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2. L’esordio è caratterizzato da un’infezione delle vie respiratorie, ma nelle 

, che risulta determinante nell’insorgenza di complicazioni 

, è stata analizzata l’attivazione delle cellule 

nicotinammide adenina dinucleotide (NAD) a seguito dell’infezione virale. 

degradazione del NAD nella risposta infiammatoria all’infezione, che subisce una 
a seguito dell’aumento del trans signaling dell’interleuchina 6 

NAD come potenziale target per il trattamento dell’infezione da parte di SARS

signaling dell’interleuchina 6



1. Stato dell’arte

promuovere l’evo dell’infezione
l’insorgenza di complicanze vascolari

1.1 SARS-CoV-2

l’

replicazione dell’RNA genomico e la produzione di mRNA sub
lla terminazione 3’ presenta

- proteina N: proteina del nucleocapside che contiene il genoma, coinvolta 
nel legame e nell’impacchettamento del genoma dell’RNA e responsabile 
della sua stabilità;

- proteina M: proteina di membrana, in grado di attraversare l’envelope e di 
interagire con il genoma virale;



- proteina E: proteina dell’envelope che costituisce il rivestimento del 
virione e permette l’attacco alla membrana della cellula ospite;

- proteina S: la proteina spike forma le proiezioni presenti sulla superficie 
del virus che conferiscono ad esso la sua caratteristica forma a corona. 
Questa proteina risulta determinante per la specificità del virus che in 
questo modo è in grado di legare le cellule epiteliali del tratto respiratorio.

1.2 Ruolo biologico di CD38

dove è coinvolto nell’attivazione e nella 

Ruolo delle cellule endoteliali in risposta all’infezione

che può culminare in un’infiammazione cronica
L’endotelio danneggiato e disfunzionale se

attivo nel promuovere l’evoluzione dell’infezione verso le forme clinicamente più 
probabile l’associazione tra una disfunzione endoteliale 

e l’attivazione della risposta 
infiammatoria contro l’infezione facilitano l’attivazione delle cellule endoteliali 



oltra che la perdita dell’integrità endoteliale e l’aumento della permeabilità 
vascolare, promuovendo l’extravasazione leucocitaria. 
si traduce nell’insorgenza di microtrombosi capillare e danno alla barriera alveolo

addensamenti bilaterali multifocali e ARDS. A livello dell’apparato 

le complesse alterazioni a livello dell’endotelio possono determinare 
un’aumentata suscettibilità a manifestazioni tromboemboliche arteriose e venose

l’incapacità funzionale del microciclo può comportare insufficienza renale acuta e 

studio è stato condotto in conformità con le <Linee guida per l'allevamento e la 
gestione degli animali da laboratorio= del
dell’ le <Norme relative alla cura e 

attività in istituti di ricerca accademica= sotto 

dell’analisi i
un’

riportato nella tabella, ed è stata effettuata l’eutanasia quando gli organismi 



l’uomo, rappres
ll’infezione da

Per stabilizzare e conservare l’RNA il 
™

perché consente un’osservazione morfologica di tessuti e
vede l’uso sequenziale di due

soluzioni coloranti, l’ematossilina (colorante basico

ribosomi) e l’eosina (colorante acido

’assegnazione del 



 

μ

localizzare alcune proteine all’interno di sezioni di tessuto. Questo metodo sfrutta 
l’uso 

interesse all’interno di tessuti o cellule.
sezioni polmonari spesse 3 μm 

minuti a temperatura ambiente e trattato con 3,3′

parte delle cellule dell’organismo e viene rilasciato nel sangue quando le cellule 

coinvolto nell’immunotolleranza sistemica



e consentendo quindi l’acces

dell’antigene
grazie all’incubazione

. Il giorno seguente si procede con l’incubazione con 
l’anticorpo secondario marcato con fluorocromo 

procede poi con la rimozione dell’
Quenching dell’

riuscita dell’analisi.

PCR permette l’analisi e l’amplificazione 

l’estrazione di RNA tramite 
l’RNA viene estra

L’RNA v

minuti per denaturare l’RNA e favorire il legame dei primer. Si procede poi con la 
™

™
™



ΔCt = Ct (gene di interesse) 

ΔΔCt ΔΔCt = ΔCt (campione infett – ΔCt (campione 

™ ™

sintetica dell’interleuchina 6, una citochina prodotta dalle cellule 

α (la subunità α del recettore per 
l’interleuchina 

™

100 ×  (1 − 2−����  
rilevazione delle cellule morte è stata fatta con l’utilizzo del 

™



È stato dimostrato che l’infezione da SARS

giorni dall’infezione

un’analisi radiografica. 

n’attivazione cellulare. 



Dall’analisi del plasma sono stati osservati important

, 3 giorni dopo l’infezione,

formazione di trombi (coaguli di sangue) all’interno dei vasi sanguigni

stata valutata l’espressione di CD38



dell’infezione e
di un’alta espressione di CD38. Queste osservazioni suggeriscono un’alterazione 

 

Osservando l’aumento dell’espressione di CD38 
dopo l’infezione ma non rilevando l’antigene 
responsabili dell’attivazione delle EC 

dall’infezione (giorni
el giorno successivo all’infezione 

L’aumento di IL

: aumento dell’espressione di CD38 e de



l’espressione di E

1α, un regolatore indotto dall’ipossia, 
’infezione

un’

È stato esaminato l’eventuale ruolo protettivo di

1α

dall’analisi con Trypan blue
confermato dall’aumento di cellule positive all’Annexin V e 



l’infezione da 

similarità con l’essere umano, tra cui la biochimica e la genetica di CD38, 

dell’organismo

, indica un’attivazione anomala della coagulazione

sangue e l’emostasi

L’aumento di 

evidenziato un aumento nell’espressione di enzimi 

in risposta a un aumento del consumo di NAD mediato dall’attività di CD38, le 
un’attivazione maggiore delle vie 

L’enzima NAPRT catalizza la conversione della nicotinamide in nicotinamide 

o danno cellulare l’attività di questo enzima viene potenziata per il mantenimento 

dall’aumento di HIF 1α 3 giorni dopo l’infezione L’infezione da 

dell’espressione di HIF 1α fattore inducibile dell’ipossia



durante l’infiammazione 
Sebbene l’inibizione di CD38 abbia dimostrato effetti benefici in alcuni contesti, 

dell’iper
silenziamento dell’mRNA di CD38, in questo caso, ha portato a un’aumentata 
attivazione delle EC e all’apoptosi, dopo la stimolazione con IL

dell’in

’ottimizzazione 

’utilizzo di NAD

si pensa che un’inibizione selettiva dell’attività catabolica del CD38 
avere risultati promettenti nel controllo dell’
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A B S T R A C T   

SARS-CoV-2 infection causes activation of endothelial cells (ECs), leading to dysmorphology and dysfunction. To 
study the pathogenesis of endotheliopathy, the activation of ECs in lungs of cynomolgus macaques after SARS- 
CoV-2 infection and changes in nicotinamide adenine dinucleotide (NAD) metabolism in ECs were investigated, 
with a focus on the CD38 molecule, which degrades NAD in in昀氀ammatory responses after SARS-CoV-2 infection. 
Activation of ECs was seen from day 3 after SARS-CoV-2 infection in macaques, with increases of intravascular 
昀椀brin and NAD metabolism-associated enzymes including CD38. In vitro, upregulation of CD38 mRNA in human 
ECs was detected after interleukin 6 (IL-6) trans-signaling induction, which was increased in the infection. In the 
presence of IL-6 trans-signaling stimulation, however, CD38 mRNA silencing induced signi昀椀cant IL-6 mRNA 
upregulation in ECs and promoted EC apoptosis after stimulation. These results suggest that upregulation of 
CD38 in patients with COVID-19 has a protective role against IL-6 trans-signaling stimulation induced by SARS- 
CoV-2 infection.   

1. Introduction 

Endothelial cell (EC) dysfunction in COVID-19 is a key determinant 
of vascular complications and severe disease outcome (Kang et al., 
2020). Lung endothelial morphology is signi昀椀cantly changed with 
disruption of intercellular junctions, cell swelling, and a loss of contact 
with the basal membrane after SARS-CoV-2 infection (Ackermann et al., 
2020). COVID-19 causes EC-related complications such as venous 
thromboembolism and systemic vasculitis (Martinez-Salazar et al., 
2022). The overproduction of proin昀氀ammatory cytokines including 
interleukin-6 (IL-6) in COVID-19 patients is known to lead to the 
vascular endotheliopathy (Kang and Kishimoto, 2021). Once endothe-
liopathy occurs, ongoing endotheliopathy persists until the convalescent 
stage (Fogarty et al., 2022). COVID-19 vulnerable patients are those 
older than 60 years of age or with health conditions including heart 

disease and diabetes mellitus (Zhou et al., 2020), which include cellular 
dysmetabolism in ECs (Song et al., 2020). In addition, an 
immune-metabolic imbalance and apoptosis related to mitochondrial 
dysfunction in ECs were reported in the pathogenesis of COVID-19 (Liu 
et al., 2021). Therefore, cellular alterations of ECs, especially metabolic 
changes in ECs during the disease, need more detailed investigation. 

Nicotinamide adenine dinucleotide (NAD) is an important molecule 
that controls hundreds of key processes from energy metabolism to cell 
survival (Rajman et al., 2018). It has been suggested that SARS-CoV-2 
infection alters NAD-related metabolism and mitochondrial function 
(Horenstein et al., 2021; Zheng et al., 2022; Yuan et al., 2023). Dysre-
gulation of the genes associated with NAD metabolism was reported in 
mice, and treatment with nicotinamide mononucleotide (NMN, an in-
termediate product of the salvage pathway) improved the mouse sur-
vival rate during SARS-CoV-2 infection (Jiang et al., 2022). In addition, 
it has recently been reported that knockdown of enzymes producing 
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NAD+ increased bacterial replication, indicating that NAD+ metabolism 
is a key modulator of bacterial respiratory infections (Klabunde et al., 
2023). The expression of pentose phosphate pathway-related genes for 
NADPH production and the expression of PARP family genes for NAD 
degradation are increased in various diseases (Xie et al., 2020). These 
昀椀ndings suggest the potential of targeting NAD metabolism for 
SARS-CoV-2 treatment. Endotheliopathy caused by SARS-CoV-2 infec-
tion directly contributes to the disease outcome in both acute and 
convalescent phases, and further studies on NAD dysmetabolism in ECs 
are extremely important for preventing complications. However, the 
link between endotheliopathy and altered NAD dysmetabolism in 
SARS-CoV-2 infection has not been elucidated. 

NAD downregulation and CD38 upregulation were found in high-risk 
COVID-19 populations including elderly individuals and patients with 
heart disease or diabetes mellitus, and those changes in NAD and CD38 
might increase susceptibility to infection (Barbosa et al., 2007; Boslett 
et al., 2018; Hogan et al., 2019; Wu et al., 2016; Zheng et al., 2022). 
CD38 is an enzyme in NAD metabolism with products of cADPR and 
NAADP, and it mediates intracellular calcium release in ECs and other 
cell types in response to in昀氀ammation (Amici et al., 2018; Chatterjee 
et al., 2018; Gan et al., 2021; Guerreiro et al., 2020; Kim et al., 2010; Lee 
et al., 2015; Rajman et al., 2018; Takaso et al., 2020). 
CD38-overexpressing cells showed low NAD and antioxidant protein 
levels, leaving them more susceptible to oxidative stress (Hu et al., 
2014). Oxidative stress in ECs by overloading intracellular calcium via 
the NAD/CD38 axis was proposed to be associated with COVID-19 
complications (Chang et al., 2020; Horenstein et al., 2021). In 
contrast, CD38 knock-out mice showed an increased susceptibility to 
infection (Lischke et al., 2013). The role of CD38 remains controversial 
and no evidence of NAD/CD38-related alterations of ECs after 
SARS-CoV-2 infection has been reported. Here we evaluated CD38 
expression and its role in endotheliopathy in SARS-CoV-2 infection. 

In the present study, a cynomolgus macaque model was used to 
detect early changes in ECs in vivo after SARS-CoV-2 infection. The NAD 
metabolism of ECs was then evaluated with a focus on CD38 molecule 
expression in cynomolgus macaque lungs after SARS-CoV-2 infection. It 
was found that ECs were signi昀椀cantly activated from day 3 after SARS- 
CoV-2 infection, with increases of intravascular 昀椀brinogenesis, plasma 
D-dimer, von Willebrand factor (vWF), and PAI-1, in cynomolgus ma-
caques. The expression of CD38 increased signi昀椀cantly in the ECs in 
macaque lungs after SARS-CoV-2 infection, suggesting a possible 
increased NAD consumption. Since IL-6 could be a cause of EC 
dysfunction after SARS-CoV-2 infection, human umbilical venous 
endothelial cells (HUVECs) with IL-6 trans-signaling stimulation were 
also used to investigate the function of the CD38 molecule in ECs in vitro. 
The in vitro experiment showed that IL-6 stimulation increased the 
expression of the CD38 molecule; CD38 depletion by a siRNA led to 
excessive activation of HUVECs and induced EC apoptosis following the 
stimulation. The results indicated that CD38 plays a cellular protective 

role for ECs in the early stage of SARS-CoV-2 infection rather than a 
causative role in EC dysfunction. 

2. Methods and materials 

2.1. Ethics statement 

This study was carried out in strict accordance with the “Guidelines 
for the Husbandry and Management of Laboratory Animals” of the 
Research Center for Animal Life Science at Shiga University of Medical 
Science and with the “Standards Relating to the Care and Fundamental 
Guidelines for Proper Conduct of Animal Experiments and Related Ac-
tivities in Academic Research Institutions” under the jurisdiction of the 
Ministry of Education, Culture, Sports, Science and Technology of 
Japan. The animal experimental protocols were approved by the Ethics 
Committee of Animal Experiments of the Shiga University of Medical 
Science Animal Experiment Committee (Permit Nos. 2020-4-2, 2020-6- 
20, and 2021-1-1). Regular veterinary care and monitoring, balanced 
nutrition, and environmental enrichment were provided by personnel of 
the Research Center for Animal Life Science at Shiga University of 
Medical Science. The macaques were euthanized at the endpoint (3, 7, 
and 28 days after SARS-CoV-2 virus inoculation) using ketamine (5 mg/ 
kg) plus xylazine (1 mg/kg) followed by intravenous injection of 
pentobarbital (200 mg/kg). The animals were monitored every day 
during the study for the calculation of clinical scores (Supplementary 
Table 1) and underwent daily veterinary examinations intended to help 
alleviate suffering. The animals were euthanized if their clinical score 
reached 15 (a humane endpoint). 

2.2. Macaque samples 

The samples used in the present study were collected from cyn-
omolgus macaques infected with SARS-CoV-2 JP/TY/WK-521/2020 
(WK-521, GenBank Sequence Accession: LC522975, kindly provided by 
Drs. Masayuki Saijo, Mutsuyo Takayama-Ito, Masaaki Sato, and Ken 
Maeda, National Institute of Infectious Disease) as previously described 
(Ishigaki et al., 2021, 2022). Data for the infected macaques are shown 
in Supplemental Table 2. The control macaque samples were collected 
from healthy macaques without infection. Plasma was collected on the 
indicated days and stored at −80 çC until use. For paraf昀椀n-embedded 
formalin-昀椀xed tissues, the tissues were sectioned and immersed in 
10% neutral formalin immediately after autopsy. For tissue RNA stor-
age, a small piece of tissue was immersed in an RNA stabilization so-
lution (RNAlater™, Invitrogen, Thermo Fisher Scienti昀椀c Inc., Waltham, 
MA) and stored at −25 çC or −80 çC. 

2.3. Histological examination 

The formalin-昀椀xed tissues were embedded in paraf昀椀n following a 
standard protocol. The detection level of vessels with activated ECs 
de昀椀ned by morphological swelling (swollen ECs, Fig. 1A) in lung sec-
tions stained with hematoxylin and eosin was determined by a scoring 
system: 0, not detected; 1, focal; 2, intermediate; and 3, diffuse. One 
section of the right lower lung lobe of each infected macaque was used 
for evaluation, and one section of a randomly selected lung lobe of each 
non-infected macaque was used for comparison. 

2.4. Carstairs staining 

Lung sections of 3 μm in thickness were de-paraf昀椀nized in xylene and 
ethanol. The sections were treated with 5% ferric ammonium sulfate for 
5 min and with hematoxylin for 5 min and then stained with a 10-fold- 
diluted orange G picric acid solution (Muto Pure Chemicals Co., Ltd., 
Tokyo, Japan) for 30–60 min. Next, the sections were treated with a 
solution containing ponceau xylidine, fuchsin acid, and azophloxine 
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) for 5 min, 

Abbreviations 

COVID-19 Coronavirus Disease 2019 
cADPR cyclic Adenosine 5′-Diphosphate Ribose 
IDO Indoleamine 2,3-dioxygenase 
LDH Lactate dehydrogenase 
NAD Nicotinamide Adenine Dinucleotide 
NADPH Nicotinamide Adenine Dinucleotide Phosphate 
NAADP Nicotinic Acid Adenine Dinucleotide Phosphate 
NAPRT Nicotinate phosphor-ribosyl-transferase 
NMNAT Nicotinamide mononucleotide adenylyl-transferase 
PARP poly (ADP-ribose) polymerases SARS-CoV-2: Severe 

Acute Respiratory Syndrome Coronavirus 2  

C.T. Nguyen et al.                                                                                                                                                                                                                              



Virology 594 (2024) 110052

3

with a phosphotungstic acid hydrate solution (Muto Pure Chemicals Co., 
Ltd.) for 5 min, and 昀椀nally with an aniline solution (Muto Pure Chem-
icals Co., Ltd.) for 5 min. The number of vessels with 昀椀brin (bright red) 
was counted. One section of the right lower lung lobe of each infected 
macaque was used for evaluation. 

2.5. Immunohistochemical staining 

The 3-μm-thick lung sections were de-paraf昀椀nized in xylene and 
ethanol. Antigens were retrieved as indicated in Supplemental Table 3 
and endogenous peroxidase activity was blocked with 1% hydrogen 
peroxide in methanol for 13 min. Non-speci昀椀c antigen was blocked with 
10% goat serum for 30 min. The tissues were then incubated with pri-
mary antibodies at 4 çC overnight. Details of antigen retrieval and pri-
mary antibodies are shown in Supplemental Table 3. Sections were 

incubated with a secondary antibody (anti-mouse/rat antibody; host: 
goat; Nichirei Biosciences Co.) for 60 min at room temperature and 
treated with 3,3′-diaminobenzidine (Nichirei Biosciences Inc., Tokyo, 
Japan). Sections were then counterstained with hematoxylin. As a 
negative control, a tissue section was stained with rabbit IgG polyclonal 
isotype control antibody (Ab37415) (Abcam, Cambridge, UK) and/or 
mouse IgG1 isotype control (X0931) (Dako, Agilent, Santa Clara, CA), 
and no positive signal on ECs was observed (data not shown). The 
detection level of vessels with CD38+, IDO+, NAPRT+, MNMAT+, or 
LDH+ ECs in the lung sections was evaluated by a scoring system based 
on the detection frequency of vessels positive for each marker: 0, not 
detected; 1, focal; 2, intermediate; and 3, diffuse. One section of the right 
lower lung lobe of each infected macaque was used for evaluation. 

Fig. 1. Activation of endothelial cells in cynomolgus macaques infected with SARS-CoV-2. (A) Representative images of lung vessels with activated endothelial 
cells (black arrowhead) and intravascular 昀椀brin (bright red color by Carstairs staining, asterisk) in non-infected control macaques (n = 3) and macaques infected with 
SARS-CoV-2 on day 3 (n = 5–6). (B) Detection level of vessels with activated endothelial cells. The detection levels of lung vessels with activated endothelial cells in 
each right lower lung lobe/each macaque were evaluated as follows: 0, not detected; 1, focal; 2, intermediate; and 3, diffuse. (C) The number of vessels with 
intravascular 昀椀brin clots in the right lower lung lobe of each macaque is shown. (D, E) VCAM-1 and E-selectin mRNA in (D) lungs and (E) hearts on day 3 after 
infection (n = 6) relative to those in non-infected control macaque lungs and hearts (n = 3). (F) Concentrations of D-dimer, von Willebrand factor, PAI-1, and 
prothrombin F1+2 in macaque plasma on day 0 (before virus inoculation) and on day 3 after infection (n = 6). The averages and standard deviations are shown in the 
graphs. Statistics: unpaired Student’s t-test. *: P < 0.05, ***: P < 0.001. 
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2.6. Immuno昀氀uorescence staining 

Formalin-昀椀xed paraf昀椀n-embedded tissue sections of 3 μm in thick-
ness were deparaf昀椀nized by a standard method with xylene and ethanol. 
Antigen retrieval was done by heat in an appropriate pH buffer (Sup-
plemental Table 3). Next, nonspeci昀椀c antibody binding was blocked 
with goat serum for 30 min, and the 昀椀rst primary antibody (anti-IDO, 
NAPRT, LDH) was added. After overnight incubation, the sections were 
incubated with PhenoVue Fluor 647 goat anti-mouse secondary anti-
body (2GXM647C1) (PerkinElmer, Co., Waltham, MA) or PhenoVue 
Fluor 647 goat anti-rabbit secondary antibody (2GXRB647C1) for 60 
min. After washing, the sections were blocked with goat serum for 30 
min and stained with a second primary antibody (anti-CD38) overnight 
and then incubated with an FITC F (ab’)2-goat polyclonal anti-rabbit IgG 
(H + L) secondary antibody (11-4839-81) (eBioscience, Thermo Fisher 
Scienti昀椀c Inc.) for 60 min. Next, auto昀氀uorescence was removed by a 
Vector TrueVIEW® auto昀氀uorescence quenching kit (SP-8400) (Vector 
Laboratories), following the manufacturer’s instructions. Finally, sec-
tions were counterstained and mounted with Prolong Gold antifade re-
agent with DAPI (4,6-diamidino-2-phenylindole; Invitrogen, P36935) 
and then observed under a microscope (BX-X710; Keyence, Osaka, 
Japan). As a negative control, a tissue section was stained with rabbit 
IgG polyclonal isotype control antibody (Abcam, Ab37415) and/or 
mouse IgG1 isotype control (Dako, X0931), and no positive signal was 
observed (data not shown). One section of the right lower lung lobe of 
each infected macaque was used for evaluation. 

2.7. Quantitative RT-PCR 

Macaque tissue RNA or HUVEC RNA was extracted by using the 
RNeasy® Plus Mini Kit (Qiagen, 74134). For reverse transcription, 
1000–2000 g total RNA in each macaque sample or 100–200 ng total 
RNA in each HUVEC sample was mixed with random primers (Invi-
trogen, 58875), Oligo d(T)15 primer (Promega, C110A), and dNTP mix 
(Invitrogen, 18427–013) and then left at 65 çC for 5 min. The mixture 
was then treated with SuperScript™ IV Reverse Transcriptase (Invi-
trogen, 18090050), SuperScript™ IV buffer (Invitrogen), DTT (Invi-
trogen), and recombinant RNase Inhibitor (TOYOBO) at 25 çC for 10 
min, at 72 çC for 10 min, and at 42 çC for 10 min in a Bio-Rad T100™ 

thermal cycler. The cDNA was stored at −80 çC. For quantitative RT- 
PCR, 3.125 ng cDNA in each sample was mixed with Lightcycler®480 
SYBR® Green I Master (Roche, 04707516001) and speci昀椀c primers lis-
ted in Supplemental Table 4. The reaction was performed with 45 cycles 
of denaturation at 95 çC for 10 s, annealing at 52 çC for 10 s, and 
extension at 72 çC for 20 s by the CFX96™ Real-Time system. The 
relative amount of RNA was expressed as ΔCt = Ct (gene of interest) - Ct 
(GAPDH). Fold changes relative to the control were calculated as 2−ΔΔCt 

with ΔΔCt = ΔCt (infected or treated) – ΔCt (uninfected or untreated). 

2.8. ELISA 

Levels of D-dimer, vWF, PAI-1, and Prothrombin F1+2 in macaque 
plasma on day 0 before infection and day 3 after infection were 
measured by the following ELISA kits: D-dimer (MyBioSource, 
MBS046309); von Willebrand factor (Abcam, Ab223864); Serpin E1/ 
PAI-1 (R&D systems, DSE100); and Pro-thrombin F1+2 (Abbexa, 
abx358731). The concentration was calculated by using a four- 
parametric arigo’s ELISA calculator on https://www.arigobio. 
com/ELISA-calculator. 

2.9. HUVEC culture 

HUVECs at passages 5 to 10 were used. The cells were cultured in 
500 μL EGM-2™ Bulletkit™ medium (Lonza, CC-3162) in a humidi昀椀ed 
incubator at 37 çC and 5% CO2 in 24-well plates. The cells at con昀氀uence 
were stimulated with recombinant human IL-6 protein (20 ng/mL, R&D 

systems, 206-IL-010) and IL-6R alpha protein (100 ng/mL, R&D sys-
tems, 227-SR-025/CF) (Kang et al., 2020). 

2.10. CD38 siRNA treatment 

HUVECs at passages 5 to 10 were treated with pre-designed CD38 
siRNA (Thermo Fisher Scienti昀椀c; s119605) or negative siRNA (Negative 
Control #1 siRNA: Ambion Inc., Austin, TX, USA) at concentrations of 
10 nM using Lipofectamine™ RNAiMAX (Invitrogen, 13778–075) in 
Opti-MEM reduced serum medium (Gibco, 31985–070) following the 
manufacturer’s instructions. After 24 h, the medium was changed to a 
medium containing IL-6 and IL-6R, as described above. Knockdown ef-
昀椀ciency was calculated as the abundance of CD38 mRNA, normalized to 
GAPDH and relative to the negative control as: 100 × (1–2(-△△ct)). 

2.11. Apoptosis detection assay 

HUVECs treated with CD38 siRNA and/or IL-6 + IL-6R for 48 h were 
collected after treatment with trypsin-EDTA solution (Nacalai Tesque, 
35554–64). The dead cells were detected with trypan blue by a Bio-Rad 
TC20™ Automated Cell Counter. The cells were then stained with PE- 
conjugated Annexin V and 7AAD by an Apoptosis detection kit (BD 
Pharmingen™, 559763) following the manufacturer’s instructions. The 
stained cells were acquired with a Beckmann Coulter CytoFLEX S 昀氀ow 
cytometer and analyzed with CytExpert software version 2.4. Singlets 
gated by FSC-H and FSC-A were used for evaluating percentages of 
Annexin V+ cells and 7AAD + cells. 

2.12. Statistics 

Statistical analysis was performed using a two-tailed Student’s t-test 
for unpaired comparisons of SARS-CoV-2-infected macaques and non- 
infected macaques by GraphPad Software (version 9.1; San Diego, 
CA). Signi昀椀cance was set at p < 0.05 (*p < 0.05, **p < 0.01, ***p <
0.001). Graphs were created by GraphPad Software. 

3. Results 

3.1. Activation of endothelial cells in cynomolgus macaques infected with 
SARS-CoV-2 

Since it was shown that SARS-CoV-2 infection signi昀椀cantly changed 
EC morphology in human patients (Ackermann et al., 2020), the 
morphology of ECs was examined in cynomolgus macaques early after 
infection. Cynomolgus macaques were infected with the early strain of 
SARS-CoV-2 Japan/TY/WK521/2020, and lung tissue samples were 
collected on day 3 after virus infection, at which time the infected ma-
caques showed body temperature change and radiographic pneumonia, 
as described previously (Ishigaki et al., 2021). In macaque lungs, round 
ECs with a clear cytoplasm (swollen ECs), indicating cell activation, 
were observed on day 3 after SARS-CoV-2 infection, whereas swollen 
ECs were rarely found in the lungs of non-infected control macaques 
(Fig. 1A and B). The mean number of intravascular 昀椀brin clots increased 
in the infected macaque lungs on Carstairs staining (Fig. 1A and C). 
Upregulation of EC activation markers VCAM-1 and E-selectin mRNA 
was detected in the lungs of four and three SARS-CoV-2-infected ma-
caques, respectively (Fig. 1D). A tendency for increased VCAM-1 and 
E-selectin mRNA, indicating EC activation, was detected in the heart 
tissues of infected macaques on day 3 (Fig. 1E). Signi昀椀cant increases of 
D-dimer and vWF in plasma of SARS-CoV-2-infected macaques were 
detected on day 3 (Fig. 1F). The PAI-1 level in plasma was increased and 
the prothrombin F1+2 level in plasma was decreased on day 3 after 
infection, but the differences were not signi昀椀cant. Therefore, ECs were 
activated with increased intravascular thrombogenesis in the cyn-
omolgus macaques on day 3 after SARS-CoV-2 infection. 
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3.2. Increased expression levels of CD38 and NAD biosynthesis enzymes 
in endothelial cells of the lungs and hearts of cynomolgus macaques 
infected with SARS-CoV-2 

Next, changes in NAD metabolism, which may be associated with EC- 
related COVID-19 complications, were examined (Chang et al., 2020; 
Horenstein et al., 2021). Since NAD would be further consumed by CD38 
overexpression (Fig. 2A), NAD production and consumption in ECs were 
indirectly estimated by changes in the expression levels of NAD 

biosynthesis enzymes. The expression levels of CD38, IDO, NAPRT, 
NMNAT, and LDH in ECs of the lungs and hearts of SARS-CoV-2-infected 
macaques were examined. CD38 was positive in ECs of lung vessels of 
SARS-CoV-2-infected macaques on day 3 after virus infection, whereas 
CD38 was not detected in the ECs of vessels of non-infected macaques 
(Fig. 2B–D). A diffuse distribution of ECs positive for IDO and LDH was 
seen in SARS-CoV-2-infected macaques but not in non-infected ma-
caques. Lung vessels with ECs positive for NAPRT were also more 
frequently found in SARS-CoV-2-infected macaques but not as 

Fig. 2. Increased expression levels of CD38 and NAD biosynthesis enzymes in lung endothelial cells of cynomolgus macaques infected with SARS-CoV-2. 
(A) NAD biosynthesis pathways including de novo, salvage, and Preiss-Handler pathways and a hypoxic response. (B) Representative images of immunohistochemical 
staining of CD38, IDO, NAPRT, NMNAT, and LDH in lung tissues of a non-infected control and a SARS-CoV-2-infected macaque. (C) Representative images of double 
immunostaining of CD38 with IDO, NAPRT, and LDH in lung tissues of infected macaques on day 3. (D) Detection levels of CD38, IDO, NAPRT, NMNAT, and LDH in 
endothelial cells of lung tissues from non-infected controls (n = 4–5) and SARS-CoV-2-infected macaques (n = 6). The detection levels of endothelial cells expressing 
CD38, IDO, NAPRT, NMNAT, and LDH in the right lower lung lobes were evaluated as follows: 0, not detected; 1, focal; 2, intermediate; and 3, diffuse. (E) CD38, IDO, 
NAPRT, NMNAT, and HIF-1α mRNA in lung tissues on day 3 after infection (n = 6) relative to those in non-infected macaque lungs (n = 3). The averages and 
standard deviations are shown in the graphs. Statistics: unpaired Student’s t-test. **: P < 0.01, ****: P < 0.0001. 
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frequently as than IDO and LDH. CD38 molecules were co-expressed 
with IDO, NAPRT, and LDH on ECs (Fig. 2C). Compared to the mRNA 
expression levels in non-infected macaque lungs, the mRNA expression 
levels of CD38, IDO, NAPRT, NMNAT (NAD biosynthesis enzymes) and 
HIF-1α (hypoxia-inducible factor, a regulator of hypoxic response) were 
increased in SARS-CoV-2-infected macaque lungs (Fig. 2E). 

The expression levels of NAD biosynthesis enzymes in hearts of 
SARS-CoV-2-infected macaques were examined. As in lung tissues, 
vessels with ECs positive for CD38, IDO, and NAPRT were observed 
more frequently in the hearts of SARS-CoV-2-infected macaques than in 
the hearts of non-infected macaques, although the difference in CD38 
expression levels was not signi昀椀cant (Fig. 3A and B). LDH-positive ECs 
were detected slightly more frequently in the infected macaques than in 
the non-infected macaques (Fig. 3B). Upregulation of CD38, IDO, 

NMNAT, and HIF-1α mRNA, but not NAPRT mRNA, was found in SARS- 
CoV-2-infected macaque heart tissues (Fig. 3C). Therefore, the expres-
sion of NAD synthetic enzymes in the de novo and Preiss-Handler path-
ways and in hypoxia response and the expression of the NAD converting 
enzyme increased in ECs of macaque lungs and hearts after infection, 
with a more pronounced upregulation in the lungs. These observations 
indirectly suggest that NAD consumption and biosynthesis increase in 
ECs early in SARS-CoV-2 infection. 

The expression levels of CD38 and NAD biosynthesis enzymes on 
lung ECs in macaques infected with SARS-CoV-2 were examined in the 
later stage (on days 7 and 28) (Ishigaki et al., 2021, 2022). Similar to the 
昀椀ndings on day 3, lung vessels positive for CD38 in ECs of 
SARS-CoV-2-infected macaques were diffusely observed on days 7 and 
28 (Supplemental Fig. 1). Although the inoculum virus amount in the 

Fig. 3. Increased expression levels of CD38 and NAD biosynthesis enzymes in heart endothelial cells of cynomolgus macaques infected with SARS-CoV-2. 
(A) Representative images of immunohistochemical staining of CD38, IDO, NAPRT, NMNAT, and LDH in heart tissues from a non-infected control and a SARS-CoV-2- 
infected macaque. (B) Detection levels of CD38, IDO, NAPRT, NMNAT, and LDH in vascular endothelial cells of heart tissues from non-infected control (n = 4–5) and 
SARS-CoV-2-infected macaques (n = 6). The detection levels of endothelial cells expressing CD38, IDO, NAPRT, NMNAT, and LDH in heart sections were evaluated as 
follows: 0, not detected; 1, focal; 2, intermediate; and 3, diffuse. (C) CD38, IDO, NAPRT, NMNAT, and HIF-1α mRNA in heart tissues on day 3 after infection (n = 6) 
relative to those in non-infected macaque hearts (n = 3). The averages and standard deviations are shown in the graphs. Statistics: unpaired Student’s t-test. **: P 
< 0.01. 
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macaques autopsied on day 28 (2 × 106 TCID50/mL) was smaller than 
that in the macaques autopsied on day 3 and day 7 (2 × 107 TCID50/mL) 
(Supplemental Table 2), increased CD38 expression was induced even 
by the lower inoculum virus concentration and remained until day 28. In 
addition, macaque lung vessels with ECs positive for IDO, NAPRT, 
NMNAT, and LDH showed peak detection on day 3 and were then 
modestly observed on days 7 and 28 after SARS-CoV-2 infection (Sup-
plemental Fig. 1). Therefore, these observations suggest an imbalance of 
NAD consumption by CD38 and NAD biosynthesis in ECs at the later 
stage of COVID-19. 

3.3. Expression of CD38 on HUVECs after stimulation with SARS-CoV-2- 
infected macaque plasma and IL-6 + IL-6R 

Since ECs showed increased expression of CD38 in the lungs and 
hearts on day 3 and SARS-CoV-2 N antigen was not detected in ECs 
(Supplemental Fig. 2A), we hypothesized that soluble factors such as 
cytokines in the macaque plasma might activate ECs after virus infec-
tion. HUVECs were cultured in 10% plasma collected from macaques 

infected with SARS-CoV-2 on days 0, 1, 3, and 7 after infection. Levels of 
VCAM-1, E-selectin, IL-6, and CD38 mRNA in the macaque plasma on 
day 1 was higher than those on day 0, although the upregulation was at a 
modest level (Supplemental Fig. 2B). Since levels of cytokines including 
IL-6 were high in the cynomolgus macaque plasma on day 1 after 
infection (Ishigaki et al., 2021), and increased soluble IL-6 and IL-6R 
levels in plasma of severe COVID-19 patients were reported in addi-
tion to a role of IL-6 trans-signaling in EC activation (Kang et al., 2020; 
Koutsakos et al., 2021), the expression of CD38 and the role of CD38 in 
the HUVECs, which express gp130 and do not express IL-6R on the cell 
membrane (Kang et al., 2020), were examined in an in vitro study after 
stimulation with a combination of IL-6 and IL-6R. Six hours after IL-6 +
IL-6R stimulation, signi昀椀cant increases in the levels of IL-6 and 
E-selectin mRNA were observed (Fig. 4A). Then IL-6 upregulation in 
activated ECs decreased and E-selectin mRNA upregulation continued to 
increase until 72 h. CD38 mRNA showed signi昀椀cant upregulation 72 h 
after stimulation, as did VCAM-1 mRNA. Thus, HUVECs were activated 
via IL-6 trans-signaling and showed CD38 upregulation 72 h after 
stimulation. The in vitro results were consistent with the detection in 

Fig. 4. Expression levels of NAD biosynthesis enzymes in HUVECs after IL-6 + IL-6R stimulation. (A–C) mRNA expression at 6 h and 72 h after stimulation and 
no treatment (mock) at the same time point. The averages and standard deviations of three independent experiments are shown in the graphs. Statistics: unpaired 
Student’s t-test. *: P < 0.05, ***: P < 0.001. 
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SARS-CoV-2-infected cynomolgus macaques of CD38 expression in lung 
ECs on day 3 after infection (Fig. 2). 

The mRNA expression of NAD biosynthesis enzymes was examined 
in HUVECs activated by IL-6 trans-signaling. The mRNA expression of 
NAD biosynthesis enzymes including IDO, NAPRT, and NMNAT was not 
upregulated 72 h after stimulation (Fig. 4B). The mRNA level of HIF-1α, 
which was induced at a low oxygen concentration and increased NAD 

(Cheng et al., 2014), was signi昀椀cantly upregulated early at 6 h and was 
then decreased at 72 h. Thus, NAD biosynthesis might be maintained by 
the hypoxia metabolism in ECs after IL-6 + IL-6R stimulation. Since the 
upregulation of CD38 in activated ECs might increase cellular suscep-
tibility to stimulants and increase mitochondrial oxidative stress (Hu 
et al., 2014; Ogura et al., 2020), the expression of cellular 
survival-related genes and the expression of mitochondrial 

Fig. 5. Effects of CD38 siRNA treatment in HUVECs stimulated with IL-6 + IL-6R. (A) Experimental designs. (B) Knockdown ef昀椀ciency of CD38 mRNA was 
calculated as the amount of the target normalized to GAPDH and relative to the negative control: 100 × (1–2(-△△ct)) (%) before infection (four independent ex-
periments). (C) mRNA expression at 6 h after stimulation relative to no treatment (mock) (three independent experiments). (D) Representative images of cells treated 
with negative control siRNA or CD38 siRNA at 48 h after IL-6 + IL-6R stimulation (representative of three independent experiments). (E) Percentages of dead cells 
detected by trypan blue. (F) Percentages of annexin V+ cells and 7AAD+ cells in the HUVECs treated with negative control siRNA/CD38 siRNA and cultured for 48 h 
with IL-6 + IL-6R stimulation. The averages and standard deviations are shown in the graphs. Statistics: unpaired Student’s t-test. *: P < 0.05, **: P < 0.01, ***: P 
< 0.001. 
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dysfunction-related genes were also evaluated. The IL-6 and IL-6R 
complex did not induce upregulation of the expression of survival 
genes, p16, p21, p53, Bax and Bcl2 in activated ECs until 72 h after 
stimulation (Supplemental Fig. 3). On the other hand, upregulation of 
the mRNA expression of mitochondrial dysfunction-related genes, 
including mitochondrial dynamin-like GTPase (OPA-1) and 
dynamin-related protein 1 (DRP-1) (mitochondrial fusion-related and 
昀椀ssion-related genes) (Hoffmann et al., 2013), was detected 72 h after 
IL-6 + IL-6R treatment (Fig. 4C). Therefore, IL-6 stimulation might 
change NAD biosynthesis and cause mitochondrial dysfunction in acti-
vated ECs. 

3.4. Protective role of CD38 for HUVECs after IL-6 + IL-6R stimulation 

Next, to examine the role of CD38 expression on the ECs stimulated 
with IL-6 + IL-6R, the expression of CD38 mRNA was suppressed by 
siRNA (Fig. 5A). CD38 siRNA treatment of HUVECs reduced CD38 
mRNA expression by an average of 60% compared to that in negative 
siRNA controls (Fig. 5B). CD38 siRNA treatment did not affect the 
cellular morphology under the unstimulated condition (Supplemental 
Fig. 4B). Six hours after IL-6 trans-signaling stimulation, there was 
signi昀椀cantly higher upregulation of mRNA of IL-6, E-selectin, and HIF- 
1α in CD38 mRNA-silenced cells than in the negative siRNA and mock 
control cells (Fig. 5C). Large numbers of trypan blue-positive dead cells 
were seen in the culture of CD38 mRNA-silenced cells 48 h after IL-6 +
IL-6R treatment (Fig. 5D and E). CD38 mRNA-silenced cells showed an 
apoptotic state with a signi昀椀cant increase in the number of annexin V+

cells and a tendency for a consistently increasing number of 7AAD+ cells 
after IL-6 stimulation (Fig. 5F). Without the stimulation, CD38 siRNA 
treatment only induced a signi昀椀cant increase in the number of annexin 
V+ cells, and 7AAD+ cells did not show a consistent change, indicating a 
pre-apoptotic but not apoptotic state (Supplemental Fig. 4C). Hence, 
silencing CD38 mRNA kept the cells in an early apoptosis state in a non- 
stimulated condition, and IL-6 + IL-6R treatment promoted cell death by 
apoptosis after 48 h of culture. Instead, CD38 played a vital role in 
protecting the ECs from the apoptosis during IL-6 trans-signaling 
stimulation. 

4. Discussion 

In the present study, EC activation was demonstrated in cynomolgus 
macaques infected with SARS-CoV-2, as seen in human patients with 
COVID-19. Increased expression levels of CD38, IDO, NAPRT, and LDH, 
which are NAD catabolizing and biosynthesizing enzymes, were found 
in the ECs of SARS-CoV-2-infected macaque lungs and hearts. These 
昀椀ndings proved that CD38/NAD axis metabolism was altered in ECs 
during SARS-CoV-2 infection together with EC activation. The in vitro 
results suggest that the increased CD38 expression protects ECs from 
apoptosis induced by IL-6 trans-signaling stimulation at the early stage 
of SARS-CoV-2 infection. 

Cynomolgus macaques showed EC activation with morphological 
change and increases of EC-related thrombogenesis markers, D-dimer, 
vWF and PAI-1, in plasma 3 days after SARS-CoV-2 infection, similar to 
the observations in COVID-19 patients (Ackermann et al., 2020). In 
addition, we also observed CD38 expression on ECs in the lungs of the 
cynomolgus macaques. Cynomolgus macaque CD38 is known to have 
high genetic and biochemical similarities with human CD38 (Lee et al., 
2015). Therefore, the cynomolgus macaque model could be a useful 
model for the study of EC activation and dysmetabolism at the early 
stage of SARS-CoV-2 infection when the ef昀椀cacy of therapies targeting 
EC dysfunction following viral infection could be evaluated (Kawakami 
et al., 2023), whereas the study of EC activation and dysmetabolism was 
potentially limited in postmortem human studies. 

CD38 expression on ECs might contribute to NAD dysmetabolism 
during SARS-CoV-2 infection. CD38 expression on HUVECs in vitro and 
heart ECs was shown to be induced by factors secreted from senescent 

cells and hypoxia-reoxygenation (Boslett et al., 2018; Chini et al., 2019). 
In the present study, CD38 mRNA and protein expression levels 
increased in ECs after SARS-CoV-2 infection in macaque experiments 
and after stimulation with IL-6 + IL-6R in vitro. Increased CD38 
expression might consume NAD, inducing an increase in NAD biosyn-
thesis in ECs at the early stage of SARS-CoV-2 infection. This is sup-
ported by the results showing that IDO, NAPRT, and LDH were 
signi昀椀cantly positive in ECs on day 3 compared to those in uninfected 
macaques. Lung vessels with CD38-positive ECs were diffusely found in 
SARS-CoV-2-infected macaques on day 28, whereas blood vessels with 
IDO, NAPRT, NMNAT, and LDH-positive ECs were modestly observed. 
Thus, a dynamic change in NAD consumption and biosynthesis in ECs 
might cause an NAD imbalance and EC dysfunction during SARS-CoV-2 
infection. 

NAD dysmetabolism has shown an association with COVID-19 
severity and long-term complications. In SARS-CoV-2-infected mice, 
NMN treatment improved the survival rate by 30% (Jiang et al., 2022). 
In addition, treatment with niacinamide (a form of vitamin B3, material 
for NAD synthesis via the Preiss Handler pathway) prevented 
COVID-19-related acute kidney injury (Raines et al., 2021). Therefore, 
several clinical trials have been testing the ef昀椀cacy of vitamin B3 in long 
COVID-19 treatment (NCT04751604 and NCT04809974). Since 
decreased NAD expression is related to the pathogenesis of aging, NAD 
dysmetabolism might contribute to accelerated senescence in COVID-19 
patients (Cao et al., 2022). These results indicate that NAD dysmetab-
olism contributes to the pathogenesis of SARS-CoV-2 infection and also 
indicate the potential of NAD-boost therapy for COVID-19 treatment 
(Consonni et al., 2023; Fang et al., 2023). 

A hypoxic response also induces NAD synthesis from its reduced form 
NADH. Signi昀椀cant LDH expression in lung ECs after SARS-CoV-2 
infection on day 3 showed an increase in HIF-1α, indicating the induc-
tion of a hypoxic response. After being stimulated with IL-6 trans- 
signaling, HIF-1α mRNA expression, but not mRNA expression of the 
other NAD synthesis enzymes, was quickly upregulated in HUVECs at 6 
h. This indicates that the hypoxic response in ECs started very early after 
IL-6-stimulation and possibly after SARS-CoV-2 infection. In macaque 
lungs and hearts, IDO and NAPRT expression levels were increased in 
ECs on day 3 after infection, but they did not increase in vitro experi-
ments. Therefore, an additional factor such as interferon-γ, IL-1β, or 
TNF-α might contribute to the EC activation in vivo (Liang et al., 2019; 
Mako et al., 2010). Both in vivo and in vitro experiments showed a 
hypoxic response in ECs, although the expression of the enzyme NMNAT 
necessary for three other NAD biosynthesis pathways did not increase. 
Since cells engage in glycolysis when demand for NAD increases (Luengo 
et al., 2021), the present results suggest that a hypoxic response con-
tributes mainly to NAD repletion in ECs during in昀氀ammation. Stabili-
zation of hypoxia-inducible factor signaling prevented epithelial cell 
damage and respiratory symptoms in SARS-CoV-2 infection (Wing et al., 
2021). Therefore, a therapy stabilizing the hypoxic response in combi-
nation with NAD precursors might optimize the NAD level during 
SARS-CoV-2 infection. 

CD38 inhibition may also contribute to NAD repletion, but the role of 
CD38 during in昀氀ammation remains controversial. CD38 expression in-
dicates oxidative stress conditions associated with the level of reactive 
oxidative species in ECs and other cells during stress; CD38 inhibition 
reduced oxidative stress and protected cellular function (Boslett et al., 
2018; Ogura et al., 2020). Inhibition of CD38 enzymatic activity reduced 
hyperin昀氀ammation by the respiratory syncytial virus in 
monocyte-derived dendritic cells (Schiavoni et al., 2018). Signi昀椀cant 
CD38 expression was observed on ECs of SARS-CoV-2-infected macaque 
lungs and hearts and in HUVECs 72 h after IL-6 + IL-6R stimulation in 
vitro. However, CD38 mRNA silencing induced IL-6, E-selectin, and 
HIF-1α mRNA upregulation at 6 h and induced apoptosis 48 h after IL-6 
trans-signaling stimulation. This observation demonstrated that CD38 
expression interfered with the positive feedback loop of IL-6 trans--
signaling stimulation. CD38-knockout mice showed high susceptibility 
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to infection (Lischke et al., 2013). However, quercetin, a substance that 
can inhibit CD38, showed a positive effect in preventing immune 
overactivation during SARS-CoV-2 infection (Di Pierro et al., 2022; 
Escande et al., 2013). Therefore, a method that only inhibits NAD 
catabolic function in multifunctional CD38 would be helpful for NAD 
optimization during infectious diseases. 

In the present study, we examined the protein and gene expression 
levels of CD38 and other enzymes related to NAD metabolism in samples 
of macaques and ECs. This means that the enzymatic activity of CD38 
and the other proteins related to NAD metabolism was not directly 
determined. In addition, we did not measure the levels of NAD+ in 
samples of macaques and ECs. However, high NAD+ levels in CD38 gene 
knockout mice (Chatterjee et al., 2018) and in cells with knocked-down 
CD38 mRNA (Escande et al., 2013) indicate that the expression and 
quantity of CD38 protein are related to the enzymatic activity for NAD+

degradation, allowing us to speculate NAD metabolism by the expres-
sion of the proteins and the genes. 

5. Conclusion 

Signi昀椀cantly activated ECs together with increased expression levels 
of CD38, IDO, NAPRT, and LDH were observed in locally in昀氀amed lung 
and heart tissues at the early stage of SARS-CoV-2 infection in cyn-
omolgus macaques. The 昀椀ndings indicated that there was a systemic 
alteration in NAD metabolism in ECs after infection, and a more sig-
ni昀椀cant change was found in locally in昀氀amed lung tissues. Observations 
of the change in NAD metabolism in ECs might contribute to a deeper 
insight into the metabolomic pathogenesis of COVID-19 and the devel-
opment of an optimal NAD-targeting therapy for infectious diseases. 
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