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Innate Immune Responses to RSV Infection 
Facilitated by OGG1, an Enzyme Repairing 
Oxidatively Modified DNA Base Lesions
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Abstract
The primary cause of morbidity and mortality from infection 
with respiratory syncytial virus (RSV) is the excessive innate 
immune response(s) (IIR) in which reactive oxygen species 
(ROS) play key role(s). However, the mechanisms for these 
processes are not fully understood. We hypothesized that 
expressions of IIR genes are controlled by the ROS-generat-
ed epigenetic-like mark 7,8-dihydro-8-oxo(d)guanine 
(8-oxo(d)Gua) and 8-oxoguanine DNA glycosylase1 (OGG1). 
Here, we report that ROS not only generates intrahelical 
8-oxo(d)Gua, but also enzymatically disables OGG1 in RSV-
infected human airway epithelial cells and mouse lungs. 
OGG1 bound to 8-oxo(d)Gua in gene regulatory sequences 
promotes expression of IIR genes, and consequently exacer-
bates lung inflammation, histological changes, and body 
weight loss of experimental animals. Pharmacological inhi-
bition of OGG1 substrate binding decreased expression of 
RSV-induced chemokine and cytokines and significantly 

lessened clinical symptoms. Results of mechanistic studies 
show that OGG1 binding at 8-oxo(d)Gua promoter regions 
modulated loading of transcription factors via transient co-
operative interactions in RSV-infected lungs and airway epi-
thelial cells. Other base specific DNA repair proteins had no 
effects. Collectively, this study identifies unprecedented 
roles of ROS-generated DNA base lesion(s) and cognate re-
pair protein as a determinant of RSV-induced exuberant in-
flammation. Pharmaceutical inhibition of OGG1 interaction 
with its DNA substrate may represent a novel strategy in pre-
vention/intervention of respiratory viral infections.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Respiratory syncytial virus (RSV) remains a significant 
human pathogen worldwide, with over 64 million cases 
of primary infections recorded yearly [1, 2]. In immuno-
logically naïve or immunocompromised patients RSV 
spreads from the upper to the lower airways, resulting in 
life-threatening lower respiratory tract illnesses bronchi-
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olitis and pneumonia [3, 4]. Presently, there is no safe and 
effective treatment or RSV vaccine available for preven-
tion and the current management of severe cases is 
supportive care, similar to severe influenza or SARS-
CoV-2 infections [5]. RSV-induced lower respiratory 
tract illnesses are thought to be driven by excessive and 
dysregulated innate immune responses (IIRs) that are 
triggered via signaling pathways generated by host pat-
tern recognition receptors including toll-like receptors, 
cytoplasmic NOD-like receptors, retinoic acid-inducible 
gene-I-like receptors, and transmembrane C-type lectin 
receptors [3, 6–9]. In addition, RSV infection/replication 
was shown to be a potent inducer of reactive oxygen spe-
cies (ROS) that significantly contributed to excessive lung 
inflammation, with the administration of antioxidants 
significantly decreasing chemokine and cytokine expres-
sion and lung pathology [3, 10–12].

ROS are toxic but also act as signaling entities, directly 
and/or via oxidative modifications to lipids, proteins, and 
DNA. While oxidatively damaged molecules are gener-
ally subjected to degradation, DNA needs to be repaired 
to maintain genome integrity [13]. Among ROS-induced 
DNA lesions (oxidized purine, pyrimidine bases, apu-
rinic/apyrimidinic [AP] sites, DNA single- and double-
strand breaks), the most abundant is 7,8-dihydro-
8-oxo(d)guanine (8-oxo(d)Gua) [14, 15]. It is pre-muta-
genic and removed via DNA base excision pathways by 
base-specific DNA repair enzymes, primarily by 8-oxo-
guanine DNA glycosylase1 (OGG1) and also by human 
homolog of E. coli Nei-like glycosylases from DNA [13, 
16, 17]. The generated AP sites are tailored by AP endo-
nuclease1 to form polymerase-ready 3′OH residues [18]. 
The generated DNA strand gaps are filled via the short 
and/or the long-patch repair sub-pathways [13]. ROS also 
oxidize nucleoside triphosphates (8-oxo-dGTP, 8-oxo-
dATP, and 2-OH-dATP) in the cytoplasm, which are re-
moved to prevent their incorporation into DNA by pu-
rine nucleoside triphosphates, primarily by the human 
homolog of E. coli MutT 1 [19].

Contribution of ROS to disease severity is supported 
by multiple observations, while the mechanism is un-
clear. Because ROS-induced DNA base modifications 
and DNA repair proteins are linked to gene expression, 
we hypothesized that their role(s) may link IIRs to RSV 
infection. To test this hypothesis, immunologically naïve 
mice and human small airway epithelial cells (hSAEC) 
were RSV infected and tissue/cell extracts studied using 
various molecular biological approaches (including chro-
matin immunoprecipitation coupled quantitative (q)
PCR, qRT-PCR, ELISA, Electrophoretic Mobility Shift 

Assay (EMSA), Western blotting, immunohistochemis-
try). Results showed that RSV infection increased levels 
of ROS, intrahelical 8-oxo(d)Gua primarily in transcrip-
tion start site adjacent promoter sequences along with en-
richment of enzymatically disabled OGG1. These 
interaction(s) in promoters led to expression of cytokines 
and chemokines, exuberant lung inflammation, histolog-
ical changes, and body weight loss of experimental ani-
mals. Pharmacological inhibition of OGG1, significantly 
decreased IIRs and inflammation, lessened clinical symp-
toms and bodyweight loss. Other base lesion specific gly-
cosylases (e.g., NIEL1) and oxidized purine nucleoside 
triphosphatase, MTH1 had no effect on RSV-induced 
IIRs. Collectively, these data provide the first evidence for 
key roles of oxidative DNA base lesion and DNA BER 
protein(s) controlling dysregulated inflammatory host 
responses to RSV infection. Importantly, small molecules 
that prevent OGG1 interaction with 8-oxo(d)Gua are ex-
pected to have clinical utility against RSV-induced exu-
berant lung inflammation.

Methods and Materials

Cell Culture and Reagents
A549 (ATCC, CCL-185) and MLE-12 (ATCC CRL-2110) cells 

were grown at 37°C and 5% CO2 in DMEM-F-12 (1:1, Gibco) con-
taining 10% fetal bovine serum (Gibco, Life Technologies, Inc), 
100 units/mL penicillin (Gibco), and 100 µg/mL streptomycin 
(Gibco). hSAEC and CRISPR/Cas9-edited OGG1 knockout (KO) 
cells were cultured in small airway epithelial cell basal medium 
(Promo Cell C-21270), supplemented with supplement pack (C-
39170) containing 0.004 mL/mL bovine pituitary, 10 ng/mL ex-
tract epidermal growth factor (recombinant human), 5 μg/mL in-
sulin (recombinant human), 0.5 μg/mL hydrocortisone epineph-
rine, 0.5 μg/mL tri-iodo-L-thyronine, 6.7 ng/mL transferrin 
(recombinant human), 10 μg/mL retinoic acid, 0.1 ng/mL bovine 
serum albumin-fatty acid free (BSA-FAF) 2.5 mg/mL; AP endo-
nuclease1’ endonuclease activity inhibitor (Cat# CRT0044876; 
Sigma-Aldrich); TH5487 (4-(4-bromo-2-oxo-3H-benzimidazol-
1-yl)-N-(4-iodophenyl)piperidine-1-carboxamide (Cat # HY-
125276, Sigma Aldrich; TH2480 (inactive analog of TH5487) is 
provided by Dr. T. Helleday, Karolinska Institute, Stockholm, 
Sweden; O8 (Cat# SML1697; Sigma); deferoxamine (Cat# D9533, 
Sigma); anti-phospho NFκB/RelA/p65 (phosphoserine276) anti-
body (Ab) (Cat # ab106129); β-actin (Cat# 4970S, CST); anti-
FLAG (Cat #F1804, Sigma-Aldrich); NFκB-RelA/p65 (D14E12) 
(Cat# 8284S, CST), OGG1 (Item #: ENZ-253, ProSpec); Ab to 
OGG1 (Novus, Cat# NB100-106), Ab to 8-oxo(d)Gua (Millipore 
Sigma, Cat# MAB3560).

Animals and Infection
BALB/c mice, free of specific pathogens were obtained from 

The Jackson Laboratories (Bar Harbor, ME USA). Sixteen week-
old mice (50% male and 50% female) were used for this study. Mice 
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Gene name Sequence

GAPDH F: 5′-ACA TCG CTC AGA CAC CAT G-3′
R: 5′-TGT AGT TGA GGT CAA TGA AGG G-3′

TNF F: 5′-TGC ACT TTG GAG TGA TCG G-3′
R: 5′-TCA GCT TGA GGG TTT GCT AC-3′

IL6 F: 5′-GCA GAT GAG TAC AAA AGT CCT GA-3′
R: 5′-TTC TGT GCC TGC AGC TTC-3′

CXCL10 F: 5′-GAC ATA TTC TGA GCC TAC AGC A-3′
R: 5′-CAG TTC TAG AGA GAG GTA CTC CT-3′

CCL20 F: 5′-CCA TGT GCT GTA CCA AGA GT-3′
R: 5′-TTA GGA TGA AGA ATA CGG TCT GTG-3′

CCL5 F: 5′-TCCTCATTGCTACTGCCCTC-3′
R: 5′-TCGGGTGACAAAGACGACTG-3′

OGG1 F: 5′-CAT ATG AGG AGG CCC ACA AG-3′
R: 5′-CAG AAG ATA AGA GGA CGC AGA AG-3′

NEIL1 F: 5′- GAC AGA GGC AAG TGG CAA AGC A-3′
R: 5′- GCC TCA TTC ACA AAC TGG CTG G-3′

NEIL2 F: 5′- CAT CGA GGA CAA GCC TTA GAA GC-3′
R: 5′- CAC TCA GGA CTG AAC CGA GAG A-3′

OGG1 exon1 F: 5′-GTT AAA CAG CAC CGT GTG GG-3′
R: 5′-TAG AGT ACG ATG CCC CAT GC-3′

OGG1 exon2 F: 5′- TAC CGA GGA GAC AAG AGC CA-3′
R: 5′- GAA GTG GGA GTC CAC GGA AC-3′

OGG1 exon3 F: 5′- CAA GAC CCC ATC GAA TGC CT-3′
R: 5′- GGA TGA GCC GAG GTC CAA AA-3′

OGG1 exon4 F: 5′- GGA GGC TCA TCT CAG GAA GC-3′
R: 5′- CTC CAG GCA GGA TGC AGA G-3′

OGG1 exon5-6 F: 5′- CCT GAT GGC CCT AGA CAA GC-3′
R: 5′- CAT AAG GTC CCC ACA GGC TC-3′

OGG1 exon7 F: 5′- AAG CGC AGA AAG GGT TCC AA-3′
R: 5′- GCC TGG CCT TTG AGG TAG TC-3′

OGG1-F319A F: 5′- GCC CAA GCG GTG CTG GCC AGT GCC GAC CTG CG-3′
R: 5′- CGC AGG TCG GCA CTG GCC AGC ACC GCT TGG GC-3′

OGG1-H270A F: 5′- GTG CCC GTG GAT GTC GCT ATG TGG CAC ATT GC-3′
R: 5′- GCA ATG TGC CAC ATA GCG ACA TCC ACG GGC AC-3′

Gapdh F: 5′- AAT GGT GAA GGT CGG TGT G-3′
R: 5′- GTG GAG TCA TAC TGG AAC ATG TAG-3′

Tnf F: 5′- AGA CCC TCA CAC TCA GAT CA-3′
R: 5′- TCT TTG AGA TCC ATG CCG TTG-3′

Cxcl2 F: 5′- CAG AAG TCA TAG CCA CTC TCA AG-3′
R: 5′- CTT TCC AGG TCA GTT AGC CTT-3′

Il6 F: 5′-AGC CAG AGT CCT TCA GAG A-3′
R: 5′-TCC TTA GCC ACT CCT TCT GT-3′

Cxcl10 F: 5′-ATT TTC TGC CTC ATC CTG CT-3′
R: 5′-TGA TTT CAA GCT TCC CTA TGG C-3′

Ccl20 F: 5′-CCA GCA CTG AGT ACA TCA ACT-3′
R: 5′-GTA TGT ACG AGA GGC AAC AGT C-3′

Ccl5 F: 5′-ACT CCC TGC TGC TTT GCC TAC-3′
R: 5′-GGC GGT TCC TTC GAG TGA CAA-3′

F, forward primer; R, reverse primer; Gapdh, glyceraldehyde-3-phosphate dehydrogenase.

Table 1. qRT-PCR primers used in this study
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under mild anesthesia were challenged via the intranasal route 
with purified RSV (106 PFU in 40 μL PBS per mouse), as described 
previously [10]. Control mice obtained the same volume of PBS. 
OGG1 inhibitor TH5487 (30 mg per kg) in vehicle (5% glycerol, 
5% TWEEN 80 in PBS) was administered via intraperitoneal (i.p.) 
route [20]. Animal experiments were performed according to the 
NIH Guide for Care and Use of Experimental Animals and ap-
proved by the University of Texas Medical Branch (UTMB) Ani-
mal Care and Use Committee (Protocol Number: 0807044D).

RSV Propagation, Purification, Infection, and Titration
The human RSV A2 strain (ATCC VR-1544) was propagated 

using HEp-2 cells (ATCC CCL-23), cell supernatants collected, vi-
rus particles were collected and then purified on discontinuous 
sucrose gradients (Infant Bronchiolitis and Viral Core. Director 
Dr Garofalo, Professor, UTMB) as described previously [21]. Ali-
quots of sucrose purified (cytokine and lipopolysaccharide free) 
RSV virion (pRSV) suspensions were stored at −80°C until used. 
For experiments, cell monolayers (80–90% confluence) were in-
fected with pRSV at pre-calculated multiplicity of infection (MOI). 
After 1 h adsorption, cell monolayers were washed, and culture 
medium containing 2% FBS was added.

Gene Expression Profiling
At various times after RSV challenge animals were euthanized, 

lungs excised, and lower airways were homogenized. Total RNAs 
were isolated using the RNeasy Mini Kit (Qiagen) according to 
protocols provided by the manufacturer. RNA concentrations 
were determined on an Epoch Take-3TM system (BioTek, Winoos-
ki, VT, USA) using Gen5 v2.01 software. One microgram RNA was 
reverse transcribed to cDNA using the iScript reverse transcription 
supermix (Bio-Rad). Equal volumes of individual cDNA prepara-
tions (n = 5) were mixed and subjected to the RT2 Profiler PCR 
Array (PAMM-011ZD, Mouse Inflammatory Cytokines & Recep-
tors). qRT-PCR was performed using CFX96TM a Real-Time PCR 
Detection System (Bio-Rad, Hercules, CA, USA). Normalization 
and data analysis were performed according to the manufacturer’s 
instructions using the web-based software package (https://www.
qiagen.com/us/shop/genes-and-pathways/data-analysis-center-
overview-page/). The normalization used the average of the fol-
lowing housekeeping genes: beta-D-glucuronidase, beta-2 micro-
globulin, heat shock protein 90 Alpha (cytosolic) family class A 
member 1 (Hsp90ab1), glyceraldehyde-3-phosphate dehydroge-
nase, and cytoplasmic actin 1 (Actb).

Quantitative Real-Time PCR
RSV- and mock-infected cells were lysed and total RNAs were 

extracted using RNeasy Mini kit (Qiagen) according to the manu-
facturer’s instructions. Crude RNAs were DNaseI-treated and 
loaded onto RNeasy column and subjected to washes with RW1 
and RPE buffers. RNAs eluted with the RNase-free water, included 
in the kit. The RNA concentration was determined (Epoch Take-
3TM; BioTek, Winooski, VT, USA) using Gen5 v2.01 software. RNA 
quality was confirmed by the 260/280 nm ratio (varied between 1.9 
and 2.0). 1,000 ng total RNA was used to generate cDNA using the 
iScript reverse transcription supermix (Bio-Rad). qPCR was per-
formed using specific primers. As internal control cellular GAP-
DH was used (sequences of primers are listed in Table 1). Changes 
in mRNA levels were calculated using the 2−∆∆Ct method [22]. Pub-
licly available GEO records can be found at NCBI GSE157630.

CRISPR/Cas9 Genome Editing
OGG1 deletion from hSAECs was performed using Clustered 

Regulatory Interspaced Short Palindrome Repeat (CRISPR)-asso-
ciated system (Cas) 9 genome editing as we previous described 
[20]. In brief, targeting sequences of OGG1 5′-GATGCGGGC-
GATGTTGTT GTTGG-3′ and 5′-AACAACATCGCCCGCAT-
CACTGG-3′ were cloned into the pSpCas9 (BB)-2A-Puro expres-
sion vector. Following vector transfection by Lipofectamine 2000 
(Item #: 11668027, ThermoFisher Sci/Invitrogen) into hSAEC, 3 
μg/mL of puromycin (Corning, Item #: 61-385-RA) was added and 
the cells were sub-cultured into 24-well plates and clones were es-
tablished. Clones were further examined for OGG1 expression by 
qRT-PCR and Western immunoblotting. OGG1 KO cultures were 
maintained in SAEC growth medium (PromoCell, Item #: 
C-21270), containing growth medium supplement mix (Promo-
Cell, item #: C-39175) in the presence of 2 μg/mL puromycin 
(Corning, Item #: 61-385-RA).

Transfections and siRNA Ablation of Gene Expression
Targeting and non-targeting siRNA was introduced into cell 

monolayers by using Dharma FECTTM Transfection Reagents per 
the manufacturer’s instructions (Dharmacon; Horizon, Perkin El-
mer). Expression vectors introduced into semi-confluent mono-
layers by using Lipofectamine 2000 (Invitrogen). In brief, trans-
fected cells were incubated in recommended transfection media at 
37°C for 4 h, followed by replacement with complete media. Trans-
fection efficiency or levels of gene silencing was evaluated with RT 
PCR and Western blotting. The RT-PCR primer are shown in Ta-
ble 1.

Construction of OGG1 Variants and Sequencing
The cDNAs encoding wild type (WT) FLAG-hOGG1, FLAG-

K249Q, and FLAG-F319A mutants were cloned into the eukary-
otic expression vector pcDNA3.1(+) as we documented previous-
ly [23]. Sequence fidelity of inserts for WT OGG1 and variants 
(K249Q and F319A) were determined using Applied Biosystems 
3130XL Genetic Analyzer, followed by post-detection processing 
in The Molecular Genomics Core of UTMB (Director, Steven 
Widen, PhD) https://www.utmb.edu/mgf/molecular-genomics-
core/sequencing.

Assessment of Cytokine/Chemokine Levels
Broncho-alveolar lavage fluid (BALF) was analyzed for secret-

ed cytokines/chemokines using multiplex immunoassays. In brief, 
BALF samples were clarified by centrifugation (800 g for 5 min at 
4°C) and the levels of cytokines quantitated using the Bio-Plex 
ProTM Mouse Cytokine Assay (Cat #: 12009159, Bio-Rad, Hercules, 
CA, USA). Recombinant cytokine samples were used as standards. 
Readings were performed on a Bioplex® 200TM system (Bio-Rad). 
Data were analyzed using Bio-Plex ManagerTM Software Version 
6.0 Build 617 (Bio-Rad).

Evaluation of Airway Inflammation and Clinical Scores
Responses of airways to RSV infections were examined as de-

scribed previously [10–12]. After euthanasia, tracheae were can-
nulated, and lungs were lavaged by two instillations of 0.6 mL of 
ice-cold PBS. BAL fluid samples were centrifuged (800 g for 5 min 
at 4°C), and the resulting supernatants were stored at −80°C for 
further analysis. Total cell counts in the BALF were determined 
from an aliquot of the cell suspension using a hemocytometer and 
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then cytospin preparations were made using a Shandon CytospinR 
4 Cytocentrifuge (Thermo Scientific, Waltham, MA, USA). Cells 
were stained with Modified Wright-Giemsa using HEMA-TEK 
2000 Slide Stainer (Protocol) for differential cell counts. Differen-
tial cell counts were performed on cytocentrifuge preparations in 
a blind fashion by two independent researchers counting 1,000 
cells from each animal.

Lungs were removed and fixed in 10% buffered formalin, fol-
lowed by paraffin embedding. Four-µm cross-sections were 
stained with hematoxylin and eosin. The slides were analyzed and 
scored for cellular inflammation by a certified pathologist with ex-
pertise in mouse lung, unaware of the length of infection and sec-
tions identities. On tissue sections, the extent of lung inflamma-
tion, perivasculitis, bronchiolitis, alveolitis were examined. Mini-
mum ten fields for each section were examined and analyzed to 
determine whether observed differences were statistically signifi-
cant among groups. Randomly selected fields were photographed 
using an OLYMPUS Microscope System BX53P microscope with 
a built-in digital CCD color camera DP73WDR.

Clinical illness grading scale for mice was established previ-
ously [10]. Individual mice were scored as follows 0 = healthy; 1 = 
barely ruffled fur; 2 = ruffled fur but active; 3 = ruffled fur and in-
active; 4 = ruffled fur, inactive, and hunched; 5 = dead. In addition, 
body weight loss was determined daily and used to monitor the 
progression of disease over the experimental period.

Assessment of Lung’ and Cellular Redox State
Mice were challenged with pRSV (106 PFU per lung) and lungs 

were collected at 1, 2, 4, 6, 12, and 24 h post infection (hpi). Levels 

of oxidatively modified proteins in RSV-infected lungs were deter-
mined by using Protein Carbonyl Assay Kit according to the man-
ufacturer’s recommendations and as described previously [24, 25]. 
Lung tissue lysates were derivatized with 4-dinitrophenylhydra-
zine (DNPH) for 15 min followed by incubation at room tempera-
ture with a neutralization buffer. Equal amount of protein lysates 
were fractionated using SDS-PAGE. Proteins were blotted on Pure 
Nitrocellulose membranes (BIO-RAD 162-0112) and membranes 
were blocked overnight and incubated with anti-DNP Ab 
(ab178020; 1:5,000) in 5% nonfat dry milk overnight at 4°C. Levels 
of oxidized proteins were visualized by chemiluminescence using 
the ECL kit (AmershamTM).

Intracellular ROS levels were determined by using the fluorogen-
ic probe 5- (and-6)-chloromethyl-2′7′-dichlorodihydrofluorescein 
diacetate acetyl ester (CM-H2DCFDA; Invitrogen, Eugene, OR) [26, 
27]. In brief, hSAEC cells were mock- or RSV-infected and loaded 
with 10 μM CM-H2DCF-DA at 37°C for 10 min, various times after 
RSV infection. Cells were then washed with PBS and lysed (50 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-
40), then clarified by centrifugation. Changes in DCF fluorescence in 
supernatant fluids were determined by using a Synergy H1 Hybrid 
Multi-Mode Reader (BioTek) with excitation/emission at 485 
nm/535 nm. Results are expressed as changes in fluorescence units 
(FU).

Amplex® UltraRed (10-acetyl-3,7-dihydroxyphenoxazine; In-
vitrogen, Eugene, OR, USA) assays were carried out as we previ-
ously described [26]. Briefly, hSAECs were RSV-infected (MOI = 
1) and aliquots of serum free culture media were mixed with reac-
tion buffer containing 50 μM Amplex® UltraRed and 0.05 U/mL 

Gene name Sequence

TNF (−350 to −120 bp) F: 5′-GGT CCC CAA AAG AAA TGG AGG-3′
R: 5′-TTT ATA TGT CCC TGG GGC GA-3′

IL6 (−267 to −117) F:5-GCA GAT GAG TAC AAA AGT CCT GA-3′
R: 5′-TTC TGT GCC TGC AGC TTC-3′

CXCL10 (−179 to 71 bp) F: 5′-AGG GAA ATT CCG TAA CTT GGA GGC-3′
R: 5′-TTC ATG GTG CTG AGA CTG GAG GTT-3′

CCL20 (−366 to −170 bp) F: 5′-TGT TCC TGT GTG GGG CTG-3′
R: 5′-TTG CCA CAT GGG GTT TTC C-3′

CCL5 (−156 to 29 bp) F: 5′-AGA CTC GAA TTT CCG GAG GC-3′
R: 5′-TCC ACG TGC TGT CTT GAT CC-3′

Tnf (−252 to −55 bp) F: 5′-GCC CCA GAT TGC CAC AGA AT-3′
R: 5′-GCT CTC ATT CAA CCC TCG GA-3′

Il6 (−106 to 65 bp) F: 5′-CCC CAC CCT CCA ACA AAG ATT-3′
R: 5′-CAG AGA GGA ACT TCA TAG CGG T-3′

Cxcl10 (−134 to 8 bp) F: 5′-AGC AAT GCC CTC GGT TTA CA-3′
R: 5′-CCG GCT GCT GAG GAG TAT TT-3′

Ccl20 (−116 to −44 bp) F: 5′-TTG TGG TGA CAG GAT GAG GC-3′
R: 5′-GAG TTG ATG TAC TCA GTG CTG G-3′

Ccl5 (−93 to 100 bp) F: 5′-TGT GGA AAC TCC CCA AGT CC-3′
R: 5′-CAG AGA TCT TCA TGG TAC CCG C-3′

Table 2. qPCR primers used in this study 
for chromatin precipitation assays
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of horse reddish peroxidase (optimal concentrations were deter-
mined in preliminary studies). Changes in resorufin fluorescence 
were determined at 560 nm and 620 nm (excitation and emission, 
respectively) by using a BioTek FLx800 fluorimeter. To establish 
the standard curve, increasing concentrations of H2O2 (0–10 μM) 
was used. The addition of catalase (5 U/mL, Sigma-Aldrich, St. 
Louis, MO, USA) decreased H2O2 levels by ∼98%.

Chromatin Immunoprecipitation Assay
Cells expressing FLAG-OGG1, anti-FLAG (F1804; Sigma-Al-

drich) were used. Chromatin immunoprecipitation assay (ChIP) 
assays were performed as described previously [28–30]. Briefly, 107 
cells expressing FLAG-tagged-OGG1 for each sample (or lung tis-
sues, 20 mg wet weight) were cross-linked in 1% formaldehyde at 
37°C for 5 min. For lung tissues, 50 mg (wet weight) were cross-
linked. After washing with chilled PBS, the cells were re-suspend-
ed (lungs homogenized) in 300 μL of lysis buffer. The DNA was 
sheared by sonication and chromatin was incubated with specific 
antibodies (anti-FLAG Ab or OGG1 Ab (Novus)) or isotype con-
trol IgG for 2 h and collected using Protein A/G Magnetic beads 
(MAGNA0017; Millipore). Magnetic beads were washed and the 
immunoprecipitated DNA was eluted in elution buffer (1% SDS 
and a NaHCO3) at 65°C for 2 h. Of note, all buffers used during 
these procedures contained the antioxidant deferoxamine mesyl-
ate to prevent further DNA oxidation [31]. The precipitated DNA 
was phenol/chloroform-extracted, precipitated with 100% etha-
nol, and abundance of ChIP-ed DNA was determined by qPCR. 
The ChIP primers are shown in Table 2.

Electrophoretic Mobility Shift Assay
Nuclear extracts (NEs) were prepared using CelLyticTM Nucle-

arTM Extraction Kit (Cat # NXTRACT, Sigma) and protein concen-
trations were quantified by Pierce BCA Protein Assay Kit (Cat # 
23225, Thermo Scientific). EMSA assays were performed as de-
scribed previously [29, 32]. Briefly, biotin-labeled probes (Table 3; 
20 fmol) were mixed with NE (2 μg) in buffer containing 10 mM 
Tris-Cl (pH 8.0), 10 mM NaCl, 1 mM DTT, 1 mM EDTA, 1 mg/mL 
BSA, and 0.1 μg/µL Poly[d(I-C)]. In controls, recombinant p50 
(2.75 ng) and p65 (3.75 ng) were annealed in 10 mM Tris (pH 7.5), 
5 mM NaCl, 1 mM DTT, 1 mM EDTA by incubation at 37°C for 60 
min. Protein-DNA complexes were resolved on a 6% DNA retar-
dation gel (Invitrogen, Item # EC6365BOX) in 0.25 × TBE buffer 
(100 V for 2 h) and visualized by using Amersham Imager 680 

(Global Life Sci. Sol. Marlborough, MA, USA). Band intensities 
were quantified using Image J v1.51 (U. S. NIH, Bethesda, MD, 
USA).

Oligonucleotide Excision Assay
OGG1 glycosylase activity on 8-oxo(d)Gua containing DNA 

was assessed as we described previously [33, 34]. Sequences of 5′-
end Cy5-labeled probes and location of 8-oxo(d)Gua are shown in 
Table  2. In brief, 100 fmol of the Cy5-labeled probe (/5′-Cy5/-
AGAGAAGAAGAAGAAGA A/8oxodG/AGATGGGTTATTC-
GAACTAGC-3′) were incubated with increasing concentrations 
(0.5, 1, or 2 pmol of OGG1 (Item #: ENZ-253, ProSpec)) in 10 μL 
digestion buffer (10 mM of Tris-HCl [pH 7.5], 10 mM of NaCl, 1 
mM of EDTA, 1 mg/mL BSA, and 1 mM of DTT). After incubation 
for 10 min at room temperature, the reaction was halted by adding 
10 μL loading buffer (containing 8 μL of formamide, 10 mM of 
NaOH) and heated for 5 min at 95°C. The cleaved product was 
separated from the intact probe in a 15% polyacrylamide gel con-
taining 8 M urea in Tris-borate-EDTA buffer (pH 8.4). The sepa-
rated bands were visualized by using AmershamTM Imager 680.

Immunoblotting
Cells were lysed using cell lysis buffer (Cell Signaling Technol-

ogy; Item #: 9803; 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM 
EDTA, 1 mM EGTA, 1% Nonidet P-40) containing 2.5 mM sodium 
pyrophosphate, 1 mM glycerophosphate and protease inhibitors (1 
mM Na3PO4, 1 mM NaF, and 20 μg/mL aprotinin, leupeptin, 
phenylmethanesulfonyl fluoride). Equal amounts of proteins were 
separated by SDS-PAGE electrophoresis and transferred into ni-
trocellulose membranes, blocked with 5% nonfat dry milk in TBS-
T (20 mM Tris base, 500 mM NaCl, and 0.05% Tween-20, pH 7.5) 
and then incubated for 3 h with primary Ab and subsequently with 
horseradish peroxidase-conjugated secondary Ab (1:4,000 dilu-
tion; Southern Biotech, Birmingham, AL, USA). The signals were 
detected using the ECL Plus chemiluminescent detection system 
(Bio-Rad, Item #: 1705061). Equal loading was confirmed using 
the β-Actin Ab (Cat # 4970S; Cell Signaling Technology).

Assessment of Oxidatively Modified OGG1
Cells expressing FLAG-OGG1 were RSV infected (MOI = 1) 

for 0, 3, 6, 12, 18, and 24 h and nuclei were isolated and lysed in a 
de-oxygenized buffer containing 50 mM Tris-HCl (pH 7.5), 50 mM 
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Nonidet P-40, 2.5 mM sodi-

Table 3. Probes used for electro mobility shift assays*

Probe Sequence

Probe containing 8-oxo(d)Gua and NFκB binding motif (derived 
from Cxcl2 promoter)

Sense: 5′-TTCCCTGGTCCCCGGGCTTTTCCAGACATCG-3′
Anti-sense:5′-biotin-CGATGTCTGGAAAAGCCCGGGGACCAG*GGAA-3′

Probe containing NFκB binding motif Sense: 5′-TTCCCTGGTCCCCGGGCTTTTCCAGACATCG-3′
Anti-sense: 5′-biotin-CGATGTCTGGAAAAGCCCGGGGACCAGGGAA-3′

Cold probe containing 8-oxo(d)Gua and NFκB binding motif Sense: 5′-TTCCCTGGTCCCCGGGCTTTTCCAGACATCG-3′
Anti-sense: 5′-CGATGTCTGGAAAAGCCCGGGGACCAG*GGAA-3′

G* signifies 8-oxo(d)Gua. The NFκB binding motif is underlined.
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um pyrophosphate, protease inhibitor mixture (Sigma), 100 μM 
diethylenetriaminepentaacetic acid, 5 mM iodoacetamide, 200 
units/mL catalase, and cysteine sulfenic acid probe, DCP-Bio1 (0.1 
mM 3-(2,4-dioxocyclohexyl) propyl (DCP)) conjugated to biotin 
(Millipore Sigma) [29, 35]. Nuclear extracts were clarified, and the 
supernatants were incubated with 30 μL of protein G-Sepharose 
(Millipore Sigma) at 4°C for 1 h, precleared and incubated with Ab 
against FLAG for 3 h and added to protein G-Sepharose for 3 h. 
The immune-precipitates were resolved by SDS-PAGE, and OGG1 
oxidized at cysteine was detected by streptavidin-conjugated 
horseradish peroxidase-coupled chemiluminescence.

Fluorescent Microscopy
hSAECs were plated on collagen pretreated cover glasses 

(Roche Applied Sciences) were transfected, mock- or RSV-infect-
ed. Cells were fixed with acetone-methanol (1:1) for 20 min and 
permeabilized using 0.1% (wt/vol) Triton X-100 diluted in phos-
phate-buffered saline (PBST) for 5 min. Cells were blocked by IgG 
(10 μg per mL) in presence of 1% BSA for 1 h at room temperature 
and primary antibodies were added as at a dilution recommended 
by the manufacturer or determined in preliminary studies (1–100; 
1–300) in PBST for 1 h at 37°C. Ab to OGG1 (Novus, NB100-106), 
anti phospho-RelA Ab (Novus, Nb100-2176). After washing cells 
in PBST (3 times), secondary Ab conjugated to Alexa Fluor 488 
(goat anti-rabbit) or Alexa Fluor 594 (goat anti-mouse) was added 
for 1 h at 37°C. Cells were dried and mounted with Vecta shield/
DAPI, 4′6-diamidino-2-phenylindole hydrochloride (Vector Lab-
oratories, Burlingame, CA, USA). Over 30 randomly selected fields 
of view per sample were photographed using a WHN10×/22 eye-
piece and a ×60 objective (field of view is 1.1 mm and camera cor-
rection is 0.63) on an OLYMPUS Microscope System BX53P.

Cell Viability Assay
Cells were treated with increasing concentrations (0, 2.5, 5, 10, 

20 μM) of TH5487 or solvent every 8 h. Cell culture medium was 
harvested at 48 h to perform the colorimetric lactate dehydroge-
nase assay (LDH; Abcam, Item # ab102526). The assay was per-
formed using a 96-well plate according to manufacturer instruc-
tions. The output of triplicate samples was determined immedi-
ately (T1), 10 min (T2), 20 min (T3), 30 min (T4) at OD 450 nm 
on a microplate reader (Synergy H1 Hybrid Multi-Mode Reader; 
BioTek) at 37°C protected from light. The amount of LDH in the 
media was calculated using ΔA450 nm = (A2 – A1) formula, where: 
A1 is the sample reading at time T1. A2 is the sample reading at 
time T2. LDH activity was expressed in nmol of NADH generated 
by LDH during the reaction time (ΔT = T2 – T1). LDH activity = 
(BI (∆Tx V)) × D = nmol/min/mL, B = amount of NADH in sam-
ple, calculated from standard curve (nmol). ∆T = Reaction time 
(minutes). V = Original sample volume added into the reaction 
well (mL). D = Sample dilution factor.

Statistical Analysis
Statistical analyses were performed using Microsoft Office Ex-

cel Student’s t test to analyze differences between the means of two 
groups. The data are expressed as the mean ± SEM. Differences 
were considered significant at p < 0.05 (*p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001).

Results

Inhibition of OGG1 DNA Substrate Binding Decreases 
RSV-Induced Lung Inflammation
Unlike clinical infections, where RSV spreads from the 

upper to lower airways, we delivered purified infectious 
virions (106 PFU/lung) to the lungs of naïve mice to in-
duce IIRs and disease as described previously [10–12]. 
Parallel groups of infected mice were mock- (vehicle/sol-
vent) or treated with a small molecule inhibitor (TH5487) 
of OGG1 (i.p. 30 mg/kg, a dose selected based on results 
published previously) [20]. Mice were euthanized (0 h, 12 
h, 24 h), BAL fluid and lungs were collected to determine 
gene expression at RNA and protein levels and asses his-
tological changes. Overall changes of RNA levels were de-
termined using qRT-PCR profiler arrays. After subtract-
ing changes resulting from mock-challenge of lungs ex-
pression levels of 36 chemokines, cytokines and receptors 
were modulated out of 86 included in the array. Out of 36, 
23 C-C and C-X-C motif-containing proinflammatory 
mediators were significantly increased by 12 h (online 
suppl. Fig. 1, Table 1; for all online suppl. material, see 
www.karger.com/doi/10.1159/000524186). At 24 hpi 
only Ccl8 (MCP2) showed a significant increase (>50-
fold) in addition to those expressed at 12 hpi (online sup-
pl. Fig. 1b). Compared to RSV-infected mock-treated 
control, pharmacologically-induced OGG1 deficiency 
significantly decreased (50–80%) expression of 16 genes 
(Ccl2, Ccl20, Ccl7, Csf2, Csf3, Cxcl1, Cxcl13, Cxcl5, Cxcl9, 
Il1a, Il1b Osm, Tnf, Tnfsf11) and receptors (Il10ra, Il1rn). 
Interestingly, expression from ten genes were increased 
>3-fold (Ccl1, Ccr8, Ifnу, Il13, Il17a, Il17b, Il21, Il3, Il5r, 
Tnfs4) in the presence of OGG1 inhibitor.

In children with severe RSV bronchiolitis TNF, CC20, 
IL6, CCL5, and CXCL10 were reported to be the primary 
inflammatory markers along with excessive neutrophilia 
in BAL fluid and nasopharyngeal washings [36–38]. 
Therefore, changes at mRNA levels of these mediators 
were further validated by individual qRT-PCR for each 
mouse (Fig. 1a). Our data indicate that inhibition of OGG1 
by TH5487 (that prevents OGG1 from engaging its DNA 
substrate [20]) significantly decreased RNA levels of Tnf, 
Ccl20, Il6, Ccl5, and Cxcl10 (Fig. 1a) as well as protein lev-
els (TNFα, CCL20, IL6, CCL5, and CXCL10) in lungs and 
BAL fluid, respectively (Fig. 1a). Changes in protein levels 
for additional soluble inflammatory mediators (CXCL13, 
CXCL5, CCL11, CCL12, CCL3, CCL17, CCL19, CCL2, 
CCl22, CCL24, CCL4, CCL7, CXCL1, CXCL11, CXCL12, 
CXCL16, IL1b, IL10, IL16, CSF, MCP3) are summarized 
in online supplementary Figure 2.
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As expected from expression of inflammatory media-
tors there were excessive number of neutrophils (1.85 × 
105 per mL at 12 hpi and 2.2 × 105 at 24 h) in BAL fluid of 
infected/untreated animals (Fig. 1c, d). Administration of 

the OGG1 inhibitor to infected animals significantly de-
creased the number of neutrophils (Fig. 1c, d). Histologi-
cal analyses of lungs showed excessive accumulations of 
inflammatory cells primarily around bronchioles and as-
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sociated blood vessels, with pharmacologically induced 
OGG1 deficiency decreasing neutrophil influx (Fig. 1e). 
These results imply that non-ciliated small epithelial cells 
were the primary site of chemokine/cytokine expressions 
in response to RSV infection as documented previously 
[39]. Because our goal was to examine the role of OGG1 
in RSV-induced innate gene expression, lung histological 
changes were not further investigated. However, we as-
sessed biological consequences of host IIRs and RSV rep-
lication by determining weight loss and clinical signs of 
illness as described previously [10–12]. These results 
show that inhibition of OGG1 by TH5487 provides a 
large degree of protection against RSV-induced weight 
loss and improves clinical scores (Fig. 1f, g) compared to 
those animals receiving solvent. Together, these data im-
ply that OGG1 not only played significant role(s) in RSV 
infection-induced IIRs but also in manifestation of its bi-
ological consequences.

Ablation of OGG1 Decreased Expression of IIR Genes 
in RSV-Infected hSAECs
Parallel cultures of OGG1 KO hSAECs (hSAECOGG1−, 

generated by CRISPR/Cas9 genome editing, Fig.  2a–c) 
and OGG1 proficient hSAEC (puromycin resistant 
hSAECOGG1+) were RSV infected and inflammatory gene 
expressions were determined. Appropriate MOI, time 
points and toxicity of TH5487 were determined in pre-
liminary studies (online suppl. Fig. 3a–h). Data show that 
RSV infection (MOI = 1) of hSAECOGG1+ increased ex-
pression of TNF, CCL20, IL6, CCL5, and CXCL10 by 75-, 
28-, 125-, 18- and 52-folds, respectively (Fig. 2d). In con-
trast, in hSAECOGG1− RSV-induced expressions were lim-
ited to an average of 19.5-, 7-, 33-, 8.5-, and 11-fold for 
TNF, CCL20, IL6, CCL5, and CXCL10, respectively 
(Fig. 2d). To exclude the possibility that antibiotic (puro-
mycin) selection was related to decreased gene expres-
sion, OGG1 was depleted by small interfering RNA (siR-
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Fig. 1. OGG1 inhibition decreases RSV-induced expression of in-
flammatory mediators and morbidity. a, b Inhibition of OGG1 
DNA substrate binding by TH5487 decreases expression of proin-
flammatory mediators in RSV-infected lungs. a Changes in RNA 
levels of Tnf, Ccl20, Il6, Cxcl10, and Ccl5. b Protein levels of TNF, 
CCL20, IL6, CCL5, and CXCL10 in BAL fluid ± TH5487. Each data 
points represent n = 5. Changes in levels of additional inflamma-
tory mediators are shown in online suppl. Fig. 2. c Numbers of 
neutrophils in BAL fluid after RSV infection without and with 
TH5487. BAL fluids were derived at 0, 12, 24 hpi and cells on cy-
tospin slides stained with Modified Wright-Giemsa. For each 
point over 1,000 cells were counted (n = 5). d Representative im-
ages showing abundance of neutrophils before and 24 h after RSV 
infection in BAL fluid of mock- and TH5487-treated mice. Images 
were photographed using an OLYMPUS Microscope System 
(BX53P) with a built-in digital CCD color camera DP73WDR. 
Magnification: 40x lens and 3.6x (camera). Scale bar, 20 μm. e Rep-
resentative images of H&E-stained lung sections from mock- and 
RSV-infected animals with and without inhibition of OGG1. Pan-
els: upper left, lung of mock-infected, solvent-treated mice; upper 

right, inflammatory infiltrates surrounding perivascular, peri-
bronchial regions and alveoli in lungs of RSV-infected mice (sol-
vent-treated); lower left, lung section of TH5487-treated mice; 
lower right, lung section of RSV-infected, TH5487-treated mice. 
Scale bar, 100 μm. Bronchus, bronchi (a); Blood vessel (b). Images 
were photographed using an OLYMPUS microscope as in legend 
to d. f, g Pharmacological inhibition of OGG1 decreases morbid-
ity of infected animals. Parallel groups of RSV-infected mice treat-
ed i.p with TH5487 or solvent. Weight of mice recorded daily, and 
loss depicted as the percent of initial weight (a). Clinical scores 
determined as in Materials and Methods. n = 9). dpi, days post in-
fection. Student’s t test were utilized analyze differences between 
groups. In (a, b) Tnf, TNFα, tumor necrosis factor alpha; Ccl5, 
CCL5, chemokine (C-C Motif) ligand 5 (RANTES); Ccl20, CCL20, 
chemokine (C-C motif) ligand 20 (or MIP-3-Alpha); Cxcl10, 
CXCL10, C-X-C motif chemokine ligand 10 (interferon-inducible 
cytokine IP-10); Il6, IL6, interleukin-6 (interferon, beta 2). Lower 
case and capital letters are symbols of gene/mRNAs and proteins, 
respectively. In (a–c) data are mean ± SEM *p < 0.05, **p < 0.01, 
***p < 0.001.
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NA) (Fig.  2e, lower panel) and were RSV-infected (as 
above). In controls, hSAECs were transfected with non-
targeting siRNA. Compared to the non-targeting siRNA-
transfected cells, OGG1-depleted hSAECs expressed sig-
nificantly lower levels of TNF (57- vs. 18-fold) CCL20 (48-
 vs. 19-fold), IL6 (34- vs. 12.5-fold), CCL5 (14- vs. 8.1-fold), 

and CXCL10 (143- vs. 49.5-fold) (Fig.  2e). In controls, 
depletion by siRNA of endonuclease VIII-like 1 (NEIL1) 
(excises 8-oxo(d)Gua, 2,6-diamino-4-hydroxy-5-for-
mamidopyrimidine (FapyGua) from DNA [40] or MTH1 
[19]) had no significant effect on gene expression (Fig. 2f). 
Similar results were obtained after siRNA depletion of 

5’-…TCTCTTTTATCTGTTCCTCCAACAACAACATCGCCCGCATCACTGGCATGGTGGAGCGGCTGTGCCAGGCT…-3’
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OGG1, NEIL1, or MTH1 in A549 cells (online suppl. Fig. 
3i). Taken together, these results imply that OGG1, but 
not other oxidatively modified guanine base-processing 
enzymes affected gene expression in RSV-infected cells.

To further validate the role of OGG1 in inflammatory 
gene expression, hSAECs were treated with TH5487 (10 
μM, an effective nontoxic dose; online suppl. Fig. 3f, g) 1 
h before (−1 h) and +2 h after RSV adsorption, at 10 and 
18 hpi (its half-life is ∼6 h in cell cultures) [20]. Changes 
in RNA levels were determined at 24 hpi. Compared to 
mock-treated RSV infected hSAECs, expressions de-
creased from 121- to 18-fold, 49- to 8.5-fold, 21- to 8-fold, 
11.5- to 5-fold and from 31- to 9.5-fold for TNF, CCL20, 
IL6, CCL5, and CXCL10, respectively (Fig. 2f). Inhibitory 
effect of the TH5487 on RSV-induced inflammatory gene 
expression was similar in A459 cells (online suppl. Fig. 
3h). The inactive analog of TH5487, TH2480 [20], or O8 
(inhibits glycosylase activity but not OGG1 substrate 
binding [41]) showed no effects (Fig. 2f; online suppl. Fig 
3h). Taken together, these results show that inhibition of 
OGG1 substrate binding decreased proinflammatory 
gene expression in human airway epithelial cells.

RSV Infection Enriched OGG1 on Promoters of 
Proinflammatory Genes
Mock- and RSV-infected lungs were harvested at 12 

hpi (time of excessive expression of chemokines and cy-
tokines), chromatin-protein complexes were cross-
linked, processed and IP-ed by using OGG1 Ab. RSV in-
fection resulted in an average of 14-, 16-, 11-, 7.5-, and 
19-fold increases in enrichment of OGG1 on regulatory 
sequences of Tnf, Ccl20, Il6, Ccl5, and Cxcl10, respective-
ly (Fig. 3a). Importantly, TH5487 decreased OGG1 en-
richment by 84%, 85%, 75%, 61%, 82% for Tnf, Ccl20, Il6, 
Ccl5, and Cxcl10, respectively (Fig. 3a). Mock challenge 
of lungs, or TH5487 or vehicle (administered i.p.) did not 
result in OGG1 enrichment.

OGG1 was reported to scan DNA for its substrates 
(8-oxo(d)Gua and Fapy(d)Gua) via migrating along 
DNA strands [42]. This process raised the possibility that 
protein-DNA crosslinking captured OGG1 bound to 
Fapy(d)Gua (or nonspecifically). Therefore, OGG1 Ab-
ChIP-ed DNAs were IP-ed using Ab to 8-oxo(d)Gua 
(does not bind to FapyGua [31, 43] and subjected to 
qPCR. Results show that compared to IgG control, there 
was increased 8-oxo(d)Gua levels in OGG1 Ab ChIP-ed 
DNA of lungs (average 34-, 14-, 10-, 7-, and 19-fold for 
Tnf, Ccl20, Il6, Ccl5, and Cxcl10, respectively) (Fig. 3b). 
In controls, there were no detectable changes in oxida-
tively modified cytosine as shown by ChIP assays (online 
suppl. Fig. 4a).

To demonstrate that OGG1 enrichment also occurs in 
human cells, FLAG-tagged OGG1 expressing hSAECs 
were RSV-infected (MOI = 1). Results show that RSV-
infection induced an average of 12-, 15-, 8-, 6- and 9-fold 
increases in OGG1 enrichment within TNF, CCL20, IL-6, 
CCL5 and CXCl10 promoter sequences, respectively 
(Fig. 3c). TH5487 (10 μM) decreased, while its inactive 
analog TH2840 had no effect on levels of ChIP-ed DNA 
(Fig. 3c). Another OGG1 inhibitor O8 [41] substantially 
increased levels of ChIP-ed promoter sequences using Ab 
to FLAG (Fig. 3c). To test for 8-oxo(d)Gua in FLAG Ab-
ChIP-ed DNAs they were IP-ed using 8-oxo(d)Gua-Ab 
(as above). Compared to IgG control, Ab to 8-oxo(d)Gua 
enriched levels of IP-ed sequences an average of 19-, 25-, 
31-, 17- and 16-fold within TNF, CCL20, IL-6, CCL5, and 
CXCl10 promoter, respectively (Fig. 3d). Oxidative mod-
ifications to guanines are in line with RSV infection-in-
duced increase in protein carbonyl levels in lungs (online 
suppl. Fig. 4b) and ROS levels in hSAECs (online sppl. 
Fig. 4c, d).

Fig. 2. OGG1 knockdown, siRNA depletion or inhibition of OGG1 
substrate binding decreased RSV-induced proinflammatory gene 
expressions. a Schematic depiction of OGG1 knockdown by 
CRISP/Cas9 technology. Lack of OGG1 expression as shown by 
Western blotting (b) and microscopic imaging (c). Nuclei of cells 
were counter stained with DAPI. Images were photographed using 
an OLYMPUS Microscope System as in Fig. 1d. Magnification, 20x 
lens and 3.6x (camera). Scale bar, 20 μm. d OGG1 KO (OGG1−) 
hSAECs expressed significantly lower levels of TNF, CCL20, IL6, 
CCL5, and CXCL10 in response to RSV infection. e SiRNA deple-
tion of OGG1 but not NEIL1 or MTH1 decreased proinflamma-
tory gene expression (TNF, CCL20, IL6, CCL5, and CXCL10) in 
hSAECs. Lower panels, extent of OGG1, NEIL1, and MTH1 silenc-

ing as determined by Western blotting and qRT-PCR. siNT, non-
targeting siRNA. f Inhibition of OGG1 substrate binding by 
TH5487 decreased inflammatory gene expression. The O8, inac-
tive analog of TH5487, TH2480 had no effect. In (b–d), Cells were 
RSV-infected (MOI = 1) and total RNAs were isolated at 24 h. Data 
are mean ± SEM. ***p < 0.001; **p < 0.01. NEIL1, human ortholog 
of E. coli Nei; MTH1, hMTH1; TH5487, 4-(4 bromo-2-oxo 3H-
benzimidazol-1-yl)-N-(4-iodophenyl)piperidine-1-carboxamide; 
O8 (3,4-dichloro-benzo[b]thiophene-2-carboxylic acid hydra-
zide). In (b–d); TNF, CCL20, IL6, CCL5, and CXCL10 as in legend 
to Fig. 1. hMTH1, human homolog of E. Coli MutT 1. DAPI, 
4,6-diamidino-2-phenylindole.
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Fig. 3. RSV infection induced OGG1 enrichment on TSS proximal 
promoter regions. a Enrichment of OGG1 in TSS-adjacent pro-
moter sequences of Tnf, Ccl20, Il-6, Ccl5, and Cxcl10 was inhibited 
by TH5487. Mouse lungs were mock- or RSV-challenged and 
±TH5487 treated. Cross-linked DNA-protein-complexes were 
isolated and ChIP assays were performed by using Ab to OGG1 (n 
= 5). b OGG1-ChIP-ed TSS-adjacent sequences contained the 
OGG1 substrate, 8-oxo(d)Gua. OGG1-Ab ChIP-ed DNAs were 
isolated and then IP-ed by using 8-oxo(d)Gua specific Ab or IgG. 
c RSV infection induced OGG1 enrichment on TSS-adjacent se-

quences of inflammatory genes in hSAECs. FLAG-OGG1-express-
ing hSAEC cultures were infected with RSV (MOI = 1), and sol-
vent- or TH5487-, TH2480-, or O8-treated. DNA-protein com-
plexes were ChIP-ed using Ab to FLAG(OGG1). ChIP-ed DNAs 
were analyzed by qPCR. d Presence of 8-oxo(d)Gua in OGG1(FLAG 
Ab)-ChIP-ed DNA. ChIP-ed DNAs were isolated and then IP-ed 
by using 8-oxo(d)Gua specific Ab or IgG and levels of sequences 
in IPs were determined by qPCR. In (a–d), ***p < 0.001; **p < 0.01. 
In (a–d): TNF, CCL20, IL6, CCL5, and CXCL10 as in legend to Fig. 
1. TSS, transcription start site.
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RSV-Induced Inflammatory Gene Expression without 
Requiring OGG1 Enzymatic Activity
To examine whether OGG1 enzymatic activity was 

needed for gene expression, we utilized WT and enzy-
matically defective OGG1 mutants. Parallel cultures of 
hSAECOGG1− cells were transfected with vectors express-

ing FLAG-tagged wtOGG1, the lysine 249 glycine mutant 
(K249Q), that lacks base excision activity but retained the 
ability to recognize/bind 8-oxo(d)Gua in DNA [44] or the 
Phenyl alanine 319 Alanine mutant OGG1 (F319A) that 
have been shown to have poor affinity for 8-oxo(d)Gua 
in DNA and thus lack BER activity [45]. FLAG-OGG1 
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Fig. 4. Enzymatic activities of OGG1 is dispensable for RSV-in-
duced inflammatory gene expression. a OGG1 defective in base 
excision activities promotes gene expression. FLAG-tagged WT 
and mutant OGG1s (K249Q and F319A) were transgenically ex-
pressed in parallel hSAECOGG1− cultures and mock- or infected 
with RSV (MOI = 1). Cells harvested at 24 hpi and total RNAs were 
isolated to determine expressions of TNF, CCL20, IL6, CCL5, and 
CXCL10 by qRT-PCR. Data are mean ± SEM. ***p < 0.001; **p < 
0.01. In a, TNF, CCL20, IL6, CCL5, and CXCL10 as in legend to 
Fig. 1. b, c Expression levels of FLAG-tagged wtOGG1, K249Q, 
F319A in hSAECOGG1−. Parallel cultures of hSAECOGG1− were pro-

cessed for fluorescence microscopy (b) or immunoblotting (c) at 
time of RSV infection (legend to a) using Ab to FLAG. Nuclei were 
stained with DAPI. Images were photographed using an OLYM-
PUS Microscope System as in legend to Fig. 1d. Magnification, ×20 
lens and ×3.6 (camera). Scale bar, 20 μm. d Oxidative modification 
to OGG1 on cysteine residues after RSV infection. Parallel cultures 
of cells expressing FLAG-OGG1 were RSV-infected (MOI = 1) for 
0, 3, 6, 12, 18, and 24 h and nuclei were isolated to detect oxidized 
OGG1 (OGG1S-OH) by using cysteine sulfenic acid probe DCP-
Bio1 as in Materials and Methods. DAPI, 4,6-diamidino-2-phenyl-
indole.
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variants-expressing hSAECOGG1− were mock- or RSV-in-
fected (MOI = 1) and harvested at 24 h. Intriguingly, the 
K249Q mutant significantly increased expression from 
TNF (from 6- to 11.5-fold), CCL20 (from 5.2- to 8.9-fold), 
IL6 (from 11-fold to 19.6-fold), CCL5 (from 20.5- to 31.8-
fold), and CXCL10 (from 8.4 to 12.2-fold) compared to 
WT (Fig. 4a). Expression of the F319A variant in hSAEC-
OGG1− displayed reduced facilitation of RSV-induced ex-
pression from IIR genes, compared to those hSAECOGG1− 
expressing wtOGG1 or the K249Q mutant (Fig. 4a). Ex-
pression of WT and mutants OGG1 varied between 45 
and 50% and were nearly equal in hSAECOGG1− as shown 
by microscopic imaging and Western blotting, respec-
tively (Fig. 4b, c). The enhanced expression of proinflam-
matory mediators by the enzymatically inactive OGG1 
mutant (K249Q) implies that enzymatic activities of 
OGG1 were dispensable for gene expression. Compre-
hensive studies have indicated that cysteine residues were 
essential for OGG1 enzymatic activities and its structural 
stability [46] and were prone to oxidation [47]. These re-
sults suggest that host cells repurposed OGG1 via cysteine 
oxidation in RSV infected cells. To test this possibility, we 
utilized DCP-Bio1 reagent [29], and observed OGG1 ox-
idative post-translation modification at cysteine in nuclei 
of RSV infected cells (Fig. 4d). Taken together, these data 
suggest that OGG1 binding to promoter but not its enzy-
matic activities were required for gene expression in RSV-
infected cells.

OGG1 Couples NFҡB to Expression of IIR Genes in 
RSV-Infected Lungs and hSAECs
Reports indicate that RSV infection triggered persis-

tent activation of NFκB, and other transcriptional regula-
tors were causally related to inflammatory gene expres-
sions, consequently the exuberant inflammation [48–50]. 
Taking the decreases in RSV-induced gene expressions in 
hSAECOGG1− or in lungs by the OGG1 inhibitor TH5487, 
a potential interplay between OGG1 and NFκB was eval-
uated. OGG1 depleted hSAECs were RSV-infected and 
levels of RelA/NFκB at promoters of TNF, CCL20, IL6, 
CCL5, and CXCL10 were determined. ChIP assays showed 
significant decreases in promoter-associated RelA/NFκB, 
compared to those ChIP-ed from cells transfected with 
control siRNA (Fig. 5a, b). Pharmacological inhibition of 
OGG1 substrate binding by TH5487 resulted in similar 
decreases in RelA/NFκB enrichment on gene promoters 
in RSV-infected hSAECs (Fig. 5b) as well as in A549 and 
MLE-12 cells (online suppl. Fig. 5a–d). NEIL1 ablation 
had no effect on RelA/NFκB binding (Fig. 5a). Another 
OGG1 inhibitor, O8, substantially increased promoter 

enrichment of RelA/NFκB (Fig. 5b) in line with lack of its 
capacity to prevent substrate binding [41]. The inactive 
analog of TH5487, TH2480 [20] had no effect on DNA 
occupancy of RelA/NFκB in the chromatin (Fig. 5b). To 
rule out the possibility that decreased proinflammatory 
gene expression by OGG1 deficiency was due to impaired 
activation of RelA/NFκB, and its nuclear translocation, 
data show that RSV infection induced phosphorylation of 
RelA at serine276 and nuclear translocation of pRelA/
NFκB were not affected in hSAECs (Fig. 5c, d) and A549 
cells (online suppl. Fig. 6). Importantly, inhibition of 
OGG1 substrate binding by TH5487 significantly de-
creased RelA/NFκB enrichment on promoters of Tnf, 
Ccl20, Il6, Ccl5, and Cxcl10 in lungs of infected mice 
(Fig. 5e).

To ascertain that inhibition of OGG1 substrate bind-
ing decreased RelA/NFκB DNA occupancy, DNA-pro-
tein complexes were isolated from lungs, ChIP-ed using 
Ab to OGG1, and then mixed with recombinant RelA/
NFκB. Results of re-ChIP experiments showed that Ab 
to RelA/NFκB efficiently pulled down OGG1 Ab-ChIP-
ed DNA (Fig. 6a) and imply that OGG1 bound to its sub-
strate (8-oxo(d)Gua) within the same segment of Tnf, 
Ccl20, Il6, Ccl5, and Cxcl10 promoter. These results along 
with those showing that TH5487 decreased RelA/NFκB-
driven proinflammatory gene expression and inflamma-
tion, strongly suggest that RelA/NFκB binding is inter-
linked with OGG1, on the promoter of these genes in 
RSV-infected cells. To further this hypothesis, NEs were 
isolated from RSV-infected OGG1-expressing hSAECs 
and NFκB binding to intact and 8-oxo(d)Gua containing 
DNA probes (Table 2) were examined using EMSA. As 
shown in Figure 6b, binding of RelA/NFκB was signifi-
cantly higher to 8-oxo(d)Gua containing DNA com-
pared to that probe with guanine, suggesting that OGG1 
in NE promotes RelA/NFκB DNA occupancy. To test if 
indeed OGG1 in NEs made the difference in RelA/NFκB 
binding, we utilized TH5487. TH5487 alone had no ef-
fect on recombinant (r)NFκB DNA occupancy (Fig. 6c). 
Inhibition of OGG1 substrate interaction in probe by 
TH5487, decreased NFκB binding in NE affecting both 
RelA(p65)-p50 and p50-p50 (hetero and homo-dim-
mers) in a concentration dependent manner (Fig. 6d, left 
and right panels). In controls, OGG1 antagonist inhib-
ited OGG1 binding to probes containing 8-oxo(d)Gua 
(Fig. 6e), while TH2840 and O8 had no effect on OGG1 
binding (Fig.  6f). Together, these results suggest that 
OGG1 at genomic 8-oxo(d)Gua promotes RelA/NFκB 
DNA occupancy in regulatory sequences of inflamma-
tory genes. Importantly, these results strongly suggest 
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Fig. 5. OGG1 promotes NFκB DNA occupancy in RSV-infected 
cells. a OGG1 but not NEIL1 increases promoter occupancy of 
NFκB. Parallel cultures of hSAECs were OGG1 and NEIL1 deplet-
ed by siRNA and RSV-infected (MOI = 1). Binding of NFκB to 
promoter sequences of TNF, CCL20, IL6, CCL5, and CXCL10 was 
determined by ChIP assays using Ab to RelA/p65. b The OGG1 
inhibitor decreases enrichment of RelA/NFκB on gene promoters. 
Parallel hSAECs treated and RSV-infected for 24 h. Levels of RelA/
NFκB bound to promoter sequences were determined as in legend 
to a. c, d, OGG1 inhibitor TH5487 had no effect on phosphoryla-
tion and nuclear translocation of RelA/NFκB. hSAECs were RSV-
infected (MOI = 1) ±TH5487 (10 μM) for 24 h and changes in 

phosphorylated RelA/NFκB at ser276 in NEs was determined by 
Western blotting and microscopic imaging. Cell were counter 
stained with DAPI. Randomly selected fields were photographed 
using an OLYMPUS Microscope System as in Fig. 1d. Magnifica-
tion: ×60; scale bar, 40 μm. The experiments were performed twice 
with two biological replicates each. e Inhibition of OGG1 substrate 
binding decreases in RelA/NFκB’ DNA occupancy in lungs. Mice 
(n = 5) challenged with RSV (106 PFU per lung) mock- or TH5487-
treated and lungs were excised (12 hpi). RelA/NFκB promoter en-
richment were determined by ChIP assays. In (a, b, e, f), ***p < 
0.001; **p < 0.01. TNF, CCL5, CCL20, CXCL10, IL6 as in legend to 
Fig. 1. DAPI, 4,6-diamidino-2-phenylindole.
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that TH5487 inhibited inflammatory gene expression via 
interrupting this mechanism in RSV-infected cells/air-
ways.

Discussion

RSV is one of the most important viral agents causing 
frequent hospitalizations in young children, immuno-
compromised adults and elderly. Presently, there is no 
effective vaccine or treatment available. IIR(s) by the host 
to RSV infection not only facilitate efficient clearance of 
the virus but also contribute to the pathogenesis of respi-
ratory diseases. While many molecular details of RSV-
induced expression of proinflammatory mediators and 
inflammation are well defined, the mechanisms by which 
ROS facilitate IIR processes lack clarity. In this study, we 
demonstrate that ROS rapidly induce DNA base modifi-
cations primarily 8-oxo(d)Gua in guanine-rich promot-
ers and paradoxically inactivated the cognate DNA BER 
protein OGG1 oxidatively. OGG1 stalled at its substrate, 
promotes NFκB DNA occupancy, consequently cytokine 
and chemokine expression, leading to exuberant inflam-
mation and lung pathology. In support of these observa-
tions, inhibition by small molecules of OGG1 substrate 
binding, silencing, or its knockdown significantly de-
creased RSV-induced IIRs and clinical scores. Other 
DNA base lesion repair proteins had undetectable roles. 
Thus, our study has identified a previously unprecedent-
ed interplay between ROS-induced DNA base damage, 
initial steps in DNA BER, DNA occupancy of transcrip-
tion factors, and IIRs. Pharmaceutical inhibition of OGG1 
interaction with its substrate may represent a novel strat-
egy in prevention/intervention of respiratory viral infec-
tions.

Intrapulmonary infection with RSV rapidly increased 
expression of over thirty cytokines and chemokines, at 
RNA and protein levels, which are associated with the 
“cytokine storm.” This is followed by a rapid influx of 
neutrophils into airways, and severe symptoms leading to 
significant body-weight loss in line with observation de-
scribed previously [7, 39, 51–53]. Although mechanism(s) 
of RSV-induced cell activation signaling in robust IIRs 
was not specifically investigated in this study, it may in-
clude those signaling pathways generated by interaction 
of virions with cellular attachment/fusion receptors via 
viral glycoprotein G, fusion (F) protein, in addition to ac-
tivation of cell membrane toll-like receptors and intracel-
lular sensors including retinoic acid-inducible gene-I-
like receptors, MAVs, NOD-like receptors (Fig. 7) [3, 9, 
54–59]. Signaling through these receptors also lead to an 
imbalance in cellular redox via activation of cytoplasmic 
and mitochondrial oxidoreductases and decreases in lev-
els of the transcription factor NF-E2-related factor 2 due 
to its degradation resulting in decreased antioxidant cel-
lular defenses [3, 60, 61]. In our experiments, the timing 
and magnitude of RSV-induced increase in ROS levels, 
correlated well with increase in levels of 8-oxo(d)Gua in 
transcription start site-adjacent promoter regions and 
with inducible expressions of epithelial innate cytokine 
and chemokines in lungs and hSAECs. Interestingly, 
there were no detectable changes in levels of 5-hydroxy-
uracil a product of oxidized cytosine(s) in these G:C-rich 
gene regulatory sequences implying not only specificity 
but sensitivity of guanines to ROS [15, 62]. Of note, cyto-
sine oxidation result in an unstable intermediate (5,6-di-
hydroxy-5,6-dihydrocytosine), which either dehydrated, 
deaminated or undergo reactions to form 5,6-dihy-
droxy-5,6-dihydrouracil, or 5-hydroxyuracil the most 
frequent oxidation product [14]. While these findings are 
novel for RSV infection, other reports provide supportive 

Fig. 6. OGG1 promotes NFκB DNA occupancy in RSV-infected 
cells. a OGG1 and NFκB bound in close proximity within TSS-
adjacent promoter sequences. Mice were RSV-infected and treated 
as in legend to Fig. 5e. Chromatin were OGG1-Ab ChIP-ed, DNA 
isolated and recombinant RelA/NFκB was added then re-ChIP-ed 
by Ab to RelA/p65. Gray column, IgG; orange column, Ab to RelA/
NFκB. b Increased binding of RelA/NFκB to DNA probes contain-
ing 8-oxo(d)Gua. NEs isolated from RSV-infected OGG1 express-
ing hSAECs were mixed with DNA probes lacking (lanes 1,2) or 
containing 8-oxo(d)Gua (lanes 3,4) and subjected to EMSA. c 
TH5487 had no effect on (r)RelA/NFκB binding to 8-oxo(d)Gua-
containing DNA. Recombinant (r) p50 and p65 proteins were an-
nealed, mixed with 8-oxo(d)Gua-probe and EMSA was performed. 
d OGG1 inhibitor in NE decreased NFκB′ DNA occupancy on 

8-oxo(d)Gua containing probe. NEs were isolated from RSV-in-
fected hSAECs and mixed with 8-oxo(d)Gua-containing probe 
and EMSA performed. Right panels, graphical depiction of band 
intensities*. e Concentration dependent inhibition of OGG1 bind-
ing to 8-oxo(d)Gua containing DNA by TH5487. OGG1 was incu-
bated with probes at 4°C for 15 min and complexes were subjected 
to EMSA. f TH5487 but not O8 or TH2480 inhibits OGG1 DNA 
binding. OGG1 was incubated with inhibitors for 15 min at 4°C ± 
inhibitors, mixed with 8-oxo(d)Gua-probes then EMSA per-
formed. In (a) ***p < 0.001; **p < 0.01. Tnf, Ccl5, Ccl20, Cxcl10, Il6 
as in legend to Fig. 1. In (b, c, d, e, f), images were captured by us-
ing AmershamTM 680 Imager. ***p < 0.001; **p < 0.01. *Band in-
tensities were determined by using Image J v.5 (2 experiments with 
biological replicates).
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evidence for etiological link between increases in ROS 
levels, generation of 8-oxo(d)Gua in gene regulatory re-
gions and G-quadruplex(es)-containing DNA sequences 
after cytokine or LPS exposures of cells, or under hypox-
ic conditions, respectively [63–65].

RSV-induced expression of IIR genes at mRNA and 
protein levels were significantly altered when OGG1 
binding to genomic substrate was pharmacologically in-
hibited in lungs. Interestingly, out of the genes altered in 
response to RSV-infection, the OGG1 inhibitor, TH5487 
down-regulated sixteen, while expressions from ten genes 
were upregulated, implying uncharacterized roles of 
OGG1 in gene expression. Of note, although quantity and 
quality of the innate inflammatory mediators expressed 
in response to RSV infection are determinant of disease 
severity, viral clearance, adaptive immune responses, and 
lasting immunity (rev in [9, 66], here we discuss 
mechanism(s) by which DNA repair protein(s) regulate 
gene expression.

Under physiological conditions, OGG1 constitutes the 
frontline defense for the repair of 8-oxo(d)Gua (and 
Fapy(d)Gua) [13, 14]. In RSV-infected cells, 8-oxo(d)Gua 
was not removed from regulatory regions of genes inves-
tigated here, but OGG1 was enriched on them, as shown 
by ChIP-coupled qPCR. To further this observation, we 
found that cysteine residues in the OGG1 polypeptide 

were oxidized to sulfenic acid by ROS leading to loss of 
its glycosylase activity. These data are in line with results 
from previous studies showing that ROS and/or cysteine 
modifying agents reversibly suspended OGG1 glycosyl-
ase activity [47]. Similarly, cytokine- or LPS-induced ROS 
caused significant decreases in OGG1 repair activity via 
oxidation of its critical cysteine residues and it enriched 
in gene regulatory sequences both in cultured cells and 
lungs [29, 34, 46]. Due to ROS in RSV-infected cells, cys-
teine oxidation was a very-likely scenario; however, other 
post-translational modifications can’t be excluded. To 
further support the role of enzymatically inactive OGG1 
in gene expression, we show that K249Q OGG1 mutant 
that capable of scanning DNA, but remains tightly associ-
ated with chromatin for extended time periods upon 
8-oxo(d)Gua recognition [67] promoted expression of 
IIRs genes. In contrast, expression of OGG1(F319A) that 
has low affinity for 8-oxo(d)Gua [45] did not support in-
flammatory gene expression. Along with our data show-
ing cysteine-sulfenic acid containing OGG1 in RSV-in-
fected cells and importance of cysteine(s) in OGG1’ en-
zymatic activity, we propose that OGG1 modified at 
cysteine(s) is the primary driver of gene expression in 
oxidatively stressed cells.

Reports have shown that activation of NFκB by ROS 
signaling and by RSV infection-triggered signaling from 

Fig. 7. Inflammatory gene expression in 
RSV-infected cells is controlled by oxidative-
ly repurposed DNA repair protein OGG1 
bound to 8-oxo(d)Gua. In response to RSV 
infection, parallel overlapping signaling cas-
cades are activated by TLRs, NLRs, RIG-I, 
and ROS. Signaling through these receptors 
and ROS activate and induce nuclear trans-
location of transcription factors, as exempli-
fied here by NFκB. ROS also induce oxida-
tive modification of DNA bases, among 
which 8-oxo(d)Gua functions as an epige-
netic-like mark. The oxidatively disabled 
OGG1, stalled at 8-oxo(d)Gua, nucleates 
binding of transcription factors. OGG1S-OH, 
OGG1 cysteine sulfenic acid; 8-oxo(d)Gua, 
8-Oxo-7,8-dihydro-2′-deoxyguanosine; 
NOX, NADPH oxidases; RelA, viral-rel avi-
an reticuloendotheliosis viral oncogene ho-
molog A, NFκB subunit; p50, nuclear factor 
kappa-B DNA binding subunit; CXCLs, 
CCLs, C-X-C and C-C motif containing che-
mokines; ILs, interleukins, TNF, tumor ne-
crosis factor; IFNs, interferons; TLR, toll-like 
receptor; NLR, NOD-like receptor; RIG-I, 
retinoic acid-inducible gene-I-like receptor.
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cellular receptors/sensors was the primary transacting 
factor, which drove expression of innate inflammatory 
network (proinflammatory CXC, CC chemokines, and 
cytokines, type I and III interferons) [68, 69]. Specifically, 
NFκB bound to its cis-element recruits the positive tran-
scriptional elongation factor-b (a complex of cyclin de-
pendent kinase 9 and bromodomain containing protein 
4 [a pleiotropic chromatin remodeling complex that di-
rectly mediated transcriptional elongation of mRNAs 
and increased proinflammatory gene expression in RSV-
infected cells [6, 7, 30, 70, 71]. Our results, however, show 
that pharmacologically induced OGG1 deficiency, or its 
knockdown significantly decreased expression of inflam-
matory mediators that are primarily dependent on NFκB 
in RSV-infected lungs and in hSAECs. Lack of OGG1 had 
no effect on NFκB activation or nuclear translocation in-
dicating that OGG1 deficiency might have caused altered 
DNA occupancy of NFκB. Studies by ChIP assays indeed 
showed that lack of OGG1 lowered the level of NFκB 
bound to promoters and expression of IIR genes in RSV-
infected lungs and hSAECs. These observations are sup-
ported by electro mobility shift assays, showing increased 
NFκB binding to 8-oxo(d)Gua-containing DNA. Previ-
ous studies have shown that OGG1 bound to 8-oxo(d)
Gua in proximity of the NFκB-binding motif, increased 
binding of both homodimeric and heterodimeric NFκB 
over 10-fold compared to that of NFκB alone. The mech-
anism by which OGG1 increases NFκB binding is subject 
of speculation; however, we propose that OGG1-induced 
DNA architectural changes (bending/twisting DNA as 
part of DNA base excision repair [72]) allow the recogni-
tion of binding motif(s) in chromatin and lower the en-
ergy needed for NFκB binding [29]. The exact molecular 
nature of the interaction(s) between OGG1 and NFκB on 
the chromatin requires additional studies.

Pharmacologically induced OGG1 deficiency signifi-
cantly lowered both expression from IIR genes, inflam-
mation and clinical disease after RSV infection. Another 
chemically different small-molecule inhibitor (SU0268) 
that inhibit OGG1 substrate binding significantly de-
creased airway inflammation and improved survival of 
experimental animals after infection with Pseudomonas 
aeruginosa [73]. The common mechanism among vari-
ous models is that RSV, LPS-, TNFα-, or Pseudomonas 
challenge increase ROS levels in cells/lungs, consequent-
ly generate 8-oxo(d)Gua (epigenetic-like mark [64]) in 
gene promoters as well as enzymatically inactivate OGG1. 
In support, addition of O8 to RSV-infected cells increased 
expressions from IIR genes. Although molecular mecha-
nism of this phenomenon should be further investigated, 

our interpretation was that O8 did not inhibit OGG1 
binding, nor interaction with and nor insertion of 
8-oxo(d)Gua into the active site pocket or DNA bending, 
but inhibited glycosylase activity, which supported NFκB 
binding and consequent gene expression.

Overall, many mechanistic features of dysregulated in-
nate immune responses leading to morbidity and mortal-
ity of RSV infections are understood, but its management 
is still limited to supportive clinical care as there is no ef-
fective vaccine or pharmaceuticals for prevention or in-
tervention. Thus, there remains a critical need to further 
characterize pathways including those generated by oxi-
dative stress to develop effective therapeutic measures to 
improve outcome of RSV infection. Our study has identi-
fied an unprecedented interface among oxidative DNA 
base damage, initial steps in OGG1-initiated DNA BER, 
DNA occupancy of transcription factor(s) and RSV-in-
duced IIRs (Fig. 7). Pharmacological inhibition of OGG1 
substrate binding, OGG1 silencing and its knockdown 
significantly decreased IIRs and accelerated recovery of 
infected experimental animals after RSV infection. Im-
portantly, our findings are substantiated by the effective-
ness of the nontoxic OGG1 inhibitor – a small molecule 
with nanomolar binding affinity to OGG1, which could 
have clinical utility to decrease RSV-induced exuberant 
inflammatory responses in humans.
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