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Purpose: Reactive oxygen species (ROS) are an important part of the inflammatory response during infection but can also promote
DNA damage. Due to the sustained inflammation in severe Covid-19, we hypothesized that hospitalized Covid-19 patients would be
characterized by increased levels of oxidative DNA damage and dysregulation of the DNA repair machinery.

Patients and Methods: Levels of the oxidative DNA lesion 8-0xoG and levels of base excision repair (BER) proteins were
measured in peripheral blood mononuclear cells (PBMC) from patients (8-0x0G, n = 22; BER, n = 17) and healthy controls (n = 10)
(Cohort 1). Gene expression related to DNA repair was investigated in two independent cohorts of hospitalized Covid-19 patients
(Cohort 1; 15 patents and 5 controls, Cohort 2; 15 patients and 6 controls), and by publicly available datasets.

Results: Patients and healthy controls showed comparable amounts of oxidative DNA damage as assessed by 8-0xoG while levels of
several BER proteins were increased in Covid-19 patients, indicating enhanced DNA repair in acute Covid-19 disease. Furthermore,
gene expression analysis demonstrated regulation of genes involved in BER and double strand break repair (DSBR) in PBMC of
Covid-19 patients and expression level of several DSBR genes correlated with the degree of respiratory failure. Finally, by re-
analyzing publicly available data, we found that the pathway Hallmark DNA repair was significantly more regulated in circulating
immune cells during Covid-19 compared to influenza virus infection, bacterial pneumonia or acute respiratory infection due to
seasonal coronavirus.

Conclusion: Although beneficial by protecting against DNA damage, long-term activation of the DNA repair machinery could also
contribute to persistent inflammation, potentially through mechanisms such as the induction of cellular senescence. However, further
studies that also include measurements of additional markers of DNA damage are required to determine the role and precise molecular
mechanisms for DNA repair in SARS-CoV-2 infection.
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Introduction

Reactive oxygen species (ROS) are produced during inflammation to combat pathogens and to stimulate tissue
regeneration. However, sustained inflammation and ROS production will also damage DNA.' The DNA damage
response is tightly linked to immune regulation, and persistent DNA damage triggers senescence-associated inflamma-
tory cytokine secretion, creating a positive feedback loop.>™* Moreover, if inflammation-induced DNA damage is not
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followed by DNA repair, the result will be DNA damage accumulation and genome instability which over time can have
severe pathogenic consequences for the host. Numerous review articles discuss the relevance of oxidative stress and
DNA damage linked to inflammation in Covid-19,”° but only one study has reported the level of extracellular oxidative
RNA/DNA damage to be associated with mortality of Covid-19 patients.'® Furthermore, data on intracellular oxidative
DNA damage and in particular DNA repair mechanisms in clinical samples during Covid-19 infection are scarce or
lacking.

Covid-19 is caused by SARS-CoV-2, a virus first detected in Wuhan 2019, which rapidly spread across the globe.
Most infected individuals experience mild or moderate respiratory tract symptoms, but some develop severe respiratory
failure with the need of hospitalization and in the most severe cases treatment at an intensive care unit (ICU)."" To date,
several studies have shown that an attenuated anti-viral immune response involving various interferons is associated with
disease severity particularly in the initial phase of the disease, accompanied and followed by a marked and sustained
inflammation.'> However, the pathogenesis of severe Covid-19 disease is far from completely understood, and the
identification of the disease mediators, especially at the molecular level, is a prerequisite for the development of novel
treatment options in this complex disorder.

DNA is constantly exposed to damage, and to ensure genome stability the cells contain several DNA repair
mechanisms to detect and repair these damages. Among several cellular DNA damage response pathways, base excision
repair (BER) is the major pathway for repair of oxidative DNA lesions. The lesions are recognized and excised by DNA
glycosylases generating an abasic site that is further processed by short-patch or long-patch BER, leaving the DNA
strand repaired and intact.'?

Unrepaired, abasic sites may spontaneously yield strand breaks, which if proximal to a strand break on the opposite
DNA strand can generate a double-strand break (DSB). The risk of DSB increases during gene transcription, thus
activated cells with high transcription rates are more prone to DSBs.'*!> DSBs are a great threat to genome stability by
increasing the risk of chromosome rearrangements, and thus disrupting gene structure and function. Therefore, DSB
accumulation is detrimental to the cell and DBSs are considered the most severe form of DNA damage. To avoid such
harmful events, the cells have developed multiple pathways consisting of separate steps and proteins that if activated can
repair DSB.'°

Due to the sustained inflammation in patients with moderate to severe Covid-19, we hypothesize that these patients
would be characterized by altered oxidative DNA damage and dysregulation of the DNA repair machinery. To test this
hypothesis, we examined these parameters in peripheral blood mononuclear cells (PBMC) in a cohort of Norwegian
hospitalized Covid-19 patients with various degree of disease severity,'’ as well as reanalyzing and extending RNA
sequencing data from the same and an additional Norwegian COVID-19 cohort. By using publicly available RNA
sequencing data, we investigated Covid-19-related DNA repair gene expression in various types of blood cells. Finally,
we also used publicly available RNA sequencing data to compare DNA repair responses in Covid-19 patients to
responses in patients with other acute airways infections (ie, seasonal coronavirus, influenza virus and bacterial
pneumonia).

Materials and Methods
Study Design and Participants

Study participants in Cohort I were recruited from a prospective cohort study of hospitalized adult patients (=18 years
old) with Covid-19 (Norwegian SARS-CoV-2 study; NCT04381819), described elsewhere.'” Briefly, 22 patients with
confirmed COVID-19 by a positive SARS-CoV-2 PCR targeting the E-gene on oropharyngeal and nasopharyngeal
specimens were consecutively recruited from Oslo University Hospital, Norway, between March 9th and June 12th 2020.
Peripheral blood was collected within eight days of admission. PO,/FIO, (P/F) ratio was measured concurrently (median
41.5, 8-58). Median age at admission was 54 years (30-87), 7 (36%) were females and 11 (68%) Caucasian. Median
symptom duration upon sampling was 13 days (range 4-48). Seven (32%) were smokers or former smokers, 6 (28%) had
chronic pulmonary disease, 9 (41%) had hypertension, 5 (23%) had chronic heart disease and 1 (5%) had diabetes
mellitus. None of the patients were treated with dexamethasone or other specific treatment for Covid-19.
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Study participants in Cohort 2 were recruited from an independent add-on study to the WHO Solidarity Trial (The Nor
Solidarity Trial, NCT04321616), a multicenter, open-label, adaptive randomized controlled trial evaluating the effect of
antiviral agents (hydroxychloroquine and remdesivir) as described elsewhere.'® Eligible patients consisted of adults (>18
years old), with positive PCR confirmed SARS-CoV-2 infection. In brief, from a subpopulation of the cohort (n = 15),
peripheral blood was sampled on the day of inclusion (from June to October 2020), and PBMC was isolated. The median age
at admission was 56 years (42—87), and 11 were men (74%). Blood samples were taken before any anti-viral treatment and
none were receiving Dexamethasone. In both cohorts, patients with severe co-morbidities such as cancer were not included.

Gender, age and ethnicity matched healthy controls, without any known disease and no current or previous known
Covid-19 disease or detectable plasma antibodies for SARS-CoV-2, were recruited from the general population.

PBMC Isolation and Handling

Peripheral blood was collected in BD CPT™ Cell Preparation Tube containing sodium heparin, mixed by inverting the
tube 8 times and centrifuged (1650 G,15 minutes, RT). The layer containing PBMC was transferred to falcon tubes and
washed twice in PBS followed by centrifugation (300 G, 15 minutes, RT). For Cohort 1, cells were then resuspended in
I mL RPMI containing 50/ fetal calf serum (FCS) and placed on ice. FCS containing 20% DMSO were added drop-vise
(50 pL x 20 in 3 sec intervals). PBMC was placed in a freezing container and stored in DMSO at —150°C until thawed
for RNA, DNA and protein isolation. The cells were thawed in a water bath at 37°C, before one volume of pre-warmed
complete RPMI 1640 (10% FCS, penicillin, streptomycin, glutamine) was added dropwise. The volume was adjusted to
10 mL, and the cells were spun down and resuspended in complete RPMI media. The cells rested for 2 h in a 37°C
incubator with 5% CO,. For Cohort 2, PBMC was pelleted by centrifugation (500 G, 15 min, 4°C). After the supernatant
was removed, samples were snap frozen and stored at —80°C until RNA extraction.

Isolation of RNA, DNA and Protein for Cohort |

The thawed PBMC were spun down, and total RNA and DNA was isolated under RNase-free conditions using Allprep DNA/
RNA/Protein Mini Kit (Qiagen) following the manufacturer’s instruction. This kit allows simultaneous purification of
genomic DNA, total RNA and protein from the same cell pellet. Briefly, the lysed samples are loaded on DNA columns
for column-based DNA isolation. The flow through is used for column-based RNA isolation, and the remaining flow through
depleted of RNA and DNA is used for protein isolation with the APP protein precipitation buffer. RNA and DNA
concentration and purity based on the 260/230 and 260/280 ratios were determined by spectrophotometer absorbance
(NanoDrop ND-1000, Thermo Fisher Scientific). Isolated RNA and DNA were stored at —80°C for further analyses. The
protein fraction was stored at —80°C for later isolation before the samples were thawed on ice and protein was precipitated
according to manufacturer’s instructions, except for keeping the protein as a dry pellet for targeted mass spectrometry analysis.

Isolation of RNA for Cohort 2

Total RNA was isolated from PBMC with miRNeasy Kit (Qiagen, Cat. No. / ID: 217004), according to manufactures
instruction. To increase yield, isopropanol was added to the RLT lysis buffer, per the manufacturer’s recommendation. In
brief, RNA was separated from the DNA and protein fraction by phase separation. The aqueous phase (top layer) contains
RNA loaded on RNA columns for column-based RNA isolation. Meanwhile, the DNA interphase and organic phase
(protein and lipids) were stored for later use. After isolation, RNA concentration and purity were determined by
spectrophotometer absorbance (NanoDrop ND-1000, Thermo Fisher Scientific), based on their 260/230 and 260/280
ratios. Isolated RNA was then stored at —80°C until further analysis.

Liquid Chromatography with Tandem Mass Spectrometry (LC-MS/MS) Analysis of
8-Oxoguanine in Genomic DNA
DNA 8-0x0G levels were measured as previously described.'” Briefly, genomic DNA was enzymatically hydrolyzed to

deoxyribonucleotides (using benzonase, nuclease P1, and alkaline phosphatase), acetonitrile precipitated, and measured
by reverse phase LC-MS/MS (Agilent 1260 HPLC coupled to a 4670 triple quadruple).
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Targeted Mass Spectrometry of BER Proteins

Protein pellets obtained using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen) were resuspended in 8M urea, 30 mM
Tris pH 8.0, 4% CHAPS containing 5 mM TCEP and incubated for 1 hour at room temperature. 20 pg protein was
alkylated with iodoacetamide (1 pumol/mg protein) for 30 min in the dark, followed by precipitation via methanol-
chloroform®® and overnight Trypsin (Thermo Scientific) digestion in 50 mM NH,HCO; at 1:50 ratio (w/w, enzyme:
protein) at 37 °C in a shaker. Samples were dried, resuspended in 40 pL formic acid and centrifuged for 10 minutes at
max. speed (16000 g). 20 pL samples were transferred to HPLC vials and a pool of synthetic peptides (4 fmol/uL)
containing heavy labeled Lysine (+8) or Arginine (+10) (PEPotec SRM Grade 2 Peptides, Thermo scientific) was spiked
into the samples.

Parallel reaction monitoring (PRM)-based targeted mass spectrometry methods were designed, analyzed, and
processed using Skyline software version 21.1.0.278.2' Peptide standards and samples were separated using an EASY-
nLC 1200 UHPLC system (Thermo Scientific) using columns and set up described in (3). The following 180 min method
was used at 300 nl/min flow rate: starting with 2% buffer B (80% Acetonitrile, 0.1% Formic acid) with an increase to
30% buffer B in 150 min, followed by an increase to 100% Buffer B over 15 min, where it was subsequently held for 15
min. Buffer A consisted of 0.1% Formic acid. The peptides eluting from the column were analyzed on a Thermo
Scientific Q Exactive HF mass spectrometer operating in PRM mode using the instrument settings described in.*?

Peptide areas for multiple peptides of the same protein were summed to assign relative protein abundance.
Endogenous B-actin levels were used for data normalization. Values of relative abundance of each protein in samples
belonging to the same group (Control or Patient) were averaged. The error bars represent standard deviation of biological
replicates. P-values were calculated based on Student’s t-tests driven by mean difference of the log2 space values. Highly
significant values representing p-value <0.01 when compared with Control group are indicated by asterisks (**), and (*)
indicates p-value <0.05. Statistics and graphs where prepared by GraphPad Prism 8.3.0. A minimum of 2 peptides per
protein was used for quantification, except for MUTYH, where only one peptide was detectable due to low levels of this
protein. UNG/UNG?2, TDG, OGG1 and NEIL1 were targeted, but not detected. A list of peptides used for quantification
is provided in Supplemental File 1. Five patient samples were excluded due to lack of material or sample quality.

RNA Sequencing and Analysis of Data
For Cohort 1, the RNA was sequenced with 2x150 bp flow cell on the Illumina-NovaSeq 6000 platform (OGC, Oxford,
UK) at the Norwegian Sequencing Centre, Oslo, Norway. For Cohort 2 the isolated RNA was sent to Novogene (UK)
Company Limited, for stranded library preparation and sequencing on the Illumina platform. The fastp software (v0.20.1)
was used to remove contaminated adapters and low-quality reads with Phred score below 30 in the pair-end 150 bp raw
sequencing files.”> Mapping of filtered reads to the human transcriptome (Gencode Human Release H37) was performed
with Salmon (v1.5.2) with 200 bootstrap iterations.>**> To obtain the differentially expressed transcripts (DETs), the
Salmon outputs were imported into DESeq2 (v1.32.0) via tximport (v.1.20.0).2%*7 Only the protein coding transcripts
(p < 0.05) were selected and uploaded to Metascape for gene functional enrichment analysis.*®

To examine the correlation between the gene expression and P/F ratio, the Pearson correlation coefficient was
calculated between natural log transformed normalized transcript counts and p/f ratio by using Hmisc R package
(v4.6). Significantly correlated protein coding transcripts (p < 0.02, correlation coefficient > +£0.6) were uploaded to
Metascape for gene functional enrichment analysis. Network plot was generated by Cytoscape. GraphPad Prism 8.3.0
was used for additional statistics and presentation of genes involved in mismatch repair (MMR), nucleotide excision
repair (NER), BER and DSBR.

Expression of DNA Repair Genes in Publicly Available Datasets

To examine the DNA repair gene expression profile of different cell types in Covid patients and healthy controls, we
download the single cell sequencing dataset GSE174072.%° All genes in each single cell were normalized to CPM (counts
per million mapped reads) and the average CPM of interested genes in each person was calculated. Then individual’s
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CPM were calculated into average CPM for the Covid patient group and for the healthy control group. Finally, the
averaged CPM were natural log transformed and presented in heatmaps as z-score (pheatmap R package (v1.0.12)).
RNA sequencing data from CD4 T cells were downloaded (GSE1794478)*° and from raw counts differently expressed
genes (DEGs) were obtained by DESeq2 (v1.32.0).%° Enrichment analysis including DEGs were performed by Metascape.
DEGs belonging to the pathway DNA repair (GO:0006281) and/or Reactome pathway DNA repair (R-HSA- 5693532) were
merged in separate heatmaps representing gene expression in conventional T cells (CD4'CD25") and regulatory T cells
(CD4'CD25ME"CD127'°%) as defined by the authors of the original data.*® To examine DNA repair gene expression profiles
in the periphery between COVID-19 and other lower lung infections, the public whole-blood RNA sequencing dataset
GSE161731 was downloaded.>’ From this dataset, Covid-19 patients (6 female, 9 male, median age 33 [20-89]) with
symptom duration <10 days (5 hospitalized and 10 non-hospitalized) were compared to patients hospitalized for acute
respiratory infection due to seasonal coronavirus (24 female, 16 male, 15 unknown sex, mean age 18 [18-59]), influenza (8
female, 9 male, median age 18 [0-51]), or bacterial pneumonia (14 female, 10 male, mean age 64 [33—85]). Normalized gene
expression was obtained from the raw counts by DESeq2 (v1.36.0). Gene Enrichment Analysis (GSEA®?) was performed
with the Molecular signatures database (MSigDB, v.7.5.1) on the curated Hallmark (H) gene set.>* In contrast to in house

data, all publicly available datasets were analysed at gene level.

Results
Base Excision Repair is Upregulated in PBMC from Hospitalized Covid-19 Patients

Enhanced inflammation, a well-known feature of severe Covid-19, may induce accumulation of DNA damage through
increased production of ROS. Therefore, we first examined the levels of in vivo oxidative DNA damage in hospitalized
Covid-19 patients (Cohort I). 8-Oxoguanine (8-0xoG) was measured by liquid chromatography tandem mass spectro-
metry (LC-MS/MS) in DNA extracted from immune cells (PBMC) collected from hospitalized Covid-19 patients (n =
22, 14 sampled day 1 and 7 sampled day 68 after hospitalization) and non-infected healthy controls (n = 10). Notably,
8-0x0G levels from these Covid-19 patients did not differ from levels measured in healthy controls (Figure 1A).
Moreover, there was no correlation between 8-0xoG levels and the degree of respiratory failure as assessed by P/
F-ratio where low P/F ratio characterize those with the most severe degree of respiratory failure (Figure 1B). Moreover,
no significant correlations were found between 8-0xoG levels and other clinical (ie, time since symptom onset, age and
co-morbidities as assessed by the Charlson Comorbidity Index**) and inflammatory (ie, C-reactive protein (CRP), ferritin
and number of leukocytes, neutrophils, monocytes and lymphocytes) markers (Table S1).

To examine how the DNA repair machinery responded in hospitalized Covid-19, we performed a targeted proteomic
analysis of central BER proteins in PBMC isolated from the same cohort of hospitalized Covid-19 patients (Cohort 1; n =
18, 12 day 1-3 and 6 day 6-8 after hospitalization) and non-infected healthy controls (n = 10). Higher levels of several
BER proteins were detected in hospitalized Covid-19 patients, but not all components to a significant level as compared
with controls (Figure 1C). Among the DNA glycosylases, the levels of Nth like DNA glycosylase 1 (NTHLI),
N-methylpurine  DNA glycosylase (MPG), Single-strand-selective monofunctional uracil-DNA glycosylase 1
(SMUGI) and Methyl-CpG binding domain 4, DNA glycosylase (MBD4) were significantly higher in Covid-19 patients
compared to controls. AP endonuclease 1 (APE1) and X-ray repair cross complementing 1 (XRCC1), which promote
short patch repair, and DNA polymerase delta 1 (POLD1), flap structure-specific endonuclease 1 (FEN1) and DNA ligase
1 (LIG1), involved in long patch repair, were also significantly increased in hospitalized Covid-19 patients compared to
non-infected healthy controls. The 8-0xoG DNA glycosylase, OGG1, was below detection level in all patient samples.
UNG/UNG?2, TDG, and NEIL1, all DNA glycosylases of the BER pathway, were also targeted, but not detected. Again,
no correlation was found between BER proteins MPG, APE1 or LIG1 levels and clinical (ie, time since symptom onset,
age and co-morbidities) and inflammatory (ie, CRP, ferritin and number of leukocytes, neutrophils, monocytes and
lymphocytes) markers (Table S2).
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Figure | Base excision repair proteins are upregulated in PBMC from hospitalized Covid-19 patients. (A) Levels of 8-oxoG in DNA extracted from PBMC obtained from
hospitalized Covid-19 patients (n = 22) and healthy controls (n = I1). 8-oxoG was measured by liquid chromatography with tandem mass spectrometry (LC-MS/MS). (B)
Relationship between 8-oxoG levels and the degree of respiratory failure as assessed by pO2/FiO2-(P/F-ratio) where low P/F ratio characterize those with the most severe
degree of respiratory failure. Correlation analysis by Pearson correlation coefficient. (C) Comparison of relative BER protein abundances measured by targeted MS. The
error bar shows the standard deviation of measured peak area in samples from each group (control or patient). Endogenous B-actin levels were used for data normalization.
A list of peptides used for quantification is provided in Supplemental File I. Student’s t test, *p < 0.05, **p < 0.001. Values are shown as mean = SEM. PBMC; peripheral blood
mononuclear cells, BER; base excision repair. lllustration created with BioRender.com. Related to Figure S2.

Enrichment Analyses Support Regulation of DNA Repair in PBMC from Hospitalized

Covid-19 Patients
To explore the regulation of other DNA repair pathways during SARS-CoV-2 infection, we reanalyzed published RNA

sequencing data from the same study cohort (Cohort 1)."” Protein coding transcripts regulated in hospitalized Covid-19
patients compared to non-infected controls (2150 transcripts) were included in enrichment analysis. The top 15 enriched
gene ontology (GO) terms and Reactome pathways (R-HSA) are presented in Figure 2A. In addition to “Cellular
response to DNA damage stimulus”, several of the top 15 terms and pathways are closely linked to DNA repair and DNA
damage responses, for example “Mitotic cell cycle process” and “Transcriptional regulation by RUNX1”. Each of these
15 terms/pathways represent groups of enriched terms/pathways sharing many common genes (Supplemental File 2) and
Figure 2B presents selected terms and pathways found in our material that relates to stress-induced DNA damage
responses. Among these were “DNA repair” (GO) and “DNA Repair” (R-HSA), and their regulated transcripts are
presented in Figure 2C. As illustrated in the figure, some of the DNA repair genes could further be linked to BER while
the majority were linked to double strand break repair (DSBR) or both. These results were further replicated in another
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(GO:0006281) and Reactome pathway DNA repair (R-HSA- 5693532). For genes with multiple transcripts, the number of DETs corresponding to each gene is marked by
the number brackets. Genes linked to functional terms; Base excision repair (GO:0006284), Base Excision Repair (R-HSA-73884), DNA Double-Strand Break Repair
(R-HSA-693532) or Double-strand break repair (GO:0006302), are listed in circles (down-regulated in blue and up-regulated in pink). PBMC; peripheral blood mononuclear

cells. lllustration created with BioRender.com. Related to Figure SI.
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cohort of 15 hospitalized Covid-19 patients compared to 6 healthy controls (Cohort 2; Figure S1). Similar as for Cohort
1, both the GO term and Reactome pathway “DNA Repair” were significantly enriched when including protein coding
transcripts regulated in hospitalized Covid-19 patients in the analysis. Many of these DNA repair genes could, also here,
be linked to BER and DSBR. Regulation of BER protein coding transcripts in Cohort 1 was comparable to BER protein
levels found for Cohort 2 (Figures 1C and S2).

DNA Repair Gene Expression Correlates to Disease Severity

As seen in Figure 2C (Cohort 1), gene expression levels in four patient samples clustered together with healthy controls.
Within this cohort, these patients had the highest P/F-ratio values (all above 50 kPa), indicating normal respiratory
function. Next, we therefore sought to explore if expression of DNA repair genes was associated with P/F-ratio within the
Covid-19 cohort. Pearson correlation analysis was performed to detect association between protein coding transcripts and
the degree of respiratory failure as assessed by P/F ratio. By this, we detected 2065 protein coding transcripts
significantly correlating to P/F ratio (p < 0.02, >0.6). Gene enrichment analysis showed enrichment of several terms
and pathways closely linked to DNA repair and DNA damage responses as “Cellular response to DNA damage stimulus”
and “Oxidative stress induced senescence” (Supplemental File 3). “DNA repair” (GO) was also significantly enriched,
and as the Network plot illustrates (Figure 3A), the majority of the transcripts were positively correlated to P/F-ratio (eg,
Nei like DNA Glycosylase 2 (NEIL2), ATM serine/threonine kinase (ATM), RPA-related protein RADX and Sirtuin 1
(SIRT1I)), ie, low RNA expression in patients with the most severe degree of respiratory failure. Twenty out of 69 were
negatively correlated to P/F ratio (eg, DNA polymerase epsilon 2, accessory subunit (POLE2), Poly(ADP-ribose)
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Figure 3 DNA repair gene expression correlates to disease severity. (A) Network plot showing transcripts correlating to P/F-ratio and enriched in DNA repair
(GO:0006281). Pearson correlation analysis (p < 0.02, r>+0.6). Genes linked to functional terms; Base excision repair (GO:0006284), Base Excision Repair (R-HSA-
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polymerase 2 (PARP2), and Nudix hydrolase 1 (NUDT1)), thus high RNA levels in those with the most severe degree of
respiratory failure. Although several of these genes have roles in DSBR, several DNA repair pathways were represented
among the correlated transcripts. As examples, correlation plots are shown for MutL Homolog 3 (MLH3), MMR; General
transcription factor IIH subunit 5 (GTF2H5), NER; NEIL2, BER and ATM, DSBR in Figure 3B.

Cell Type Specific Regulation of DNA Repair Genes

To exhibit the regulation of DNA repair genes in different immune cell types, we extracted gene expression profiles from
previous published single cell RNA sequencing data analyzing PBMC from hospitalized Covid-19 patients (n = 7) and
healthy controls (n = 5) (GSE174072).%° From these data we generated heatmaps presenting genes involved in BER
(Figure 4A) and DSBR (Figure 4B). These data further suggest regulation of DNA repair genes in Covid-19 patients
compared with healthy controls. These data also show that the regulation of DNA repair genes in Covid-19 patients to
some degree depend on cell type, where the highest degree of gene regulation was observed in CD4 "T-cells, y5 T-cells,
class switched B-cells and IgA and IgG plasma cells. Conveniently, RNA sequencing of CD4'T cells from Covid-19
patients has previously been performed by Galvan-Pefia and colleagues.®® Reanalyzing of their publicly available dataset
(GSE179448) show indeed that DNA repair genes are enriched in both CD4"CD25™ conventional T cells (R-HSA-73894
DNA Repair; Log q-value= —2395, 33/335 terms/list) and CD4 CD25™€"CD 127" regulatory T cells (GO:00062 DNA
Repair; Log g-value = —11.003, 52/469 terms/list) (Supplemental File 4). Confirming cell type differences in regulation

of these genes, DNA repair gene regulation for the two CD4 T cell populations is shown in Figure 5.

Gene Regulation of DNA Repair Genes is Significantly Upregulated in Hospitalized

Covid-19 Compared to Patients Hospitalized with Other Lower Airway Infections

In theory, the altered gene regulation of DNA repair genes seen here could be a hallmark of airway infection in general,
and not a Covid-19 specific trait. Therefore, we finally sought to examine the regulation of DNA repair genes during
infection caused by Sars-CoV-2 compared to other causes of lower airway infections. Wang and colleagues have made
a blood atlas that includes RNA-sequencing data of whole blood from healthy controls and patients with Covid-19 (n =
15), acute respiratory infection due to seasonal coronavirus (n = 51), influenza virus (n = 17) or bacterial pneumonia (n =
24,3135 (Dataset GSE161731). By Gene Set Enrichment Analysis (GSEA), we performed three comparisons of gene
expression; (1) Covid-19 vs bacterial pneumonia, (2) Covid-19 vs acute respiratory infection due to seasonal coronavirus
and (3) Covid-19 vs Influenza. As shown in Figure 6A, the pathway Hallmark DNA repair was significantly more
activated in immune cells during Covid-19 compared to other infections. Figure 6B shows expression levels (ie, fold
change) of a selection of DNA repair genes in Covid-19 compared to these other infectious diseases. Several of these
genes show the same expression pattern as when comparing Covid-19 with healthy controls (although not all were
regulated at a significant level), for example the BER genes MPG, POLD1, LIG1 and FENI. These data, however, must
be interpreted with some caution. Thus, it seems that the Covid-19 patients had in general less severe disease (5 of 15
hospitalized) than other patient groups (all hospitalized). Moreover, although age may influence the levels of DNA repair
mechanisms,*® Covid-19 patients were both older (seasonal corona and influenza) and younger (bacterial pneumonia)
than the other disease categories (see Methods).

Discussion

In the present study, we show that although severe Covid-19 are known to be characterized by enhanced inflammation
and oxidative stress, hospitalized Covid-19 patients did not accumulate 8-0xoG compared to non-infected healthy
controls. We did, however, observe a marked regulation of the DNA repair system in these patients with increased
levels of several BER enzymes. In addition to BER genes, genes involved in DSBR were also significantly regulated in
hospitalized Covid-19, as shown by gene expression analysis. Furthermore, several BER and DSBR-genes correlated
with the degree of respiratory failure. Overall, our data show activation of the DNA repair machinery in immune cells of
hospitalized Covid-19 patients, and this activation seems to be more prominent for Covid-19 than for other common
lower airway infections. Although beneficial by protecting against DNA damage, these responses could also potentially
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Figure 4 Cellular expression of DNA repair genes in hospitalized Covid-19 patients. Heatmaps generated from publicly available single cell RNA sequencing data
(GSE174072) showing genes involved in (A) Base excision repair and (B) Double strand break repair. Hospitalized Covid-19 (n = 7), healthy controls (n = 6).

contribute to persistent inflammation through mechanisms such as the induction of cellular senescence. Our data,
however, should be interpreted with caution and confirmed in other larger studies that also include measurements of
additional markers for DNA damage.

One in vitro study in primary mouse embryonic fibroblasts showed that hydroxychloroquine, a medication admini-
strated to Covid-19 patients in some countries during 2020, but of none in the present study, induced increased 8-0xoG
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Figure 5 CD4 T cell expression of DNA repair genes in hospitalized Covid-19. Heatmaps generated from publicly available RNA sequencing data (GSE1794478) showing
DNA repair genes significantly regulated in CD4 T cells from hospitalized Covid-19 patients compared to control. CD4"CD25™ cells were defined as (A) conventional
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(GO:0006281) and/or Reactome pathway DNA repair (R-HSA- 5693532). Genes affiliated to functional terms; Base excision repair (GO:0006284), Base Excision Repair
(R-HSA-73884), DNA Double-Strand Break Repair (R-HSA-693532) or Double-strand break repair (GO:0006302), are listed in circles (down-regulated in blue and up-
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Figure 6 The Hallmark pathway DNA repair is significantly more regulated in immune cells during Covid-19 compared to other lower airway infections. Data are obtained
by reanalyzing publicly available data (GSE161731); RNA sequencing of whole blood from patients with Covid-19 (n = 15), lower airway infection due to seasonal coronavirus
(n = 51), influenza (n = 17) or bacterial pneumonia (n = 24). (A) Gene Set Enrichment Analysis (GSEA, v.7.4MSigDB) comparing gene expression related to the pathway
Hallmark of DNA Repair in; (1) Covid-19 vs bacterial pneumonia, (2) Covid-19 vs acute respiratory infection due to seasonal coronavirus and (3) Covid-19 vs Influenza. (B)
Expression levels (log2[FoldChange]) of selected base excision repair (BER) genes and double strand break repair (DSBR) genes in Covid-19 compared to other infections.
All selected genes are significantly regulated in Covid-19 vs healthy controls for cohort! and/or cohort2 and/or CD4 T cells. Student’s t test, *p < 0.05.

levels in cellular DNA.*” It has also been reported that RNA vaccine against SARS-CoV-2 induced transient increase in
DNA damage in PBMC.*® However, to the best of our knowledge, this is the first report on genomic 8-0xoG levels and
DNA repair capacity in hospitalized Covid-19 patients. Increased levels of serum oxidative RNA/DNA damage were
recently shown to be associated with mortality of Covid-19 patients,'® implying higher ROS production in the severely ill
patients. Surprisingly, we found that 8-0xoG levels in immune cells from hospitalized Covid-19 patients were compar-
able to levels in healthy controls, even in patients with the most severe disease. This could reflect increased DNA repair
capacity as the Covid-19 patients showed increased protein levels of several DNA glycosylases initiating BER, including
the glycosylase; MPG (recognizing alkylation lesions), SMUG] (uracil residues) and MBD4 (G:T mismatches). In line
with an increased repair capacity, expression levels of NUDT1 were increased in Covid-19 patients compared to healthy
controls and NUDT1 expression correlated to the degree of respiratory failure. The protein encoded by this gene is an
enzyme that neutralizes oxidized nucleotides and thereby prevents incorporation of damaged bases into DNA.** Thus,
high levels of NUDT]1 are indicative of ROS-induced activation of the DNA repair machinery in hospitalized Covid-19
patients.

These findings contrast with our earlier studies on other infectious diseases involving cytomegalovirus (CMV) or HIV
infection.***! Here, CMV-infected fibroblasts showed declined DNA glycosylase activity in removal of oxidized and
alkylated bases.*' Moreover, CD4" T cells from HIV-infected patients showed increased levels of 8-0x0G accompanied
by marked decline in DNA glycosylase activity for repair of oxidative lesions.*” On the other hand, the DNA damage
response and DNA repair signaling were shown to be activated by the coronavirus infectious bronchitis virus [15]. It is
possible that difference could reflect different regulation of these pathways in chronic infection such as HIV and CMV
infection as compared with acute infection such as seen in hospitalized Covid-19 patients. Thus, data on these variables
in patients suffering from long-Covid symptoms would be of major interest.

Our data may seem in contrast to the study by Mihaljevic et al, who found enhanced levels of DNA damage,
correlated to the degree of inflammation in hospitalized Covid-19 patients.*> The reasons for these apparent discrepancies
are not clear but could at least partly reflect differences in the methodology. Thus, Mihaljevic et al used the comet assay
with denaturation gel to measure DNA damage, detecting both single- and double strand breaks, and notably, also the
present study shows dysregulation of genes involved in DSBR. There are also some differences in the characteristics of
the two study populations such as the use of corticosteroid that was not used of any patients in the present study, whereas
Mihaljevic et al found a positive correlation between the use of such medications and the degree of DNA damage.*?
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Transcriptome regulation in immune cells is a dynamic process in order to adapt the immune response to alterations
of infection state, and RNA sequencing data reflect a snapshot at the specific time of cell harvest. Therefore, rather than
looking at regulation of specific transcripts, it is valuable to take into account the alteration of the biological pathways.
We do see a consistent enrichment of DNA repair pathways in cohort 1, cohort 2 and in CD4 T-cells, although the
regulated genes vary between cohorts. In both PBMC and CD4 T cells, several of the differentially expressed DNA repair
genes had roles in DSBR, as assessed by their affiliation to the GO term and/or Reactome pathway DSBR. Although
many of these genes may be involved in repair of multiple forms of DNA damage (eg, poly(ADP-ribose) polymerase 1
PARP1),* the level of strand breaks (single and DBSs) and the activation of DNA damage responses would be valuable
to have investigated further.

Whereas enhanced DNA repair mechanism may protect against DNA damage, increased long-term activation of DNA
repair responses could, if not resolved, induce cellular senescence and persistent inflammation.>* Interestingly, Lee and
colleagues have showed that SARS-Cov-2 evokes cellular senescence as a primary stress response in infected cells,
accompanied by a senescence-associated secretory phenotype.** We find in our RNA datasets that several pathways related
to cellular senescence are significantly enriched. In line with this, we have for Cohort 2 included in this study, recently
reported an association for the senescence markers chitotriosidase and stathmin 1 (plasma) and cyclin-dependent kinase
inhibitor 2A (PBMC) with pulmonary pathology in these patients three months after hospitalization with COVID-19,*
illustrating the potential for these pathways in long-term pathology in Covid-19 disease.

At present, the mechanisms for SARS-CoV-2-related dysregulation of DNA damage and repair are not clear. DNA
repair proteins, including proteins of BER and DSBR, are involved in multiple cellular processes beyond canonical DNA

47 . . .4 . . 48
7 immune class switching®’ and chromatin remodeling.*® In the

repair, including cell cycle regulation,*® inflammation,*
present study, we found that the term “Cell cycle” gets the highest score in gene enrichment analyses when included
protein coding transcripts regulated in Covid-19 patients. A recent review suggested that SARS-CoV2 induces S-phase
cell cycle arrest by promoting replication fork stress, possibly through its virus protein nsp13 which is known to interfere
with DNA polymerase & (POLD).* We do not know how POLD functions in Covid-19 patients based, but we do
however observe an increase of POLDI1 protein levels in PBMC and upregulation of POLD3 in regulatory T cells.
However, cell cycle regulators do also have important immunomodulatory roles in, for example, interferon signaling and
T cell activation.”® In line with this, we have recently suggested that persistent activation of check-point inhibitors may
predispose to cellular exhaustion in Covid-19 patients.’!

The present study has several limitations such as low number of patients and lack of follow-up data after the first
week of hospitalization. Moreover, measurements of other forms of DNA damage, including detection of DSBs are
lacking and hampered the conclusion of the study. Future studies should include measurements of both DSBs, additional
targets of BER (eg, 8-hydroxy-2’-deoxyguanosine (8-OHdG), 8-hydroxyadenine (8-OHA) or S5-hydroxycytocine
(5-OHC)), and other forms of DNA-damage. For example, phosphorylation of serine 139 of the histone variant
H2AX, referred to as YH2AX, an early cellular response to DBSs and levels of DBSs could have been estimated by
measuring YH2AX levels.’® Further, it would have been valuable to include data on DNA repair capacity for isolated
Covid-19 PBMC, and for a selection of the regulated transcripts, protein levels should have been measured. Finally,
caution is needed when performing several correlation analyses in the relatively small study group and both positive and
negative findings should be interpreted cautiously.

Conclusions

We report that hospitalized Covid-19 patients have normal levels of oxidative stress induced DNA damage in their PBMC
as assessed by 8-0x0G, potentially reflecting an up-regulation of several pathways and proteins involved in DNA repair.
Further studies are needed to verify and extend these data by including measurements of other forms of DNA damage and
posttranslational modifications of DNA repair proteins. How the balance between DNA damage and DNA repair changes
over time in relation to long-Covid symptomatology should also be examined.
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