels of RIG-I [30], which could theoretically recognize IAV [2,6] and induce an
antiviral response, the role of RIG-I stimulation in IAV modulated NK cell responses has
remained unexplored.

In the present study, we aimed to unravel the effect of RIG-I activation triggered by
IAV infection or specific, synthetic RIG-I ligands (3p-dsRNA) on NK cell effector function.
IAV activated RIG-I in NK cells inducing the activation of the TBK1 and NF-

 

 
 

 

 
Int. J. Mol. Sci. 2023, 24, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/ijms 

Article 

Influenza A Infection Stimulates RIG-I and Enhances Effector 

Function of Primary Human NK Cells 

Adham Abuelola Mohamed 1,2, Sofía Soler 3, Julia Wegner 1, Eva Bartok 3,4, Sanda Stankovic 2,5,†,  

Andrew G. Brooks 2,† and Martin Schlee 1,*,† 

1 Department of Clinical Chemistry and Clinical Pharmacology, University Hospital Bonn,  

53127 Bonn, Germany; adham@uni-bonn.de (A.A.M.);  

julia.wegner@uni-bonn.de (J.W.) 
2 Department of Microbiology and Immunology, The Peter Doherty Institute for Infection and Immunity, 

University of Melbourne, Melbourne, VIC 3000, Australia; sandas@unimelb.edu.au (S.S.); 

agbrooks@unimelb.edu.au (A.G.B.) 
3 Institute of Experimental Haematology and Transfusion Medicine, University Hospital Bonn,  

53127 Bonn, Germany; soler@uni-bonn.de (Sofía Soler); ebartok@uni-bonn.de (E.B.) 
4 Unit of Experimental Immunology, Department of Biomedical Sciences, Institute of Tropical Medicine,  

2000 Antwerp, Belgium 
5 Department of Respiratory Medicine, Alfred Hospital, Melbourne, VIC 3004, Australia 

* Correspondence: martin.schlee@uni-bonn.de (M.S.) 

† These authors contributed equally to this work. 

Abstract: Immune surveillance by natural killer (NK) cells and their recruitment to sites of inflam-

mation renders them susceptible to viral infection, potentially modulating their effector function. 

Here, we analyzed innate RNA receptor signaling in NK cells downstream of direct Influenza A 

virus (IAV) infection and its impact on NK cell effector function. Infection of NK cells with IAV 

resulted in the activation of TBK1, NF-ϰB and subsequent type-I IFN secretion. CRISPR-generated 

knockouts in primary human NK cells revealed that this effect depended on the antiviral cytosolic 

RNA receptor RIG-I. Transfection of NK cells with synthetic 3p-dsRNA, a strong RIG-I agonist that 

mimics viral RNA, resulted in a similar phenotype and rendered NK cells resistant to subsequent 

IAV infection. Strikingly, both IAV infection and 3p-dsRNA transfection enhanced degranulation 

and cytokine production by NK cells when exposed to target cells. Thus, RIG-I activation in NK 

cells both supports their cell intrinsic viral defense and enhances their cytotoxic effector function 

against target cells. 

Keywords: Influenza A; NK cells; RIG-I; IFN-α/β; innate nucleic acid receptors 

 

1. Introduction 

Viral infection can be sensed by germline-encoded nucleic-acid receptors that are ex-

pressed in discrete cellular compartments and sense distinct nucleic acid sequences, mod-

ifications and/or conformations [1–3]. While Toll-like receptors (TLR) 3, 7, 8 and 9 detect 

nucleic acids in the endosome, RIG-I like helicases (RLH) sense cytosolic RNA, and cGAS 

detects cytosolic DNA [1,3]. The RLH RIG-I has a preeminent role in the immune recog-

nition of RNA viruses [2,4–6]. It is broadly expressed in the cytosol of immune and non-

immune cells [3,4] and detects short double-stranded(ds) RNA with 5′ di- or triphosphate 

termini, as found in genomes and nascent transcripts of RNA viruses [2,4–9]. RIG-I acti-

vation leads to TBK1/IKKε and nuclear factor kappa B (NF-ϰB) signaling, which, in turn, 

induces the secretion of antiviral cytokines of the type-I interferon family (type-I IFN), 

pro-inflammatory and chemotactic cytokines [3,5,10]. Of these, type-I IFN signaling is 

particularly essential to antiviral defense [11,12]. Canonical type-I IFN signaling via signal 

transducer and activator of transcription 1 (STAT1) and STAT2 induces a broad antiviral 

Citation: Mohamed, A.A.; Soler, S.; 

Wegner, J.; Bartok, E.; Stankovic, S.; 

Brooks, A.G.; Schlee, M. Influenza A 

Infection Stimulates RIG-I and  

Enhances Effector Function of  

Primary Human NK Cells. Int. J. 

Mol. Sci. 2023, 24, x. 

https://doi.org/10.3390/xxxxx 

Academic Editor: Patricia Price 

Received: 23 June 2023 

Revised: 19 July 2023 

Accepted: 24 July 2023 

Published: date 

 

Copyright: © 2023 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 

B pathways
and type-I IFN secretion. Moreover, IAV also enhanced NK cell effector functions, including
degranulation and the secretion of IFN-γ and TNF. Similarly, targeted activation of RIG-I
with 3p-dsRNA enhanced IFN release and NK cell effector functions and also protected
them from subsequent IAV infection. Altogether, we demonstrate that RIG-I activation
by IAV and 3p-dsRNA in NK cells leads to enhanced effector function as well as cytokine
release.

2. Results
2.1. Influenza A Virus Activates NF-

 

 
 

 

 
Int. J. Mol. Sci. 2023, 24, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/ijms 

Article 

Influenza A Infection Stimulates RIG-I and Enhances Effector 

Function of Primary Human NK Cells 

Adham Abuelola Mohamed 1,2, Sofía Soler 3, Julia Wegner 1, Eva Bartok 3,4, Sanda Stankovic 2,5,†,  

Andrew G. Brooks 2,† and Martin Schlee 1,*,† 

1 Department of Clinical Chemistry and Clinical Pharmacology, University Hospital Bonn,  

53127 Bonn, Germany; adham@uni-bonn.de (A.A.M.);  

julia.wegner@uni-bonn.de (J.W.) 
2 Department of Microbiology and Immunology, The Peter Doherty Institute for Infection and Immunity, 

University of Melbourne, Melbourne, VIC 3000, Australia; sandas@unimelb.edu.au (S.S.); 

agbrooks@unimelb.edu.au (A.G.B.) 
3 Institute of Experimental Haematology and Transfusion Medicine, University Hospital Bonn,  

53127 Bonn, Germany; soler@uni-bonn.de (Sofía Soler); ebartok@uni-bonn.de (E.B.) 
4 Unit of Experimental Immunology, Department of Biomedical Sciences, Institute of Tropical Medicine,  

2000 Antwerp, Belgium 
5 Department of Respiratory Medicine, Alfred Hospital, Melbourne, VIC 3004, Australia 

* Correspondence: martin.schlee@uni-bonn.de (M.S.) 

† These authors contributed equally to this work. 

Abstract: Immune surveillance by natural killer (NK) cells and their recruitment to sites of inflam-

mation renders them susceptible to viral infection, potentially modulating their effector function. 

Here, we analyzed innate RNA receptor signaling in NK cells downstream of direct Influenza A 

virus (IAV) infection and its impact on NK cell effector function. Infection of NK cells with IAV 

resulted in the activation of TBK1, NF-ϰB and subsequent type-I IFN secretion. CRISPR-generated 

knockouts in primary human NK cells revealed that this effect depended on the antiviral cytosolic 

RNA receptor RIG-I. Transfection of NK cells with synthetic 3p-dsRNA, a strong RIG-I agonist that 

mimics viral RNA, resulted in a similar phenotype and rendered NK cells resistant to subsequent 

IAV infection. Strikingly, both IAV infection and 3p-dsRNA transfection enhanced degranulation 

and cytokine production by NK cells when exposed to target cells. Thus, RIG-I activation in NK 

cells both supports their cell intrinsic viral defense and enhances their cytotoxic effector function 

against target cells. 

Keywords: Influenza A; NK cells; RIG-I; IFN-α/β; innate nucleic acid receptors 

 

1. Introduction 

Viral infection can be sensed by germline-encoded nucleic-acid receptors that are ex-

pressed in discrete cellular compartments and sense distinct nucleic acid sequences, mod-

ifications and/or conformations [1–3]. While Toll-like receptors (TLR) 3, 7, 8 and 9 detect 

nucleic acids in the endosome, RIG-I like helicases (RLH) sense cytosolic RNA, and cGAS 

detects cytosolic DNA [1,3]. The RLH RIG-I has a preeminent role in the immune recog-

nition of RNA viruses [2,4–6]. It is broadly expressed in the cytosol of immune and non-

immune cells [3,4] and detects short double-stranded(ds) RNA with 5′ di- or triphosphate 

termini, as found in genomes and nascent transcripts of RNA viruses [2,4–9]. RIG-I acti-

vation leads to TBK1/IKKε and nuclear factor kappa B (NF-ϰB) signaling, which, in turn, 

induces the secretion of antiviral cytokines of the type-I interferon family (type-I IFN), 

pro-inflammatory and chemotactic cytokines [3,5,10]. Of these, type-I IFN signaling is 

particularly essential to antiviral defense [11,12]. Canonical type-I IFN signaling via signal 

transducer and activator of transcription 1 (STAT1) and STAT2 induces a broad antiviral 

Citation: Mohamed, A.A.; Soler, S.; 

Wegner, J.; Bartok, E.; Stankovic, S.; 

Brooks, A.G.; Schlee, M. Influenza A 

Infection Stimulates RIG-I and  

Enhances Effector Function of  

Primary Human NK Cells. Int. J. 

Mol. Sci. 2023, 24, x. 

https://doi.org/10.3390/xxxxx 

Academic Editor: Patricia Price 

Received: 23 June 2023 

Revised: 19 July 2023 

Accepted: 24 July 2023 

Published: date 

 

Copyright: © 2023 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 

B, TBK1 and Type-I IFN Response in NK Cells Via RIG-I

The ability of IAV to infect primary human NK cells from peripheral blood as well
as the subsequent impact of infection on NK cell effector function were evaluated. NK
cells were incubated with IAV at a multiplicity of infection (MOI) of 1, 5, or 10, and the
proportion of cells expressing viral nucleoprotein (NP) was measured by flow cytometry.
At an MOI of 10, the proportion of NP+ NK cells was around 18% at 9 h post-infection
(Figure 1A). The percentage of NP+ cells peaked at 9 h post-infection, but dropped by
25 h, likely reflecting both the proliferation of uninfected cells and death of infected cells
(Figure 1B). Interestingly, the viability of infected cells at 25 h post-infection was not
significantly different from the mock-treated cells (Suppl. Figure S2A). While there was
clear evidence of infected cells at both 9 and 25 h post-infection, the reduction of infectious
virus in the supernatant after 24 h showed that the infection remained non-productive
(Suppl. Figure S2B).
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Abstract: Immune surveillance by natural killer (NK) cells and their recruitment to sites of inflam-

mation renders them susceptible to viral infection, potentially modulating their effector function. 

Here, we analyzed innate RNA receptor signaling in NK cells downstream of direct Influenza A 

virus (IAV) infection and its impact on NK cell effector function. Infection of NK cells with IAV 

resulted in the activation of TBK1, NF-ϰB and subsequent type-I IFN secretion. CRISPR-generated 

knockouts in primary human NK cells revealed that this effect depended on the antiviral cytosolic 

RNA receptor RIG-I. Transfection of NK cells with synthetic 3p-dsRNA, a strong RIG-I agonist that 

mimics viral RNA, resulted in a similar phenotype and rendered NK cells resistant to subsequent 

IAV infection. Strikingly, both IAV infection and 3p-dsRNA transfection enhanced degranulation 

and cytokine production by NK cells when exposed to target cells. Thus, RIG-I activation in NK 

cells both supports their cell intrinsic viral defense and enhances their cytotoxic effector function 

against target cells. 
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1. Introduction 

Viral infection can be sensed by germline-encoded nucleic-acid receptors that are ex-

pressed in discrete cellular compartments and sense distinct nucleic acid sequences, mod-

ifications and/or conformations [1–3]. While Toll-like receptors (TLR) 3, 7, 8 and 9 detect 

nucleic acids in the endosome, RIG-I like helicases (RLH) sense cytosolic RNA, and cGAS 

detects cytosolic DNA [1,3]. The RLH RIG-I has a preeminent role in the immune recog-

nition of RNA viruses [2,4–6]. It is broadly expressed in the cytosol of immune and non-

immune cells [3,4] and detects short double-stranded(ds) RNA with 5′ di- or triphosphate 

termini, as found in genomes and nascent transcripts of RNA viruses [2,4–9]. RIG-I acti-

vation leads to TBK1/IKKε and nuclear factor kappa B (NF-ϰB) signaling, which, in turn, 

induces the secretion of antiviral cytokines of the type-I interferon family (type-I IFN), 

pro-inflammatory and chemotactic cytokines [3,5,10]. Of these, type-I IFN signaling is 

particularly essential to antiviral defense [11,12]. Canonical type-I IFN signaling via signal 

transducer and activator of transcription 1 (STAT1) and STAT2 induces a broad antiviral 
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B, TBK1 and type-I
interferon response. (A) Representative NK cell flow cytometry plots 8 h after incubation in media
alone (Mock) or 10 MOI influenza A virus (IAV), stained for viral NP to indicate the percentage (%)
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of infected cells and (B) bar graph of % of NP positive cells (5 donors) at 5, 9, and 25 h post-IAV
incubation. (C) Representative histogram and (D) bar graph of CD69 geometric mean fluorescence
intensity (gMFI) (5 donors) of mock-treated NK cells, or IAV-exposed NP- and NP+ NK cells at 8 h
after incubation with IAV. (E) Representative NK cell Western blot and (F) quantification of Western
blot data, after overnight culture in media alone (Mock) or incubation with IAV showing the level
of pNF-
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B.p65, pTBK1, IFIT1 and pSTAT2 (3–4 donors). (G) Bar graph showing type-I IFN (IFN-I)
activity detected by TBK1-/- IKKα-/- IKKβ-/- & IKKε-/- THP1 dual reporter cells after 24 h incubation
with supernatants from NK cells (4 donors). Each symbol represents an individual donor (color is
representative of paired samples), and bars show mean ± SEM. Statistical significance was tested
using paired t-test for two group comparisons and one-way ANOVA with Dunnett’s correction for
more than two groups (* p < 0.05, *** p < 0.001, and **** p < 0.0001).

The next aim was to evaluate IAV-induced NK cell activation by monitoring the
expression level of the early activation marker CD69. CD69 was found to be significantly
upregulated on the surface of IAV exposed NK cells compared to mock controls. NP-

bystander cells expressed more CD69 than mock treated but less than NP+ cells suggesting
that surface CD69 is induced by intrinsic (e.g., nucleic acid receptors) as well as extrinsic
(e.g., type-I IFN) factors (Figure 1C,D). To examine the immune response, NF-
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B and
TBK1 signaling was investigated. Immunoblotting showed that IAV infection induced
phosphorylation of both NF-
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B p65 and TBK1 (Figure 1E,F) and ultimately the production
of type-I IFN that was detected in the supernatants of infected NK cells 24 h post-infection
(Figure 1G). Type-I IFN can induce autocrine interferon-α/β receptor (IFNAR) activation,
leading to STAT1 and STAT2 phosphorylation [11]. STAT2 phosphorylation was detected
in infected cells, demonstrating that secreted type-I IFN has an autocrine effect on infected
NK cells (Figure 1E,F). In line with the action of secreted type-I IFN, the transcription of the
ISG IFIT1 was substantially induced (Figure 1E,F).

We then attempted to determine the innate immune receptor(s) responsible for NF-
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B
and TBK1 activation as well as type-I IFN secretion in NK cells. Although RIG-I is known
to sense IAV infection in fibroblasts, epithelial cells and macrophages [6,31,32], no specific
studies have identified the critical sensor for IAV in lymphocytes to date. To investigate the
role of RIG-I and type-I IFN signaling, RIG-I and STAT2 expressing genes were inactivated
in primary human NK cells using CRISPR/Cas9 genome editing. Expression of both
proteins was reduced by more than 60% (Figure 2A,B,D) in bulk CRISPR/Cas9 treated
cells. IFIT1 induction after IAV expression was dependent on both RIG-I (Figure 2C) and
STAT2 (Figure 2E) expression, indicating that RIG-I and STAT2 contribute to the antiviral
response of NK cells and that the autocrine action of type-I IFN is a critical component of
this response.
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Figure 2. IAV induces an IFN-I response in NK cells via RIG-I and STAT2. (A) Representative NK 
cell Western blot showing expression of IFIT1, RIG-I and STAT2 from wildtype controls (WT), or 
cells treated to knock out RIG-I (RIG-IBulk KO) or STAT2 (STAT2Bulk KO) genes. (B) Percentage of RIG-I 
expression in WT and RIG-IBulk KO cells. (C) Relative expression of IFIT1 in WT and RIG-IBulk KO cells 
after overnight incubation with IAV. (D) Percentage of STAT2 expression in WT and STAT2Bulk KO 
cells. (E) Relative expression of IFIT1 in WT and STAT2Bulk KO cells after overnight incubation with 
IAV (3 donors). Each symbol represents an individual donor (color is representative of paired sam-
ples). Bars represent mean ± SEM. Statistical significance was tested using two-way ANOVA fol-
lowed by Bonferroni’s correction for multiple group comparisons (** p < 0.01). 

2.2. IAV Infection Enhances NK Cell Effector Function 
To investigate the effect of IAV exposure on NK cell function, the capacity of NK cells 

to respond to the HLA-deficient target cell line 721.221 in the presence or absence of IAV 
infection was assessed. Even in the absence of target cells, a significant increase in CD107 
and IFN-γ could be detected in NP+ cells (Figure 3 A–D). Coculture of NK cells with HLA-
class I deficient 721.221 cells induced robust degranulation and cytokine production by 
NK cells (Figure 3E–H). Here, IAV-exposed NK cells showed robustly increased frequen-
cies of degranulation (CD107a) as well as IFN-γ and TNF cytokine production following 
stimulation with 721.221 cells (Figure 3E–H). Indeed, the effector and cytokine responses 
of infected NK cells (NP+) was elevated relative to cells that did not stain positive for NP 
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Figure 2. IAV induces an IFN-I response in NK cells via RIG-I and STAT2. (A) Representative NK cell
Western blot showing expression of IFIT1, RIG-I and STAT2 from wildtype controls (WT), or cells
treated to knock out RIG-I (RIG-IBulk KO) or STAT2 (STAT2Bulk KO) genes. (B) Percentage of RIG-I
expression in WT and RIG-IBulk KO cells. (C) Relative expression of IFIT1 in WT and RIG-IBulk KO cells
after overnight incubation with IAV. (D) Percentage of STAT2 expression in WT and STAT2Bulk KO

cells. (E) Relative expression of IFIT1 in WT and STAT2Bulk KO cells after overnight incubation
with IAV (3 donors). Each symbol represents an individual donor (color is representative of paired
samples). Bars represent mean ± SEM. Statistical significance was tested using two-way ANOVA
followed by Bonferroni’s correction for multiple group comparisons (** p < 0.01).

2.2. IAV Infection Enhances NK Cell Effector Function

To investigate the effect of IAV exposure on NK cell function, the capacity of NK cells
to respond to the HLA-deficient target cell line 721.221 in the presence or absence of IAV
infection was assessed. Even in the absence of target cells, a significant increase in CD107
and IFN-γ could be detected in NP+ cells (Figure 3 A–D). Coculture of NK cells with HLA-
class I deficient 721.221 cells induced robust degranulation and cytokine production by NK
cells (Figure 3E–H). Here, IAV-exposed NK cells showed robustly increased frequencies
of degranulation (CD107a) as well as IFN-γ and TNF cytokine production following
stimulation with 721.221 cells (Figure 3E–H). Indeed, the effector and cytokine responses
of infected NK cells (NP+) was elevated relative to cells that did not stain positive for
NP (NP−) and mock-treated cells (Figure 3E–H). This suggests an intrinsic role of IAV
infection in enhancing NK effector function. Furthermore, following stimulation with
PMA/Ionomycin the response of NP+ NK cells was again elevated relative to both NP−

cells and NK cells that were not exposed to IAV (Suppl. Figure S3).
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and (D) TNF is shown (5 donors). (E) Representative NK cell flow cytometry plots for CD107a and
IFN-γ staining from mock culture or NP− and NP+ cells after incubation with IAV in the presence
of target cells (721.221) and percentage of cells expressing (F) CD107a, (G) IFN-γ and (H) TNF in
the presence of target cells is shown (5 donors). Each symbol represents an individual donor (color
is representative of paired samples). Bars show mean ± SEM. Statistical significance was tested
using repeated measure one-way ANOVA with Dunnett’s correction (ns = not significant, * p < 0.05,
** p < 0.01, *** p < 0.001).
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termini, as found in genomes and nascent transcripts of RNA viruses [2,4–9]. RIG-I acti-

vation leads to TBK1/IKKε and nuclear factor kappa B (NF-ϰB) signaling, which, in turn, 

induces the secretion of antiviral cytokines of the type-I interferon family (type-I IFN), 

pro-inflammatory and chemotactic cytokines [3,5,10]. Of these, type-I IFN signaling is 

particularly essential to antiviral defense [11,12]. Canonical type-I IFN signaling via signal 
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B Pathways and Induces Type-I IFN in NK Cells

Although our data demonstrate that IAV infection activates RIG-I in NK cells, IAV pro-
teins have also been described to alter the NK cell effector response during
infection [26,27] and may modulate potential effects of RIG-I signaling in these cells. Thus,
to directly assess the impact of RIG-I activation on NK cell effector function, a RIG-I specific
synthetic ligand, 3p-dsRNA, or a control RNA that does not activate RIG-I, were delivered
into NK cells using lipofection [2,8] in addition to treating NK cells with IFN-α as a positive
control. Subsequently, the activation of the RIG-I pathway and the effector functions of
NK cells, including degranulation and cytokine production, were evaluated. Delivery of
RIG-I ligands in NK cells was confirmed by flow cytometry using FAM-labelled 3p-dsRNA
(12% positive cells, Suppl. Figure S4A). Similar to IAV infection, exposure to RIG-I ligands
induced upregulation of the activation marker CD69 (Figure 4A,B), phosphorylation of
NF-
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B p65, TBK1, and STAT2 (Figure 4C,D) as well as type-I IFN secretion (Figure 4E). To
exclude the contribution of contaminating B cells and monocytes as a source of type-I IFN,
a pure population of NK cells (>99%) (CD56+, CD3−, CD19−, CD14−) was used to confirm
these findings (Suppl. Figure S5A,B). The exposure of cells to type-I IFN has the ability
to reduce the susceptibility of many cell types to IAV infection. To investigate whether
3p-dsRNA modulates the susceptibility of NK cells to IAV infection, cells pre-treated with
3p-dsRNA were incubated with IAV. Indeed, compared to controls, NK cells pre-treated
with RIG-I ligands or IFN-α exhibited only minimal infection (Figure 4F,G). To confirm
autocrine signaling of secreted type-I IFN, neutralizing antibodies were used to block
IFNAR2, which resulted in a reduction of STAT2 phosphorylation and IFIT1 protein expres-
sion (Suppl. Figure S4B). RIG-I and STAT2 were effectively knocked out, as demonstrated in
Figure 5A,B,D. The 3p-dsRNA-induced interferon response was notably diminished in NK
cells lacking RIG-I or STAT2 (Figure 5). Efficient knockout of RIG-I (Figure 5B) correlated
with the reduced induction of IFIT1 by 3p-dsRNA (Figure 5A,C), while IFIT1 induction
by IFNα showed no significant reduction. Conversely, knockout of STAT2 reduced IFIT1
induction by both 3p-dsRNA and IFNα (Figure 5A,E).
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B, TBK1 and IFN-I response. (A) Representative NK cell
CD69 gMFI histogram and (B) quantification of CD69 gMFI (10 donors), after overnight treatment
with 3p-ssRNA (Control, Ctrl), 3p-dsRNA, or IFN-α. (C) Western blot from NK cell cultures and
(D) relative protein expression (3 donors) after treatment of NK cells with 3p-ssRNA (Ctrl), 3p-dsRNA
or IFN-α. (E) Bar graph showing IFN-I activity of TBK1/IKKα/IKKβ/IKKε-deficient THP1 dual
reporter cell line after 24 h incubation with supernatants from NK cells. (F) Representative NK cell
flow cytometry plots and (G) proportion of infected (%NP+) cells (4 donors) after pre-treatment with
RIG-I ligands (or control) followed by incubation with IAV for 8 h. Med = media only control. Each
symbol represents an individual donor (color is representative of paired samples). Bars show mean
± SEM. Statistical significance was tested using paired t-test for two group comparison and repeated
measures one-way ANOVA with Dunnett’s correction for more than two groups (ns = not significant,
* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001).
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cells, in the presence of media alone (Med), 3p-ssRNA (Control, Ctrl), 3p-dsRNA or IFN-α. (B) Per-
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and RIG-IBulk KO NK cells in the presence of media alone (Med), Ctrl, 3p-dsRNA or IFN. (D) Percent-
age of STAT2 expression in WT and STAT2 Bulk KO NK cells. (E) Relative expression of IFIT1 in WT 
and STAT2Bulk KO NK cells in the presence of media alone (Med), Ctrl, 3p-dsRNA or IFN (3 donors). 
Each symbol represents an individual donor (color is representative of paired samples). Bars show 
mean ± SEM. Statistical analysis was performed using paired t-test for two-group comparisons and 
two-way ANOVA with Bonferroni’s correction for multiple comparisons (ns = not significant, * p < 
0.05, *** p < 0.001). 

2.4. RIG-I Ligands Enhance NK Effector Function 
While IAV infected NK cells exhibited an enhanced target-cell effector response, it 

was unclear whether this was directly attributable to the activation of the RIG-I pathway. 
To test the extent to which this pathway impacts NK cell effector function, NK cells were 
treated with 3p-dsRNA, IFN-α or control RNA, before incubation with 721.221 target cells. 
Stimulation with 3p-dsRNA resulted in a significant increase in degranulation (Figure 
6A,B) as well as in the production of IFN-γ (Figure 6A,C) and TNF (Figure 6D). This was 
confirmed with highly pure, sorted NK cells (Suppl. Figure S5). To exclude the indirect 
activation of NK cells via residual RIG-I ligand stimulation of target cells, THP-1 dual 

Figure 5. 3p-dsRNA induces an IFN-I response in NK cells via RIG-I and STAT2. (A) Representative
NK cell Western blot for IFIT1, RIG-I, and STAT2 from wildtype (WT), RIG-IBulk KO and STAT2Bulk KO

cells, in the presence of media alone (Med), 3p-ssRNA (Control, Ctrl), 3p-dsRNA or IFN-α.
(B) Percentage of RIG-I expression in WT and RIG-IBulk KO NK cells. (C) Relative expression of
IFIT1 in WT and RIG-IBulk KO NK cells in the presence of media alone (Med), Ctrl, 3p-dsRNA or IFN.
(D) Percentage of STAT2 expression in WT and STAT2 Bulk KO NK cells. (E) Relative expression of
IFIT1 in WT and STAT2Bulk KO NK cells in the presence of media alone (Med), Ctrl, 3p-dsRNA or
IFN (3 donors). Each symbol represents an individual donor (color is representative of paired sam-
ples). Bars show mean ± SEM. Statistical analysis was performed using paired t-test for two-group
comparisons and two-way ANOVA with Bonferroni’s correction for multiple comparisons (ns = not
significant, * p < 0.05, *** p < 0.001).

2.4. RIG-I Ligands Enhance NK Effector Function

While IAV infected NK cells exhibited an enhanced target-cell effector response, it
was unclear whether this was directly attributable to the activation of the RIG-I pathway.
To test the extent to which this pathway impacts NK cell effector function, NK cells were
treated with 3p-dsRNA, IFN-α or control RNA, before incubation with 721.221 target
cells. Stimulation with 3p-dsRNA resulted in a significant increase in degranulation
(Figure 6A,B) as well as in the production of IFN-γ (Figure 6A,C) and TNF (Figure 6D).
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This was confirmed with highly pure, sorted NK cells (Suppl. Figure S5). To exclude the
indirect activation of NK cells via residual RIG-I ligand stimulation of target cells, THP-1
dual TBK1-/- IKKα -/- IKKβ -/- IKKε-/- cells were used as targets. These cells lack RIG-I
downstream signaling and therefore do not induce expression of cytokines or antiviral
effector proteins. Additionally, the stimulation of these cells with 3p-dsRNA did not lead
to enhanced NK cell activation (Suppl. Figure S6A,B). In contrast, incubating them with
NK cells transfected with 3p-dsRNA resulted in the same enhancement of NK cell function
as observed with 721.221 target cells (Suppl. Figure S6C–E). These findings suggest that
the increased activation of NK cells following exposure to 3p-dsRNA is due to intrinsic
activation of the RIG-I pathway within NK cells themselves. In summary, 3p-dsRNA
significantly enhanced NK cell effector functions in an RIG-I dependent mechanism.
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Moreover, upon recognition of target cells, IAV infection and RIG-I stimulation also 

Figure 6. RIG-I stimulation of NK cells enhances their effector function. (A) Representative NK cell
flow cytometry plot for CD107a and IFN-γ or proportion (%) of NK cells positive for (B) CD107a,
(C) IFN-γ and (D) TNF, after incubation in media alone (NK only), or pre-treated with 3p-ssRNA
(Control, Ctrl), 3p-dsRNA or IFN-α overnight (followed by incubation with target cells (721.221)
for 4 h (10 donors)). Each symbol represents an individual donor (color is representative of paired
samples). Bars show mean ± SEM. Statistical analysis was performed using repeated measures
one-way ANOVA with Dunnett’s correction (** p < 0.01, *** p < 0.001, and **** p < 0.0001).

3. Discussion

RIG-I is an essential detector of RNA virus infection in many tissues and cell types
and is crucial for an effective antiviral immune response [3]. While RIG-I activation with
synthetic RNA has been shown to enhance NK cell-mediated killing of melanoma cells [30,
33], exposure of NK cells to IAV, a RIG-I stimulating virus, has been reported to reduce NK
cell cytotoxicity [29,34]. However, the potential contribution of RIG-I signaling to the NK
cell response to IAV infection remains poorly understood. By investigating RIG-I activation
and downstream signaling after RIG-I ligand or IAV exposure and using CRISPR/Cas9
mediated genome editing in primary NK cells, we systematically investigated the effects
of RIG-I activation during IAV infection. Here, we demonstrated that both IAV infection
and stimulation with a synthetic RNA ligand of RIG-I induced CD69 expression, TBK1
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phosphorylation and type-I IFN secretion in a RIG-I dependent manner. Moreover, upon
recognition of target cells, IAV infection and RIG-I stimulation also enhanced NK cell
degranulation (CD107a surface expression) and IFN-γ as well as TNF production. Of note,
our flow cytometric analyses showed that infected (NP positive) cells had higher levels
of activation than non-infected bystander (NP negative) cells, indicating a strong direct
stimulus generated by IAV in the infected cell.

IFN-α incubation could mimic the effects of both IAV and the RIG-I ligand on NK
effector functions, and both deletion of STAT2 from NK cells and antibody-mediated
neutralization of IFNAR prevented the induction of the type-I IFN response. Altogether,
these data indicate that IAV/RIG-I-mediated effects on NK cell function required the type-I
IFN signaling pathway.

A previous study observed the transfection of synthetic RIG-I ligand into NK cells,
but not pre-incubation with IFN-β enhanced killing of melanoma cells in vitro [30]. Thus,
in certain tumor types, activation of RIG-I might induce additional genes over and above
those induced by type I IFNs, which we did not observe here. However, using myeloid
tumor cells (THP1) or HLA-I-deficient B-lymphoblastoid cells (721.221) as target cells, we
observed a similar enhancement of IFN-γ, TNF or CD107a expression induced by IAV,
3p-dsRNA or pre-incubation with IFN-α. Interestingly, in contrast to 3p-dsRNA and IFN-α,
exposure to IAV was able to substantially induce IFN-γ production even if target cells
were absent. This might reflect the capacity of the IAV-HA on the surface of virions to
crosslink activating receptors such as NKp46 suggesting not only that IAV enhances NK
effector function via RIG-I/type-I IFN, but that NK cells need additional NK cell receptor
stimulation for functional activation (reviewed in Luczo et al. [35]).

While our data contrast with previous studies that show impairments of NK cell
cytotoxic activity by IAV infection or exposure to IAV [34,36], Lin et al. [33] demonstrated,
in accordance with our data, that exposure to IAV induced the expression of CD69 and
enhanced degranulation as evidenced by increased CD107a surface expression on human
NK cells. However, although the study showed enhanced activation and degranulation,
the authors observed reduced target cell killing, which may be attributable to apoptosis of
the infected NK cells leading to reduced effector to target cell ratios [29]. In contrast to Lin
et al. [29], we observed little NK cell death 24 h after virus infection, which might be due to
the different virus strains used: RG-PR8-Brazil78 HA, NA (H1N1) in our study and WSN
virus/33 (H1N1) in their study. It is conceivable that the NS1 of different strains differ in
their capacity to suppress RIG-I activation.

Regardless, our data show clear RIG-I-dependent activation of virus-infected NK cells
and that RIG-I activation both enhances NK cell effector function and contributes to a more
effective antiviral response. Activation of RIG-I in NK cells may therefore enhance their
capacity to target virus infected cells that themselves are neither able to secrete type-I IFN
nor to recruit antigen presenting cells that can produce type-I IFN. Cells that are already
infected and produce viral particles also express viral suppressors of IFN induction such
as NS1, a potent inhibitor of RIG-I activation, which prevent cytokine production. When
newly recruited to the site of infection, NK cells could conceivably directly produce type-I
and type-II IFN after sensing the IAV genome from released viral particles. Nevertheless,
the in vivo relevance of such a scenario remains to be elucidated. On the other hand, since
recruited NK cells are exposed to high concentrations of virus at the site of infection, a
functional RIG-I pathway that induces a strong autonomous antiviral response in NK cells
might be crucial to minimizing the risk of uptake, replication and spread of the virus in the
body. Thus, strong RIG-I signaling in NK cells support both an enhanced cellular effector
function against infected target cells as well as the cell autonomous antiviral defense of the
NK cell itself.
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4. Materials and Methods
4.1. Primary Cells, Cell Lines, Tissue Culture

Human peripheral blood (PBMCs) mononuclear cells were obtained by density gradi-
ent centrifugation from buffy coats of healthy donors after written informed consent and
institutional review board approval. NK cells were isolated from PBMCs using negative
selection with EasySep™ Human NK Cell Isolation Kit (Stemcell Technologies, Cologne,
Germany, #17955) (Suppl. Figure S1) and cultured at 37 ◦C in a humidified atmosphere
of 5% CO2 in NK MACS® Medium (Miltenyi Biotec, Bergisch Gladbach, Germany, #130-
114-429) containing 10% of fetal bovine serum (Thermo Fisher Scientific, Langerwehe,
Germany, #10437028), 100 U/mL penicillin, 100 µg/mL streptomycin (Thermo Fisher
Scientific, #15140122), and 100 U/mL human IL-2 (Miltenyi Biotec, Bergisch Gladbach,
Germany, #130-097-743) overnight before performing experiments. Human immortalized
(EBV transformed) HLA negative B-lymphoblastoid cells (721.221 cells) were grown at
37 ◦C in humidified atmosphere of 5% CO2 in RPMI 1640 medium supplemented with
10% fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin. THP1 dual
cells (InvivoGen, California, USA) were cultured in the same medium and conditions used
for 721.221 cell line. They express a secreted luciferase reporter gene under the control of
an ISG54 minimal promoter in conjunction with five IFN-stimulated response elements.
To generate THP1 dual (TBK1-/- IKKα -/- IKKβ -/- IKKε-/-) the corresponding genes were
inactivated by CRISPR/Cas9 mediated gene editing as described [37]. In those cells, sig-
naling downstream of RIG-I is abrogated while signaling downstream of the IFNAR is
still intact.

4.2. IAV Infection and RIG-I Stimulation of NK Cells

NK cells were infected with a reassortant Influenza A virus (IAV) strain from PR8 and
A/Brazil/11/1978: RG-PR8-Brazil78 HA, NA (H1N1) at 10 multiplicities of infection (10
MOI) in serum-free medium, then washed 2X after 1 hr with PBS and incubated for differ-
ent durations as described in each experiment. RIG-I ligands were generated by in vitro
transcription with a Transcript Aid T7 in vitro transcription kit (Thermo Fisher Scientific,
Langerwehe, Germany, #K0441) using annealed DNA oligonucleotides as a dsDNA tem-
plate (sequence: TTGTAATACGACTCACTATAGGGACGCTGACCCAGAAGATCTACTA-
GAAATAGTAGATCTTCTGGGTCAGCGTCCC) as described before [38]. The negative con-
trol for RIG-I-like receptor activation, a single stranded 3p-RNA, was generated using the
dsDNA template with the sequence CGCGCGTAATACGACTCACTATAGGGAGCGCA-
GACGCGAGCGCGGCACGGCCGCCAAGGCGAGAC. Lipofectamine 2000 (Thermo Fisher
Scientific, Langerwehe, Germany, #11668019) was used as transfection agent. Then,
5 µg/mL RNA and 2.5 µL/mL lipofectamine were complexed and added to 106 NK
cells/mL for the stimulation. Where indicated, cells were stimulated with recombinant
IFN-α2a (1000 U/mL) (Miltenyi Biotec, Bergisch Gladbach, Germany, #130-108-984).

4.3. Western Blot

Cells (at least 4 × 105) were centrifuged at 500× g for 5 min and washed with PBS
after harvesting, then lysed with 1× Laemmli buffer containing PhosStop (Roche, Basel,
Switzerland, #4906837001) and protease inhibitor (Roche, Basel, Switzerland, #4693116001),
vortexed and incubated at 95 ◦C for 5–7 min in a thermomixer, shaking at 600 rpm, to dena-
ture the proteins. After that, equal volumes (equivalent to 4 × 105 cells/run) were loaded
on a 10% SDS-PAGE gel for electrophoresis until the desired separation was achieved. Then,
proteins were transferred to nitrocellulose membranes, and proteins were stained individu-
ally with primary antibodies anti-β-actin mouse mAb (LI-COR Bioscience, Bad Homburg,
Germany, #926-42212), anti-IFIT1 rabbit mAb (Cell Signaling, Frankfurt, Germany, #14769),
anti-phospho-p65 rabbit mAb (Cell Signaling, Frankfurt, Germany, #3033), anti-phospho-
TBK1 rabbit mAb (Cell Signaling, Frankfurt, Germany, #5483), anti-RIG-I rabbit mAb (Cell
Signaling, Frankfurt, Germany, #3743), anti-STAT2 rabbit mAb (Cell Signaling, Frankfurt,
Germany, #72604), or anti-phospho-STAT2 rabbit mAb (Cell Signaling, Frankfurt, Germany,
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#88410). After staining, proteins were detected using the Odyssey Imaging system (LI-COR
Biosciences, Bad Homburg, Germany). The relative expression levels of the target protein
were quantified using Image Studio Lite software by normalizing the signal intensity of the
target protein to the signal intensity of β-actin. Then, different conditions were normalized
to controls.

4.4. Flow Cytometry and Degranulation Assay

Cells were washed with flow cytometry wash buffer (2% of FBS, 0.5 µM EDTA in
PBS) and then stained for 30 min at 4 ◦C with anti-hCD3 APC-Cy7 (BD Bioscience, Heidel-
berg, Germany, #557832), anti-hCD56 APC (Miltenyi Biotec, Bergisch Gladbach, Germany,
#130-113-310) or FITC (BD Bioscience, Heidelberg, Germany, #562794), anti-hCD69-BV650
(BD Bioscience, Heidelberg, Germany, #563835), or anti-hCD107a-PE (BD Bioscience, Hei-
delberg, Germany, #555801) antibody. Antibodies were diluted 1:200 in flow cytometry
wash buffer. Cell viability was assessed using Fixable Viability Dye eFluor™ 780 at a
dilution of 1:1000 (Thermo Fisher Scientific, Langerwehe, Germany, #65-0865-14). For
degranulation assays, 50,000-100,000 NK cells were cocultured with 721.221 cells as tar-
get cells in a 1:1 ratio for 4 h at 37 ◦C. Golgi Stop (BD Bioscience, Heidelberg, Germany,
#554724) and Golgi Plug (BD Bioscience, Heidelberg, Germany, #555029) were added to the
media along with CD107a-PE antibodies at a dilution of 1:200 during the whole assay time.
For intracellular protein staining, cells were fixed and permeabilized using eBioscience™
Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, Langerwehe,
Germany, #00-5523-00) and then incubated with anti-hIFN-γ-AF700 (BD Bioscience, Heidel-
berg, Germany, #557995), anti-hTNF-PECy7 (BD Bioscience, Heidelberg, Germany, #560678)
and anti-NP-FITC (Abcam, Berlin, Germany, #ab210526) for 30 min at 4 ◦C. Again, anti-
bodies were diluted 1:100 in permealization buffer. Attune NxT (Thermo Fisher Scientific,
Massachusetts, USA) and LSR Fortessa (BD Biosciences, Heidelberg, Germany) machines
were utilized for sample acquisition and data analysis was performed using FlowJo™ (v9)
software (Oregon, USA). Differential gating for NK cell and target cells was accomplished
via size difference (FSC/SSC) and the expression of CD56. NK cells were defined as viable,
single, and CD3− CD56+ cells. The purity was quantified to be >92% for each donor (Suppl.
Figure S1). Gates of NP+ cells were drawn as uninfected cells were not expressing the viral
protein, gating of CD107a, IFNg and TNF was based on unstimulated cells. CD69 gMFI
was used instead of gating since CD69 expression increases showing a shift in the whole
population. The sample analysis was performed on Attune NxT and LSR Fortessa flow
cytometers. The technical quality control was generally performed daily for the Attune
and weekly on the Fortessa flow cytometers. In all experiments, however, the unstimulated
cells were also used as negative controls that acted as technical references for experiments.
We have addressed this in the methods section.

4.5. IFN-I Reporter Assay

To determine the type-I IFN reporter activity, cell-free supernatants were collected
16-20 h after infection or stimulation, 100 µL supernatant were added to medium-free THP1-
dual TBK1-/- IKKα -/- IKKβ -/- IKKε-/- cells and incubated for 24 h. Then, 30 µL from the
supernatants were mixed with 30µL coelenterazine (1 µg/mL in water) in a white 96-well
F-bottom plate and luciferase activity was measured immediately using an EnVision 2104
Multilabel Reader device (PerkinElmer, Massachusetts, USA).

4.6. CRISPR-Editing of Primary NK Cells

We used pre-designed crRNAs to edit genes in primary human NK cells using
CRISPR/Cas9 system (Integrated DNA Technologies, Leuven, Belgium). Two crRNAs
targeted the RIG-I gene (DDX58) on the negative strand (GGATTATATCCGGAAGACCC)
and positive strand (GATCAGAAATGATATCGGTT), respectively. Additionally, we used
one crRNA targeting STAT2 on the positive strand (AAGTACTGTCGAATGTCCAC). As
a negative control, a pre-designed non-targeting crRNA (Intergrated DNA Technologies,
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Leuven, Belgium, #1072544) was used in parallel to the genes of interest (referred to as
“Wild type” in the results). Electroporation was performed using the P3 Primary Cell
4D-Nucleofector X Kit S (Lonza, Cologne, Germany, #V4XP-3032) and the 4D Nucleofector
system (Lonza, Cologne, Germany) with the CM137 program. Up to 1.5 × 106 primary
human NK cells per reaction were used to ensure maximum viability and delivery of
the CRISPR/Cas9 mixture. For each reaction, we prepared the CRISPR/Cas9 mixture by
combining 2 µL of 100 µM crRNA for each crRNA, equal amounts of tracrRNA (Integrated
DNA Technologies, Leuven, Belgium, #1072534), 1.7 µL of Cas9 enzyme (Integrated DNA
Technologies, Leuven, Belgium, #1081058), and 1 µL of 100 µM enhancer (Integrated DNA
Technologies, Leuven, Belgium, #1075916). The mixture was completed to 25 µL per reac-
tion with electroporation buffer included in the P3 Primary Cell 4D-Nucleofector X Kit S
(16.65 µL P3 media to 3.65 µL supplement). After electroporation, cells were incubated for
3 days before stimulation and infection were performed.

4.7. Statistical Analysis

Statistical calculations were performed using GraphPad Prism 9 (California, USA).
Each donor is represented by a single dot in all figures, with different colors distinguishing
between donors. The data shown is derived from at least three independent experiments,
each using a total of three or more donors, as indicated in each figure legend. The bars
indicate the mean ± standard error of the mean (SEM) across all donors. Paired t-tests
were used to determine the significance of differences between two groups, while one-way
ANOVA for repeated measures followed by Dunnett’s correction were used for more than
two groups. For multiple comparisons, we used two-way ANOVA followed by Bonferroni’s
correction. Statistical significance is indicated by asterisks as follows: * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms241512220/s1.

Author Contributions: A.A.M. performed the experiments. A.A.M., E.B., S.S. (Sanda Stankovic),
A.G.B. and M.S. conceived experiments. A.A.M., E.B., S.S. (Sanda Stankovic), A.G.B. and M.S.
analyzed and interpreted data and wrote the manuscript. Resources: S.S.(Sofía Soler) and J.W.
Funding acquisition: E.B., A.G.B. and M.S. All authors revised the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) grants GRK2168 (EB, MS, AGB) and TRR237 (EB, MS) and under Germany’s Excellence
Strategy—EXC2151—390873048 of which EB and MS are members. AGB is supported by grant
APP1113293 from the National Health and Medical Research Council, Australia. This work is part of
the PhD thesis of AAM at the University of Bonn and University of Melbourne.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Buffy coats were obtained from buffy coats of anonymous healthy
donors after written informed consent according to the principles of the Declaration of Helsinki as
approved by the responsible ethics committee (approval no 516/20, Ethics Committee of the Medical
Faculty,University of Bonn).

Data Availability Statement: Not applicable.

Acknowledgments: We thank Patrick Reading for providing RG-PR8-Brazil78 HA, NA (H1N1) and
Carsten Watzl for providing 721.221 cells.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ijms241512220/s1
https://www.mdpi.com/article/10.3390/ijms241512220/s1


Int. J. Mol. Sci. 2023, 24, 12220 15 of 16

References
1. Schlee, M.; Hartmann, G. Discriminating Self from Non-Self in Nucleic Acid Sensing. Nat. Rev. Immunol. 2016, 16, 566–580.

[CrossRef] [PubMed]
2. Schlee, M.; Roth, A.; Hornung, V.; Hagmann, C.A.; Wimmenauer, V.; Barchet, W.; Coch, C.; Janke, M.; Mihailovic, A.; Wardle, G.;

et al. Recognition of 5′ Triphosphate by RIG-I Helicase Requires Short Blunt Double-Stranded RNA as Contained in Panhandle of
Negative-Strand Virus. Immunity 2009, 31, 25–34. [CrossRef] [PubMed]

3. Bartok, E.; Hartmann, G. Immune Sensing Mechanisms That Discriminate Self from Altered Self and Foreign Nucleic Acids.
Immunity 2020, 53, 54. [CrossRef] [PubMed]

4. Schlee, M. Master Sensors of Pathogenic RNA—RIG-I like Receptors. Immunobiology 2013, 218, 1322–1335. [CrossRef]
5. Rehwinkel, J.; Gack, M.U. RIG-I-like Receptors: Their Regulation and Roles in RNA Sensing. Nat. Rev. Immunol. 2020, 20, 537–551.

[CrossRef]
6. Rehwinkel, J.; Tan, C.P.; Goubau, D.; Schulz, O.; Pichlmair, A.; Bier, K.; Robb, N.; Vreede, F.; Barclay, W.; Fodor, E.; et al. RIG-I

Detects Viral Genomic RNA during Negative-Strand RNA Virus Infection. Cell 2010, 140, 397–408. [CrossRef]
7. Yoneyama, M.; Kikuchi, M.; Natsukawa, T.; Shinobu, N.; Imaizumi, T.; Miyagishi, M.; Taira, K.; Akira, S.; Fujita, T. The RNA

Helicase RIG-I Has an Essential Function in Double-Stranded RNA-Induced Innate Antiviral Responses. Nat. Immunol. 2004, 5,
730–737. [CrossRef]

8. Hornung, V.; Ellegast, J.; Kim, S.; Brzózka, K.; Jung, A.; Kato, H.; Poeck, H.; Akira, S.; Conzelmann, K.K.; Schlee, M.; et al.
5′-Triphosphate RNA Is the Ligand for RIG-I. Science 2006, 314, 994–997. [CrossRef]

9. Goubau, D.; Schlee, M.; Deddouche, S.; Pruijssers, A.J.; Zillinger, T.; Goldeck, M.; Schuberth, C.; Van Der Veen, A.G.; Fujimura, T.;
Rehwinkel, J.; et al. Antiviral Immunity via RIG-I-Mediated Recognition of RNA Bearing 5′-Diphosphates. Nature 2014, 514,
372–375. [CrossRef]

10. Seth, R.B.; Sun, L.; Ea, C.K.; Chen, Z.J. Identification and Characterization of MAVS, a Mitochondrial Antiviral Signaling Protein
That Activates NF-KappaB and IRF 3. Cell 2005, 122, 669–682. [CrossRef]

11. McNab, F.; Mayer-Barber, K.; Sher, A.; Wack, A.; O’Garra, A. Type I Interferons in Infectious Disease. Nat. Rev. Immunol. 2015, 15,
87–103. [CrossRef]

12. Schoggins, J.W. Recent Advances in Antiviral Interferon-Stimulated Gene Biology. F1000Research 2018, 7, 309. [CrossRef]
13. Schuberth-Wagner, C.; Ludwig, J.; Bruder, A.K.; Herzner, A.M.; Zillinger, T.; Goldeck, M.; Schmidt, T.; Schmid-Burgk, J.L.; Kerber,

R.; Wolter, S.; et al. A Conserved Histidine in the RNA Sensor RIG-I Controls Immune Tolerance to N1-2′O-Methylated Self RNA.
Immunity 2015, 43, 41–51. [CrossRef]

14. Jiang, Y.; Zhang, H.; Wang, J.; Chen, J.; Guo, Z.; Liu, Y.; Hua, H. Exploiting RIG-I-like Receptor Pathway for Cancer Immunotherapy.
J. Hematol. Oncol. 2023, 16, 8. [CrossRef]

15. Coch, C.; Stümpel, J.P.; Lilien-Waldau, V.; Wohlleber, D.; Kümmerer, B.M.; Bekeredjian-Ding, I.; Kochs, G.; Garbi, N.; Herberhold,
S.; Schuberth-Wagner, C.; et al. RIG-I Activation Protects and Rescues from Lethal Influenza Virus Infection and Bacterial
Superinfection. Mol. Ther. 2017, 25, 2093. [CrossRef]

16. Van den Boorn, J.G.; Hartmann, G. Turning Tumors into Vaccines: Co-Opting the Innate Immune System. Immunity 2013, 39,
27–37. [CrossRef]

17. Marx, S.; Kümmerer, B.M.; Grützner, C.; Kato, H.; Schlee, M.; Renn, M.; Bartok, E.; Hartmann, G. RIG-I-Induced Innate Antiviral
Immunity Protects Mice from Lethal SARS-CoV-2 Infection. Mol. Ther. Nucleic Acids 2022, 27, 1225–1234. [CrossRef]

18. Björkström, N.K.; Strunz, B.; Ljunggren, H.G. Natural Killer Cells in Antiviral Immunity. Nat. Rev. Immunol. 2021, 22, 112–123.
[CrossRef]

19. Shimasaki, N.; Jain, A.; Campana, D. NK Cells for Cancer Immunotherapy. Nat. Rev. Drug Discov. 2020, 19, 200–218. [CrossRef]
20. Morvan, M.G.; Lanier, L.L. NK Cells and Cancer: You Can Teach Innate Cells New Tricks. Nat. Rev. Cancer 2015, 16, 7–19.

[CrossRef]
21. Prager, I.; Liesche, C.; Van Ooijen, H.; Urlaub, D.; Verron, Q.; Sandström, N.; Fasbender, F.; Claus, M.; Eils, R.; Beaudouin, J.;

et al. NK Cells Switch from Granzyme B to Death Receptor-Mediated Cytotoxicity during Serial Killing. J. Exp. Med. 2019, 216,
2113–2127. [CrossRef] [PubMed]

22. Ivashkiv, L.B. IFNγ: Signalling, Epigenetics and Roles in Immunity, Metabolism, Disease and Cancer Immunotherapy. Nat. Rev.
Immunol. 2018, 18, 545–558. [CrossRef] [PubMed]

23. Crouse, J.; Kalinke, U.; Oxenius, A. Regulation of Antiviral T Cell Responses by Type I Interferons. Nat. Rev. Immunol. 2015, 15,
231–242. [CrossRef] [PubMed]

24. Smyth, L.A.; Afzali, B.; Tsang, J.; Lombardi, G.; Lechler, R.I. Intercellular Transfer of MHC and Immunological Molecules:
Molecular Mechanisms and Biological Significance. Am. J. Transpl. 2007, 7, 1442–1449. [CrossRef] [PubMed]

25. Van Erp, E.A.; Van Kampen, M.R.; Van Kasteren, P.B.; De Wit, J. Viral Infection of Human Natural Killer Cells. Viruses 2019, 11,
243. [CrossRef]

26. Mao, H.; Tu, W.; Liu, Y.; Qin, G.; Zheng, J.; Chan, P.-L.; Lam, K.-T.; Peiris, J.S.M.; Lau, Y.-L. Inhibition of Human Natural Killer
Cell Activity by Influenza Virions and Hemagglutinin. J. Virol. 2010, 84, 4148–4157. [CrossRef]

27. Guo, H.; Kumar, P.; Moran, T.M.; Garcia-Sastre, A.; Zhou, Y.; Malarkannan, S. The Functional Impairment of Natural Killer Cells
during Influenza Virus Infection. Immunol. Cell Biol. 2009, 87, 579. [CrossRef]

https://doi.org/10.1038/nri.2016.78
https://www.ncbi.nlm.nih.gov/pubmed/27455396
https://doi.org/10.1016/j.immuni.2009.05.008
https://www.ncbi.nlm.nih.gov/pubmed/19576794
https://doi.org/10.1016/j.immuni.2020.06.014
https://www.ncbi.nlm.nih.gov/pubmed/32668228
https://doi.org/10.1016/j.imbio.2013.06.007
https://doi.org/10.1038/s41577-020-0288-3
https://doi.org/10.1016/j.cell.2010.01.020
https://doi.org/10.1038/ni1087
https://doi.org/10.1126/science.1132505
https://doi.org/10.1038/nature13590
https://doi.org/10.1016/j.cell.2005.08.012
https://doi.org/10.1038/nri3787
https://doi.org/10.12688/f1000research.12450.1
https://doi.org/10.1016/j.immuni.2015.06.015
https://doi.org/10.1186/s13045-023-01405-9
https://doi.org/10.1016/j.ymthe.2017.07.003
https://doi.org/10.1016/j.immuni.2013.07.011
https://doi.org/10.1016/j.omtn.2022.02.008
https://doi.org/10.1038/s41577-021-00558-3
https://doi.org/10.1038/s41573-019-0052-1
https://doi.org/10.1038/nrc.2015.5
https://doi.org/10.1084/jem.20181454
https://www.ncbi.nlm.nih.gov/pubmed/31270246
https://doi.org/10.1038/s41577-018-0029-z
https://www.ncbi.nlm.nih.gov/pubmed/29921905
https://doi.org/10.1038/nri3806
https://www.ncbi.nlm.nih.gov/pubmed/25790790
https://doi.org/10.1111/j.1600-6143.2007.01816.x
https://www.ncbi.nlm.nih.gov/pubmed/17511673
https://doi.org/10.3390/v11030243
https://doi.org/10.1128/JVI.02340-09
https://doi.org/10.1038/icb.2009.60


Int. J. Mol. Sci. 2023, 24, 12220 16 of 16

28. Van Erp, E.A.; Feyaerts, D.; Duijst, M.; Mulder, H.L.; Wicht, O.; Luytjes, W.; Ferwerda, G.; Van Kasteren, P.B. Respiratory Syncytial
Virus Infects Primary Neonatal and Adult Natural Killer Cells and Affects Their Antiviral Effector Function. J. Infect. Dis. 2019,
219, 723–733. [CrossRef]

29. Mao, H.; Tu, W.; Qin, G.; Law, H.K.W.; Sia, S.F.; Chan, P.-L.; Liu, Y.; Lam, K.-T.; Zheng, J.; Peiris, M.; et al. Influenza Virus Directly
Infects Human Natural Killer Cells and Induces Cell Apoptosis. J. Virol. 2009, 83, 9215–9222. [CrossRef]

30. Daßler-Plenker, J.; Paschen, A.; Putschli, B.; Rattay, S.; Schmitz, S.; Goldeck, M.; Bartok, E.; Hartmann, G.; Coch, C. Direct RIG-I
Activation in Human NK Cells Induces TRAIL-Dependent Cytotoxicity toward Autologous Melanoma Cells. Int. J. Cancer 2019,
144, 1645–1656. [CrossRef]

31. Liu, G.; Park, H.-S.; Pyo, H.-M.; Liu, Q.; Zhou, Y. Influenza A Virus Panhandle Structure Is Directly Involved in RIG-I Activation
and Interferon Induction. J. Virol. 2015, 89, 6067–6079. [CrossRef] [PubMed]

32. Weber, M.; Gawanbacht, A.; Habjan, M.; Rang, A.; Borner, C.; Schmidt, A.M.; Veitinger, S.; Jacob, R.; Devignot, S.; Kochs, G.; et al.
Incoming RNA Virus Nucleocapsids Containing a 5′-Triphosphorylated Genome Activate RIG-I and Antiviral Signaling. Cell
Host Microbe 2013, 13, 336–346. [CrossRef] [PubMed]

33. Poeck, H.; Besch, R.; Maihoefer, C.; Renn, M.; Tormo, D.; Morskaya, S.S.; Kirschnek, S.; Gaffal, E.; Landsberg, J.; Hellmuth, J.;
et al. 5′-Triphosphate-SiRNA: Turning Gene Silencing and Rig-I Activation against Melanoma. Nat. Med. 2008, 14, 1256–1263.
[CrossRef] [PubMed]

34. Lin, S.J.; Cheng, P.J.; Lin, T.Y.; Lee, P.T.; Hsiao, H.S.; Kuo, M.L. Effect of Influenza A Infection on Umbilical Cord Blood Natural
Killer Function Regulation with Interleukin-15. J. Infect. Dis. 2012, 205, 745–756. [CrossRef]

35. Luczo, J.M.; Ronzulli, S.L.; Tompkins, S.M. Influenza A Virus Hemagglutinin and Other Pathogen Glycoprotein Interactions with
NK Cell Natural Cytotoxicity Receptors NKp46, NKp44, and NKp30. Viruses 2021, 13, 156. [CrossRef]

36. Mao, H.; Liu, Y.; Sia, S.F.; Peiris, J.S.M.; Lau, Y.L.; Tu, W. Avian Influenza Virus Directly Infects Human Natural Killer Cells and
Inhibits Cell Activity. Virol. Sin. 2017, 32, 122–129. [CrossRef]

37. Wegner, J.; Hunkler, C.; Ciupka, K.; Hartmann, G.; Schlee, M. Increased IKKε Protein Stability Ensures Efficient Type I Interferon
Responses in Conditions of TBK1 Deficiency. Front. Immunol. 2023, 14, 1073608. [CrossRef]

38. Goldeck, M.; Schlee, M.; Hartmann, G.; Hornung, V. Enzymatic Synthesis and Purification of a Defined RIG-I Ligand. Methods
Mol. Biol. 2014, 1169, 15–25. [CrossRef]

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

https://doi.org/10.1093/infdis/jiy566
https://doi.org/10.1128/JVI.00805-09
https://doi.org/10.1002/ijc.31874
https://doi.org/10.1128/JVI.00232-15
https://www.ncbi.nlm.nih.gov/pubmed/25810557
https://doi.org/10.1016/j.chom.2013.01.012
https://www.ncbi.nlm.nih.gov/pubmed/23498958
https://doi.org/10.1038/nm.1887
https://www.ncbi.nlm.nih.gov/pubmed/18978796
https://doi.org/10.1093/infdis/jir843
https://doi.org/10.3390/v13020156
https://doi.org/10.1007/s12250-016-3918-y
https://doi.org/10.3389/fimmu.2023.1073608
https://doi.org/10.1007/978-1-4939-0882-0_2

	Introduction 
	Results 
	Influenza A Virus Activates NF-[scale=1]Definitions/ijms-2493750-i001.pdfB, TBK1 and Type-I IFN Response in NK Cells Via RIG-I 
	IAV Infection Enhances NK Cell Effector Function 
	3p-dsRNA Activates TBK1 and NF-[scale=1]Definitions/ijms-2493750-i001.pdfB Pathways and Induces Type-I IFN in NK Cells 
	RIG-I Ligands Enhance NK Effector Function 

	Discussion 
	Materials and Methods 
	Primary Cells, Cell Lines, Tissue Culture 
	IAV Infection and RIG-I Stimulation of NK Cells 
	Western Blot 
	Flow Cytometry and Degranulation Assay 
	IFN-I Reporter Assay 
	CRISPR-Editing of Primary NK Cells 
	Statistical Analysis 

	References

