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Abstract

Over the past several decades, multiple coronaviruses (CoVs) have emerged as
highly infectious, lethal viruses in humans, most notably in the pandemic outbreak of
COVID-19, the disease caused by SARS-CoV-2. To date, there are no known
therapeutic or preventative agents to target CoVs. Though age and comorbidities
severely increase case fatality rates, the host factors that influence resistance or
susceptibility to infection with highly pathogenic human CoVs are unknown. Innate
immune responses to CoVs are initiated by recognition of double-stranded (ds) RNA
and induction of interferon, which turns on a gene expression program that inhibits
viral replication. Here we show that COVID-19 patient samples of SARS-CoV-2
conserve the invariant sequence of the CoV macrodomain, an ADP-ribosylhydrolase
domain previously shown to counteract innate immunity to both mouse hepatitis virus
(MHV), a model CoV, and SARS-CoV. RNA sequence analysis of cell lines, infected
ferrets, and a deceased patient’s lung shows that a set of poly(ADP-ribose)
polymerase (PARP) family members are induced by SARS-CoV-2 infection; these
PARPs include enzymes required for the innate immune response to MHV. Further,
we show that MHV infection induces an attack on host cell nicotinamide adenine
dinucleotide (NAD™) and nicotinamide adenine dinucleotide phosphate (NADP*). The
data indicate that overexpression of a virally induced PARP, PARP10, is sufficient to
depress host cell NAD metabolism and that NAD* boosting strategies differ in their
efficacy to restore PARP10 function. The data suggest that boosting cytoplasmic but
not nuclear NAD* may restore antiviral PARP functions to support innate immunity to
CoVs and other viruses susceptible to PARP-mediated antiviral activity.
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INTRODUCTION

Disease attributed to the current novel coronavirus (CoV) outbreak (COVID-19) has
rapidly spread globally, infecting 2 million people and killing more than 125,000 as of
mid-April 2020 (Dong, Du, & Gardner, 2020). The causative agent, severe acquired
respiratory syndrome coronavirus 2, SARS-CoV-2, is transmitted largely by lipid
droplets that infect cells of the lung epithelium (Wu, Wu, Liu, & Yang, 2020). Like
other positive strand RNA genome CoVs, SARS-CoV-2 replication proceeds through
formation of double-stranded (ds) RNA (Fehr & Perlman, 2015), which elicits an
interferon (IFN) response (Kindler, Thiel, & Weber, 2016; Totura & Baric, 2012). A
component of innate immunity that is expressed broadly and does not depend on
professional cells of the acquired immune system, IFN-driven gene expression elicits
responses that have largely evolved to arrest protein synthesis and other aspects of
host metabolism on which the virus depends (Schoggins & Rice, 2011). Specifically,
CoV genomes do not encode enzymes needed for fuel oxidation, ATP generation,
nucleotide, amino acid, lipid or protein synthesis, and therefore depend on
exploitation of host functions to synthesize and assemble more viruses (Fehr &
Perlman, 2015; Zhu et al., 2020). Accordingly, viral replication and host cell
homeostasis both depend on the four nicotinamide adenine dinucleotide (NAD)
coenzymes, NAD*, NADH, NADP* and NADPH, which are the central catalysts of
metabolism (Belenky, Bogan, & Brenner, 2007). These coenzymes accept and
donate electrons in essential, ubiquitous processes of fuel oxidation, biosynthesis,
and the generation and detoxification of reactive oxygen species.

We and others showed that CoVs elicit an IFN response in naive cells. In this
process, IFN proteins are secreted by infected cells to engage IFN receptors and, in
an autocrine and paracrine manner, induce expression of a set of IFN-stimulated
genes (ISGs). The collective activities of ISGs reorient cellular metabolism toward
infection control (Channappanavar et al., 2019). Among the ISGs are several
members of the poly(ADP-ribose) polymerase (PARP) superfamily (Alhammad &
Fehr, 2020; Fehr et al., 2020).

PARPs have an absolute requirement for NAD* (Cohen, 2020; Gupte, Liu, &
Kraus, 2017). However, rather than using NAD™* as an electron acceptor, PARPs

consume NAD™ in order to transfer the ADP-ribose moiety to protein side chains
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(Belenky et al., 2007). The best-known members of the PARP superfamily, PARP1
and PARP2, form polymers of ADP-ribose, largely in response to DNA damage.
However, most other members of the PARP superfamily possess monoADP-ribosyl
(MARYylating) transfer activities on target proteins (Cohen, 2020). We showed that
MHYV infection strongly induces expression of PARP7, PARP9, PARP10, PARP11,
PARP12, PARP13, and PARP14 (Grunewald et al., 2019). To determine whether
these gene expression changes are incidental to MHV infection, facilitate MHV
infection, or are part of an innate immune response against MHV, we treated cells
with siRNAs to knock down expression of these gene and then analyzed the impact
on MHYV replication. Our data showed that PARP7 plays a role in facilitating
replication. In contrast, PARP14 is required for full induction of IFN- expression
(Grunewald et al., 2019; Grunewald, Shaban, Mackin, Fehr, & Perlman, 2020),
suggesting PARP14 is directly involved in establishing the innate immune response
in CoV infected cells.

Most CoV genomes encode 16 non-structural proteins (nsps) (Fehr &
Perlman, 2015; Zhu et al., 2020). nsp3 contains a macrodomain, herein termed the
CoV ADP-ribosylhydrolase (CARH), that removes monoADP-ribose modifications
from acidic amino acids on protein targets. Thus, CARH reverses the modification
that is installed by the IFN-induced activities of MARylating PARP family members
(Fehr et al., 2016). CARH activity is required for virulence in vivo using mouse
models of both MHV and SARS-CoV (Eriksson, Cervantes-Barragan, Ludewig, &
Thiel, 2008; Fehr et al., 2015; Fehr et al., 2016). Moreover, an active site mutation
that ablates the ADP-ribosylhydrolase activity of CARH resulted in a virus that
replicates poorly in primary bone-marrow derived macrophages (BMDMSs)
(Grunewald et al., 2019). We further identified PARP12 and PARP14 as CoV-
induced ISGs that are required for the depressed replication of CARH mutant
viruses, indicating that their activity is opposed by CARH-mediated reversal of ADP-

ribosylation (Grunewald et al., 2019).

In support of the antiviral roles of IFN-induced MARYylating PARP isozymes,
PARP12 was shown to promote the degradation of nsp1 and nsp3 in Zika virus
infection (L. Li et al., 2018). PARP12 has also been shown to inhibit a wide variety of

RNA viruses, including several alphaviruses, which also contain an nsp3-encoded
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CARH activities (Atasheva, Akhrymuk, Frolova, & Frolov, 2012; Atasheva, Frolova, &
Frolov, 2014). Further, the nsp10 of SARS-CoV has been identified as an inhibitor of
electron transport at the NADH site of complex | in the mitochondrial electron
transport chain (Q. Li et al., 2005). These observations suggest that key events in
the innate immune response to viral infections are played out in the infected cell’s

NAD metabolome.

Here we show that SARS-CoV-2 infected tissue culture cells, ferrets and a
deceased human victim of COVID-19 indicate that viral infection induces high level
expression of multiple PARP isozymes including many of the same PARPs induced
by MHV infection of BMDMs. We also show that MHV infection results in a significant
depression of key cellular NAD metabolites and that PARP overexpression is
sufficient to depress NAD metabolism in a manner that resembles MHV infection.
Whereas multiple approaches exist to restore NAD, we show that NAMPT activation
but not PARP1,2 inhibition supports increased PARP10 enzymatic activity. The data
justify further analysis of how nutritional and therapeutic modulation of NAD status
may potentially restrict viral infection by boosting innate immunity.
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RESULTS

SARS-CoV-2 Infection of Human Lung Cell Lines Induces a MHV-like PARP
Transcriptional Program

MHYV infection in murine BMDMs launches a transcriptional program that induces
transcription of PARP isozymes 7, 9, 10, 11, 12, 13 and 14 by greater than 5-fold
(Grunewald et al., 2019; Grunewald et al., 2020). We utilized RNAseq data from
SARS-CoV-2 infection of a human lung carcinoma cell line, A549, and normal
human bronchial epithelia cells, NHBE (Blanco-Melo et al., 2020). To determine
whether SARS-CoV-2 dysregulates the NAD system upon infection we assembled
and analyzed a set of 71 genes that encodes the enzymes responsible for
conversion of tryptophan, nicotinic acid (NA), nicotinamide (NAM), and nicotinamide
riboside (NR) to NAD", plus the enzymes responsible for NAD(H) phosphorylation,
NADP(H) dephosphorylation, NAD*-dependent deacylation, ADP-ribosylation, cADP-
ribose formation, nicotinamide methylation/oxidation, and other related functions in
transport, binding, redox and regulation (Supplementary Information 1). As shown in
Figure 1A, SARS-CoV-2 induces transcription of PARPs 9, 10, 12 and 14 with lesser
effects on PARP7 and PARP13 in A549 cells and induces transcription of PARP9,
12 and 14 in NHBE cells.
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Figure 1. SARS-CoV-2 dysregulates the NAD gene set in vitro and in vivo. Differential expression analysis
were performed on RNAseq data with respect to a 71 gene set representing the NAD transcriptome
(supplementary Table 1). Depicted are volcano plot (normalized relative expression versus -log(P) with
respect to noninfected A) human A549 lung cancer cells B) NHBE cells, C) ferret trachea, and D) lung of a
diseased COVID-19 patient. Further information is available in supplementary Information 2-5.

SARS-CoV-2 Infection of Ferrets Strongly Dysregulates the NAD Gene Set

Cell lines such as A549 and NHBE are adapted to grow on plastic and clearly may
lack key aspects of host-viral biology. Ferrets have been shown to be permissive to
SARS-CoV-2 infection (Shi et al., 2020) and are currently being used as a system to
probe host responses as well as potential preventative and therapeutic agents. We
probed RNAseq data from the tracheas of control and 3-day SARS-CoV-2 infected
ferrets (Blanco-Melo et al., 2020) and showed that the PARP induction program is
conserved in this relevant animal model (Figure 1C). Specifically, in the ferret,
PARPs 4, 5, 9, 13, 14 and 15 were all more than 4-fold induced with significant but
lesser induction of PARPs 7 and 11. In ferret tracheas, it was also easy to discern
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other significant alterations to the NAD gene set. The data indicate that transcription
of NMRK1 and concentrative nucleoside transporter CNT3 go up, suggesting
increased capacity for conversion of nicotinamide riboside to NAD* and NADP*
(Bieganowski & Brenner, 2004). Notably, in mouse models of damaged brain and
heart, upregulation of NMRK gene expression is associated with therapeutic efficacy
of NR (Vaur et al., 2017) (Diguet et al., 2018). Additionally, the ferret data show
strongly depressed NNMT expression—by decreasing NAM methylation, this gene
expression change could promote NAM salvage (Neelakantan et al., 2019) and
represent a homeostatic attempt of virally infected cells to maintain their NAD

metabolome (Brenner, 2014).

COVID19 Patient Lung Samples Recapitulate the PARP Induction Program Seen
in Ferrets and In Vitro

Finally, though ferrets are susceptible to infection by SARS-CoV-2, they do not
progress to the serious disease seen in people (Shi et al., 2020). We therefore
examined the NAD gene set in RNAseq data from the lung of a person who died of
COVID-19 (Blanco-Melo et al., 2020). Though lacking the replicates and the
synchrony of the extremely high quality ferret RNAseq data and, with the caveat that
tissue from a deceased patient is less likely to produce the highest quality RNA, the

human data were informative.

As shown in Figure 2D, PARP9, 11 and 13 were upregulated in the deceased
person’s lung. Thus, with stringent statistical standards, PARP9 was upregulated in
every SARS-CoV-2 transcriptome while PARP9, PARP11 and PARP13 were
upregulated in both in vivo analyses. Additional MARylating PARP genes met
statistical significance in cell lines.

NAD biosynthetic gene changes were also conserved in vivo: NMRK1
expression, indicating capacity for NR salvage, was elevated with statistical
significance in ferret trachea, and NAMPT expression, indicating capacity for NAM
salvage, was elevated with statistical significance in human lung. NMRK1 and
NMRK2 transcripts were additionally elevated in the human patient data set and

NAMPT transcript was elevated in the ferret infection data set without meeting
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criteria for statistical significance. Further data on transcriptomic alterations to NAD

synthesis in all four data sets are provided in Supplementary Information 6.

MHYV Infection Drives Down Cellular NAD* and NADP" in Infected Cells

Given that divergent CoVs consistently induce members of the PARP superfamily at
the mRNA level, we asked whether MHV infection alters the NAD metabolome. We
infected delayed brain tumor (DBT) cells with MHV-AS59 at a multiplicity of infection
(MOI) of 3 PFU/cell and subjected the cells to quantitative targeted analysis of the
NAD metabolome by LC-MS (Trammell & Brenner, 2013). As shown in Figure 2,
infection led to a significant depression of cellular NAD* and NADP* within 4 hrs.
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Figure 2. MHV infection disturbs the NAD metabolome. A) DBT cells, n = 4 control; n = 4 MHV-
infected at 4 hrs. Error bars represent SEM, p-values are from 1-way ANOVA. See also
Supplementary Information 7.

PARP10 Overexpression is Sufficient to Depress NAD* levels and Can be
Overcome Pharmacologically
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It is well known that PARP1 activation by DNA damage greatly increases its catalytic

activity, leading to depression of cellular NAD* and ATP (Cohen, 2020). It is less

clear whether transcriptional induction of the MARYylating enzymes such as
PARP10—that are induced substantially by viruses—might disturb cellular NAD*. To
address, this, we overexpressed PARP10 in HEK 293T cells and measured changes
in NAD metabolites using LC-MS/MS. We found that overexpression of GFP-
PARP10 significantly depressed NAD* compared to overexpression of GFP alone
(Figure 3). We next determined if the PARP10-mediated loss in NAD™ could be

restored by boosting NAD* levels, either by increasing synthesis or decreasing

consumption. To increase NAD" synthesis we treated cells with SBI-797812 (Gardell

et al., 2019), a small molecule allosteric activator of NAMPT, which promotes NAM

salvage. To decrease NAD* consumption, we treated cells with veliparib (Donawho
et al., 2007), a selective inhibitor of PARP1 and PARP2, which are major NAD*
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0.0

dok

Figure 3. PARP10 overexpression is sufficient to reduce cellular NAD" levels and this can be
overcome pharmacologically. HEK 293T cells were grown with the indicated expression
plasmids for GFP or PARP10 and treated with small molecules to inhibit NAMPT (200 nM
FK866), activate NAMPT (10 uM SBI-797812) or inhibit PARP1 and PARP2 (300 nM
Veliparib). Normalized data show that cellular NAD* is substantively depressed by PARP10
expression and that stimulating biosynthetic activity by NAMPT activation or inhibiting NAD*
consuming activity with PARP1,2 inhibition can overcome the PARP10-mediated depression
of NAD" levels. n = 2 for each sample. Error bars represent SEM, p-values are from 1-way
ANOVA. See also Supplementary Information 8.
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consumers in cells. We found that both NAMPT activation and PARP1/PARP2

inhibition restored cellular NAD* under these conditions.

PARP10 Activity Can be Restored by Support of Cytosolic but Not Nuclear
NAD

The NAD metabolome is not only modulated by gene expression changes, enzyme
activity and precursor availability, but also by subcellular localization (Cambronne et
al., 2016). Thus, restoration of total cellular NAD* does not necessarily equate to
restoration of specific enzyme activities (Ryu et al., 2018). To determine whether
PARP10 activity is modulated by NAMPT activation or PARP1/PARP2 inhibition, we
took advantage of the auto-MARYylation activity of PARP10 as a readout of its activity
in cells. PARP10 auto-MARYylation activity was stimulated by SBI-797812. In
contrast, treatment with veliparib did not affect PARP10 auto-MARYylation (Figure 4).
These results suggest that boosting NAD™ levels by augmenting cytosolic synthesis
rather than reducing nuclear NAD* consumption may be a preferable approach to
supporting PARP10 activity in cells.
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Figure 4. PARP10 activity is stimulated by NAMPT activation but not PARP1,2 inhibition.
PARP10 and GFP-expressing HEK293 cells were used to show that veliparib and SBI-797812
differ in their ability to promote the autoMARYylated form of PARP10. A) Western blot and B)
quantification indicate that the NAMPT activator, SBI-797812 promotes PARP10 activity
whereas the PARP1,2 inhibitor does not promote PARP10 activity.
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Discussion

SARS-CoV-2 is a highly infectious agent that constitutes one of the greatest dangers
to public health of the past century (D. Wu et al., 2020). Morbidity and mortality data
make it clear that age, smoking status and multiple preexisting conditions greatly
increase the frequency of serious illness and death (Yang et al., 2020). There is an
abundance of data from model systems and humans that age and conditions of
metabolic stress including obesity and type 2 diabetes (Trammell, Weidemann, et al.,
2016), smoking (Kunzi & Holt, 2019), heart failure (Diguet et al., 2018), nerve
damage (Liu et al., 2018) and central brain injury (Vaur et al., 2017) challenge the
NAD system in multiple affected tissues. Those data and the work establishing the
significance of PARPs and CARH in CoV infection prompted us to consider whether
NAD status might be a component of innate immunity.

Our data demonstrate the PARP transcriptional induction program is
conserved between MHV and SARS-CoV-2 in vitro and in vivo. Further, NAD* and
NADP?*, the two key hydride accepting coenzymes required for fuel oxidation, the
pentose phosphate pathway and—in reduced forms—oxidative phosphorylation and
biosynthetic programs have cellular levels that are highly sensitive to CoV infection.
While the degree of depression of the NAD metabolome is surely sensitive to time
and MOI, the >3-fold depression seen in this study is precedented in human
immunodeficiency virus and Herpes virus infections (Grady, Hwang, Vastag,
Rabinowitz, & Shenk, 2012; Murray, Nghiem, & Srinivasan, 1995)

Nucleotide, protein and lipid synthesis are fundamental cellular processes in
which the virus exploits access to cellular NAD*, NADH, NADP* and NADPH. For
example, the nucleotides that the virus uses to make RNA are generated via the
pentose phosphate pathway and host purine and pyrimidine biosynthetic programs.
Protein synthesis depends on copious supplies of GTP, whose charge depends on
fuel oxidation, while lipid synthesis is linked to the pentose phosphate pathway’s
generation of reducing equivalents. Our data indicate that viral infection significantly
depresses the NAD metabolome, which is likely to invoke significant stress on cells
as CoVs commandeer nucleotides for their use despite lower levels of the critical
coenzymes for their synthesis.


https://doi.org/10.1101/2020.04.17.047480
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.17.047480; this version posted April 18, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

Multiple studies have shown that CARH is a prominent virulence factor and is
critical to prevent PARP-mediated inhibition of virus replication and induction of a
robust innate immune response (Eriksson et al., 2008; Fehr et al., 2015; Fehr et al.,
2016; Grunewald et al., 2019). Due to the importance of NAD* levels for maximal
PARP activity, we suggest that pharmacological targeting of CARH along with
protecting the cytosolic NAD metabolome to promote PARP functions are potentially
useful preventative approaches.

In Box 1, we list major approaches to boost and/or maintain NAD coenzymes
when the NAD system is under attack.

1) Increase activity of the de novo biosynthetic pathway by inhibiting a-amino-B-carboxymuconate-
e-semialdehyde decarboxylase (ACMSD) (Katsyuba et al., 2018)

2) Increase the Preiss Handler biosynthetic pathway by supplementing with NA (DiPalma & Thayer,
1991)

3) Increase the NAM salvage pathway by supplementing with nicotinamide (A. C. Chen et al., 2015)
4) Increase the NR salvage pathway by supplementing with NR (Bieganowski & Brenner, 2004)

5) Increase the NAM salvage pathway by activating NAMPT (Gardell et al., 2019)

6) Increase NAM salvage by inhibiting NNMT (Neelakantan et al., 2019)

7) Inhibit PARP1,2-dependent NAD* consumption (Donawho et al., 2007)

8) Inhibit CD38-dependent NAD* consumption (Aksoy, White, Thompson, & Chini, 2006)

Box 1

Based on ferret and human expression data in response to SARS-CoV-2
infection (Fig. 1), approaches 1 and 2 are unlikely to be effective because they
require expression of genes, such as QPRT, NADSYN and NAPRT (Bogan &
Brenner, 2008), that appear to be depressed by SARS-CoV-2 infection. NADSYN,
which catalyzes the final step in NAD synthesis from trp and NA (Bieganowski, Pace,
& Brenner, 2003), is significantly depressed in the human lung while NAPRT is
significantly depressed in the ferret trachea. It was interesting to note that the IDO1
gene and both the IDO1 and IDO2 genes are upregulated in the ferret and human
infection samples, respectively. Without expression of the entire de novo biosynthetic
pathway, these data suggest that infected cells are engaging kynurenine synthesis in
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an inflammatory or immunomodulatory response to viral infection (Bessede et al.,
2014).

Based on in vivo expression data, approaches 3 and 4 have strong potential
with the caveat that at pharmacological doses, NAM has the potential to function as
a PARP inhibitor (Rankin, Jacobson, Benjamin, Moss, & Jacobson, 1989). In the
ferret, NMRK1 and NAMPT expression were both up about 2-fold (NMRK1 achieved
statistical significance). In the deceased human lung sample, NAMPT was up about
4-fold while NMRK1 and NMRK2 were up 2- and 4-fold, though neither of the NMRK
gene expression differences exceeded the significance cut off. The actual efficacy of
NR and NAM will need to be assessed in ferret and other animal trials because dose
and formulation could affect delivery to the airways.

Proof of concept for approach 5, NAMPT activation, was demonstrated
herein (Fig. 4). This should be pursued further with the caveat that NAMPT is
considered a driver of pulmonary vascular remodeling and potentially a target to be
inhibited to maintain lung health of some people at risk for COVID-19 (J. Chen et al.,
2017).

If the high quality ferret trachea data are an indication of what happens in
human infection, approach 6 might not be particularly helpful as NNMT gene
expression is already being repressed. However, the observation that NNMT
expression is depressed by infection might help approaches 3-5 be efficacious as it
is known that both NAM and NR supplementation increase NAD turnover and resuls
in increased formation of NAM and methylated NAM (Trammell, Schmidt, et al.,
2016).

Failure of veliparib to stimulate PARP10 auto-MARYylation activity despite
restoring NAD™ levels in this preclinical study (Figs. 3-4) can be considered less
promising for approach 7, though additional models and molecules should be
assessed. It is striking, however, that depressed NAD™* In herpes virus infection is
attributed to PARP1,2 activation (Grady et al., 2012) and this apparently is not the

case for coronaviruses.

No data are available to assess the feasibility of approach 8, CD38 inhibition

though CD38 was notably overexpressed in the lung of a deceased patient (Fig. 1D).
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Further studies will be required to test the activity of NA, NAM, NR and SBI-
797812 in cellular and animal models of CoV infection and prevention. While caution
should be exercised with respect to any preventative measure, NAD boosting
approaches have the potential to support the innate immune system and address the
age-, smoking- and comorbid conditions associated with worse SARS-CoV-2
outcomes (Yang et al., 2020). Coupled with good hygiene, the potential societal
benefit of a safe and readily available molecule to support prevention and public
health is hard to overstate, especially as people emerge from sheltering in place and
re-enter public spaces with potentially substantive viral contamination.

A potentially important insight into COVID-19 is provided by the knowledge
that PARP induction is secondary to interferon secretion (Grunewald et al., 2019;
Grunewald et al., 2020) and that PARP overexpression can drive down cellular NAD.
Interferon therapy is notoriously toxic (Jonasch & Haluska, 2001) and an interferon
storm has been proposed to mediate some of of SARS pathology (Huang et al.,
2005). We suggest the testable hypothesis that PARP induction and NAD
metabolome disturbance occur in noninfected tissues in coronavirus-infected
animals and people, and that interferon-mediated collateral tissue damages may be

prevented by nutritional or therapeutic support to the NAD metabolome.

Though the focus of this preclinical work is prevention, we note that innate
immune responses to CoV infection, like other inflammatory responses, are
potentially pathological if infection is not controlled. COVID-19 patients with acute
respiratory distress syndrome experience a cytokine storm that features high level
circulation of inflammatory cytokines (Mehta et al., 2020). Interestingly, in a small
placebo-controlled clinical trial designed to address the oral safety and activity of
Niagen NR in older men, it was discovered that 1 gram of NR per day depresses
levels of IL-6, IL-5, IL-2 and tumor necrosis factor alpha (Elhassan et al., 2019),
suggesting the possibility that Niagen and other NAD boosters may also be tested
for safety, control of cytokine storm, and modulation of COVID-19 disease in
patients.
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Materials and Methods
RNASeq analysis

RNAseq data from A549 and NHBE cells, ferrets, and human subjects infected with
SARS-CoV-2 were obtained from (Blanco-Melo et al., 2020). For A549 and NHBE
cells, fold change and p-values for 71 pre-selected, NAD-related genes were
obtained from Supplementary Material Tables 2 and 6 of (Blanco-Melo et al., 2020).
Genes with “Status = Low” or “Status = Outlier” were not considered for analysis,
leaving 56 genes from the A549 dataset and 52 genes from the NHBE dataset for

analysis. Data can be found in Supplementary Material 2 and 3.

Ferret and human data were obtained from data set GSE147507 deposited
by Benjamin tenOever. Data were analyzed using DESeq2 to calculate fold change
and p-values (Supplementary Material 4 and 5). Ten genes did not have ferret
orthologs in Ensembl and one gene exhibited undetectable expression (TDOZ2)
leaving 60 ferret genes for analysis. Three genes were not present in the human
dataset, leaving 68 human genes for analysis. Genes with p > 0.05 (-log(p) > 1.30)
were considered statistically significant. Graphs were generated using GraphPad

Prism v8.

Cell culture. DBT, 17CI-1, HEK293T, and Hela cells expressing the MHV receptor
carcinoembryonic antigen-related cell adhesion molecule 1 (a gift from Dr. Thomas
Gallagher, Loyola University, Chicago, IL) were grown in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), HEPES, sodium
pyruvate, non-essential amino acids, L-glutamine, penicillin and streptomycin. For
analysis of the NAD metabolome and PARP10 MARylation status, HEK293T cells
were transfected with 1ug GFP or GFP-PARP10 using CalPhos Mammalian

Transfection Kit (Takara Bio).

Virus infection. MHV-A59 (Yount, Denison, Weiss, & Baric, 2002) was propagated
on 17CI-1 as previously described (Grunewald 2019). DBT cells were infected at an
MOI of 3 PFU/cell. Prior to infection DBT cells were washed with PBS and

replenished with serum-free DMEM with no supplements except penicillin and
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streptomycin. DBT cells were maintained in serum-free media throughout the

infection.

Quantitative NAD metabolomics

Cell pellets were extracted in batches of four by adding all internal standards
followed by 400 uL of hot buffered ethanol (75% EtOH/25% 10 mM HEPES pH 7.1).
Samples were placed on ice until up to 24 had been processed. After further heating
in a shaker block at 55 °C for 3 minutes, samples were microcentrifuged at 4 °C.
Supernatants were transferred to clean tubes and solvents removed under vacuum.
All internal standards were added to tubes containing known amounts of both sets of
standards. 400 uL of hot buffered ethanol was added and solvent removed under
vacuum as above. At the start of the analysis all samples were reconstituted in 98%
10 mM ammonium acetate: 2% acetonitrile. Two separate LC-MS/MS runs were

used to quantify the NAD metabolome as described (Trammell & Brenner, 2013).

Western Analysis of PARP10 MARYylation

6 hours after HEK293T transfections, GFP-PARP10 transfectants were treated with
chemical treatments in DMEM + 10% FBS in 37°C 5% CO2 overnight. Cells were
washed in PBS and lysed in 50 mM HEPES pH 7.4, 150 mM NaCl, 1mM MgCly, 1
mM TCEP, 1% Triton X-100 with the addition of Protease Inhibitors (Roche), 30 yM
rucaparib (Selleck), and 10 yM PDD0017273 (Sigma). Lysates were
microcentrifuged for 15 min at 4°C and supernatants were transferred to new tube
with 4x SDS sample loading buffer (0.2M Tris-HCI pH 6.5, 0.4 M DTT, 8% w/v SDS,
6 mM Bromophenol Blue 6mM, Glycerol 4.3M). Samples were resolved via SDS-
PAGE and transferred to nitrocellulose. Blots were blocked with 5% Milk-PBST for
30 min, incubated O/N in primary antibody (Rabbit Pan-ADPr 1:1000, Cell Signaling
E6F6A; Rabbit GFP 1:1000, Chromotek PABG1-100; Mouse Tubulin 1:1000; Cell
Signaling DM1A). Primary incubation was followed with HRP-conjugated secondary
antibodies (Rabbit-HRP 1:10000, Jackson Laboratories 111-035-144; Mouse-HRP
1:5000, Invitrogen 62-6520). Blots were developed by chemiluminescence and
imaged on a ChemiDoc MP system (Bio-Rad). Blot analysis was performed in
Image-Lab (Bio-Rad).
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