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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) evolves rapidly under
the pressure of host immunity, as evidenced by waves of emerging variants despite effec-
tive vaccinations, highlighting the need for complementing antivirals. We report that
targeting a pyrimidine synthesis enzyme restores inflammatory response and depletes
the nucleotide pool to impede SARS-CoV-2 infection. SARS-CoV-2 deploys Nsp9 to
activate carbamoyl-phosphate synthetase, aspartate transcarbamoylase, and dihydrooro-
tase (CAD) that catalyzes the rate-limiting steps of the de novo pyrimidine synthesis.
Activated CAD not only fuels de novo nucleotide synthesis but also deamidates RelA.
While RelA deamidation shuts down NF-κB activation and subsequent inflammatory
response, it up-regulates key glycolytic enzymes to promote aerobic glycolysis that
provides metabolites for de novo nucleotide synthesis. A newly synthesized small-
molecule inhibitor of CAD restores antiviral inflammatory response and depletes the
pyrimidine pool, thus effectively impeding SARS-CoV-2 replication. Targeting an
essential cellular metabolic enzyme thus offers an antiviral strategy that would be more
refractory to SARS-CoV-2 genetic changes.
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Having emerged in December 2019, the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) has caused a global pandemic with more than 437 million infections
and 5.96 million deaths as of March 1, 2022, not to mention unknown asymptomatic
infections (https://coronavirus.jhu.edu/). Although closely related to the previously
emerged SARS-CoV and Middle East respiratory syndrome CoV, SARS-CoV-2 is
astonishingly transmissible and infectious in humans (1, 2). The molecular mechanisms
underlying these epidemiological phenotypes of SARS-CoV-2 are emerging from stud-
ies that examine the viral entry step mediated by the viral spike protein and its human
ACE2 receptor. In addition to the viral entry, intracellular events involving viral repli-
cation and host response are expected to contribute to SARS-CoV-2 pathogenesis,
although our understanding concerning how SARS-CoV-2 adapts to and exploits cellu-
lar processes remains rudimentary at best.
As obligate intracellular pathogens, viruses rely on cellular mechanisms that power

the biosynthesis of various components essential for progeny production, including
nucleic acids, proteins, and lipids (3–5). Central to the biomass accumulation and
virion reproduction, nucleotide synthesis produces materials for transcription, transla-
tion, genome replication, assembly, and egress of the viral productive infection cycle
(6, 7). Importantly, UDP is required for the synthesis of glycoproteins that mediate
viral entry during a new cycle of infection (8–10). Similar to proliferating cells, viruses
activate anabolic pathways to accumulate biomass in preparation for viral replication
(4, 5, 11–13). Although most of the metabolic pathways are known to be crucial for
effective viral productive infection, how exactly viruses manipulate, explore, and exploit
these pathways to program cellular metabolism and promote viral replication remains
largely obscure.
The highly transmissible nature of SARS-CoV-2 in humans rests, at least partly, on

efficient viral entry mediated by an enhanced interaction between the spike protein and
a human ACE2 receptor (14–18). Cellular metabolism and innate immune response
are two processes that potentially influence viral replication downstream of the entry
step. To probe the immune evasion of cytokine production in SARS-CoV-2 infection,
we discovered that SARS-CoV-2 activates de novo pyrimidine synthesis via the rate-
limiting enzyme, carbamoyl phosphate synthetase, aspartate transcarbamoylase, and
dihydroorotase (CAD). Activated CAD not only fueled de novo nucleotide synthesis
but also nullified antiviral inflammatory response, thus coupling evasion of inflamma-
tory response to metabolic activation. A screen identified that SARS-CoV-2 Nsp9 was
sufficient to activate CAD for nucleotide synthesis and evasion of inflammatory
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response. As such, a de novo synthesized small-molecule inhibi-
tor of CAD depleted nucleotides and restored antiviral inflam-
matory response, thereby effectively impeding SARS-CoV-2
replication. Such inhibitors targeting essential cellular enzymes
represent new antiviral modalities that would circumvent the
emerging genetic change of SARS-CoV-2 featuring the ongoing
COVID-19 pandemic.

Results

SARS-CoV-2 Suppresses Inflammatory Response via Inducing
RelA Deamidation. To probe the inflammatory response against
SARS-CoV-2, we compared the expression of NF-κB genes
induced by SARS-CoV-2 to that by Sendai virus, a prototype
RNA virus. In normal human bronchial epithelial (NHBE)
cells which show immune response to respiratory viruses (19),
SARS-CoV-2 infection induced a weak and delayed expression
of NF-κB–responsive genes, including TNFA, IL-8, NFKB1A,
CXCL10, and CCL5 (Fig. 1A). In stark contrast, Sendai virus
triggered a rapid and robust expression of these genes, with a
peak at 6 h postinfection (hpi) (Fig. 1A). Similar patterns in
fold and kinetics of induction were observed in human Calu-3
lung cancer cells upon SARS-CoV-2 infection (SI Appendix,
Fig. S1A). To query whether SARS-CoV-2 infection inhibits
NF-κB, we sequentially infected Calu-3 and NHBE cells with
SARS-CoV-2 and Sendai virus, and determined the expression
of NF-κB–responsive genes. To ensure every cell infected with
Sendai virus is also infected with SARS-CoV-2, we infected
cells with SARS-CoV-2 at a multiplicity of infection (MOI)
of 5. SARS-CoV-2 infection in Calu-3 and NHBE cells was
evaluated by using an mNeonGreen-marked SARS-CoV-2
(icSARS-CoV-2-mNG) (SI Appendix, Fig. S2 A and B). We
found that SARS-CoV-2 infection significantly reduced the
expression of NF-κB–responsive genes induced by Sendai virus
(Fig. 1B and SI Appendix, Fig. S1B). These results support the
conclusion that SARS-CoV-2 inhibits the expression of NF-κB–
dependent antiviral genes.
RelA is a transcriptionally active component of NF-κB; we

were keen on its deamidation that can efficiently shut down
inflammatory gene expression (20). Thus, we examined
whether SARS-CoV-2 infection induces RelA deamidation.
Indeed, in Caco-2 cells, SARS-CoV-2 infection shifted RelA
toward the positive end of the gel strips, as analyzed by two-
dimensional gel electrophoresis (2-DGE), consistent with the
outcome of deamidation (Fig. 1C and SI Appendix, Fig. S1C).
SARS-CoV-2 showed high infection rates at early time points
(24 and 48 hpi) with MOI = 5 or late time points (72 and 96
hpi) with MOI = 0.1 in Caco-2 cells (SI Appendix, Fig. S2 C
and D). We have previously reported that RelA can be deami-
dated at N64 and N139 (20). The deamidated RelA-DD
(containing N64D and N139D) and deamidation-resistant
RelA-N64A mediate aerobic glycolysis and inflammatory response
via transcriptional regulation, respectively. Thus, we used primary
mouse embryonic fibroblasts (MEFs) isolated from RelA-DD and
RelA-N64A knock-in mice to analyze NF-κB response upon
SARS-CoV-2 infection. To facilitate SARS-CoV-2 infection, we
established MEF cell lines stably expressing human ACE2
(hACE2) (SI Appendix, Figs. S1D and S2E). Real-time PCR anal-
ysis showed that wild-type RelA modestly and RelA-N64A more
robustly induced the expression of Il8, Cxcl1, and Tnfa, while
RelA-DD failed to do so (Fig. 1D). We further analyzed RelA
deamidation in wild-type and RelA-N64A MEFs after SARS-
CoV-2 infection. Viral infection obviously shifted wild-type RelA
to the positive end of the gel strip, while having no effect on

RelA-N64A in MEFs (Fig. 1E). To probe the role of RelA deami-
dation in SARS-CoV-2 replication, we analyzed viral RNA levels
and titer. Compared to wild-type RelA, RelA-DD markedly
increased, while RelA-N64A reduced, SRAS-CoV-2 replication
(SI Appendix, Fig. S1 E and F). These results support the conclu-
sion that SARS-CoV-2 induces RelA deamidation to promote its
replication.

To probe the in vivo role of RelA deamidation in SARS-
CoV-2 replication, we used RelA-N64A knock-in mice for
SARS-CoV-2 infection. To enable SARS-CoV-2 infection, we
transduced C57BL/6 mice with adeno-associated virus (AAV)
expressing hACE2 (21). Once hACE2 expression was validated,
we evaluated inflammatory gene expression in AAV-hACE
mice (SI Appendix, Fig. S1G). Real-time PCR analysis showed
that SARS-CoV-2 induced a moderate expression of inflamma-
tory cytokines peaking at 4 d postinfection (dpi) to 6 dpi (SI
Appendix, Fig. S1H). When infected with SARS-CoV-2, RelA-
N64A mice expressed NF-κB–dependent genes at levels that
were approximately twofold to sevenfold those in wild-type
mice at 4 dpi (Fig. 1F). Conversely, plaque assays using lung
lysates showed that SARS-CoV-2 titer in RelA-N64A mice was
more than two orders of magnitude lower than that in wild-
type mice (Fig. 1G). Consistent with this, RelA-N64A also
reduced the abundance of SARS-CoV-2 RNA by ∼1.5 orders
of magnitude (SI Appendix, Fig. S1I). These results collectively
support the conclusion that SARS-CoV-2 induces RelA deamida-
tion to inhibit NF-κB activation and promote viral replication.

To determine whether CAD is required for SARS-CoV-2–
induced RelA deamidation, we depleted CAD in Caco-2 cells
and examined RelA deamidation upon SARS-CoV-2 infection.
In control cells, the more negatively charged species was increased
after SARS-CoV-2 infection, indicative of induced deamidation
(SI Appendix, Fig. S3A). Moreover, CAD depletion abolished
SARS-CoV-2–induced RelA deamidation (SI Appendix, Fig.
S3A). We previously validated the specificity of CAD in RelA
deamidation using CAD-knockout cells and two pairs of short
hairpin RNA (shRNA) (20); we thus depleted CAD with one
shRNA and examined antiviral gene expression upon SARS-
CoV-2 infection. Remarkably, CAD depletion in NHBE cells
elevated the expression of antiviral genes by an order of magni-
tude upon SARS-CoV-2 infection, including those of CXCL1,
CXCL2, CCL2, and NFKB1A (Fig. 1H). Similarly, CAD deple-
tion in Calu-3 cells elevated the expression of these genes upon
SARS-CoV-2 infection (SI Appendix, Fig. S3B). These results
demonstrate that CAD is crucial for RelA deamidation and inhi-
bition of inflammatory cytokine production during SARS-CoV-2
infection.

SARS-CoV-2 Nsp9 Activates CAD to Inhibit NF-κB Activation.
To probe the virus–host interaction underpinning SARS-CoV-2–
induced RelA deamidation, we screened for viral proteins that
interact with CAD, using a SARS-CoV-2 expression library (22).
Affinity purification followed by immunoblotting analysis identi-
fied multiple SARS-CoV-2 polypeptides, including Nsp8, Nsp9,
ORF7a, ORF8, M, and ORF10, that coprecipitated with endoge-
nous CAD in HEK293T cells expressing SARS-CoV-2 proteins
(Fig. 2A). Because CAD deamidates RelA to block NF-κB activa-
tion (20), we further assessed whether these CAD-binding pro-
teins inhibit NF-κB activation by a luciferase reporter assay.
When NF-κB activation was induced with overexpressed MAVS,
we found that only Nsp9, out of all six SARS-CoV-2 polypepti-
des, modestly reduced NF-κB activation (Fig. 2B). Given that
ORF10 expression was low, we further performed reporter assays
and found that ORF10 reduced NF-κB activation induced by
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Fig. 1. SARS-CoV-2 inhibits cytokines production via inducing RelA deamidation. (A) NHBE cells were infected with SARS-CoV-2 (MOI = 0.1) or Sendai virus
(SeV, 100 HAU/mL) for the indicated time. Total RNA was extracted and analyzed by real-time PCR with primers specific for indicated genes. (B) Calu-3 cells
were mock infected or infected with SARS-CoV-2 (MOI = 5) for 24 h and superinfected with SeV (100 hemagglutination units (HAU)/mL) for 6 h. The expres-
sion of the indicated genes was analyzed by real-time PCR using total RNA. (C) Caco-2 cells were mock infected or infected with SARS-CoV-2 (MOI = 5) for
24 and 48 h. WCLs were analyzed by 2-DGE and immunoblotting. (D) RelA wild-type, RelA-DD, and RelA-N64A knock-in MEFs expressing human ACE2
(hACE2) were infected with SARS-CoV-2 (MOI = 0.1) for 24 h. The expression of indicated genes was analyzed by real-time PCR. (E) RelA wild-type and RelA-
N64A knock-in MEFs expressing hACE2 were infected with SARS-CoV-2 (MOI = 0.1) for 24 h. WCLs were analyzed by 2-DGE and immunoblotting. (F and G)
AAV-hACE2 transduced wild-type and RelA-N64A knock-in mice (n = 4) were intranasally infected with SARS-CoV-2 (5 × 105 pfu). The expression of cytokine
genes (F) and viral titer (G) in the lung were determined by real-time PCR and plaque assay, respectively. (H) NHBE cells were infected with control lentivirus
or lentivirus carrying shRNA against CAD. Cells were then infected with SARS-CoV-2 (MOI = 0.5) for 24 h. WCLs were analyzed by immunoblotting with indi-
cated antibodies, and the expression of inflammatory genes was analyzed by real-time PCR. Data are presented as means ± SD of biological triplicates (A, B,
D, and H) and are representative of three independent experiments (C and E). In F and G, four mice were used in each group. Statistical analysis was per-
formed by the two-way ANOVA test, one-way ANOVA test, or unpaired, two-tailed Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 2. SARS-CoV-2 Nsp9 inhibits NF-κB activation through CAD. (A) HEK293T cells were transfected with plasmids expressing Strep-tagged GFP or
SARS-CoV-2 viral proteins. At 48 h posttransfection, WCLs were incubated with StrepTactin beads. WCLs and precipitated proteins were analyzed by
immunoblotting with indicated antibodies. Red arrowheads indicate viral proteins. (B) HEK293T cells were transfected with plasmids expressing MAVS or
SARS-CoV-2 polypeptides, and NF-κB luciferase reporter plasmid mixture. Luciferase activity was determined at 24 h after transfection. (C) NHBE cells were
infected with control lentivirus or that carrying Nsp9. At 72 hpi, cells were infected with SeV (100 HAU/mL) for 6 h. Total RNA was extracted and analyzed by
real-time PCR with primers specific for indicated genes. (D) Nsp9-expressed or control NHBE cells were infected with SeV (100 HAU/mL) for 12 h. IL-8 and
CCL5 protein levels in the supernatants were determined by ELISA. (E) Caco-2 cells were infected with control lentivirus or that carrying Nsp9. At 72 hpi, cells
were harvested, and WCLs were analyzed by 2-DGE and immunoblotting with indicated antibodies. (F) Wild-type (WT) and CAD-knockout HCT116 cells were
infected with control lentivirus or that carrying Nsp9. At 72 hpi, WCLs were analyzed by 2-DGE and immunoblotting with indicated antibodies. (G) Wild-type
and CAD-knockout HCT116 cells were infected with control lentivirus or that containing Nsp9. At 72 hpi, cells were infected with SeV (100 HAU/mL) for 6 h.
WCLs were analyzed by immunoblotting with indicated antibodies, and the expression of indicated genes was analyzed by real-time PCR. Data are presented
as means ± SD of biological triplicates (B, C, D, and G) and are representative of three independent experiments (A, E, and F). Statistical analysis was per-
formed by the two-way ANOVA test, one-way ANOVA test, or unpaired, two-tailed Student’s t test. **P < 0.01; ***P < 0.001; ns, not significant.
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MAVS overexpression, but not that by RelA overexpression, in a
dose-dependent manner (SI Appendix, Fig. S3 C and D). The
inhibition of MAVS by ORF10 was consistent with what was pre-
viously reported (23), while ORF7a had no detectable effect (SI
Appendix, Fig. S3E). We then established an NHBE cell line that
stably expresses Nsp9 and examined innate immune activation
upon Sendai virus infection. Real-time PCR analysis indicated
that Nsp9 inhibited the expression of NF-κB–responsive genes,
such as TNFA, CCL5, and IL-8, induced by Sendai virus infection
(Fig. 2C). This was further confirmed by reduced CCL5 and IL-8
in the medium as analyzed by ELISA (Fig. 2D). To probe the
mechanism of down-regulation of NF-κB, we analyzed RelA dea-
midation by 2-DGE and found that Nsp9 shifted RelA toward
the positive end of the gel strip, indicative of deamidation (Fig.
2E and SI Appendix, Fig. S3F). Moreover, loss of CAD abolished
the shift of RelA induced by Nsp9 in HCT116 cells, supporting
the conclusion that Nsp9 induces CAD-mediated RelA deamida-
tion (Fig. 2F). We expressed Nsp9 in RelA-WT and RelA-DD
HCT116 cells and found that Nsp9 shifted only RelA-WT
toward the positive end of the gel strip, but not RelA-DD, in
HCT116 cells (SI Appendix, Fig. S3G). To determine the role of
CAD in the down-regulation of NF-κB activation by Nsp9, we
employed CAD-knockout HCT116 cells to analyze innate inflam-
matory gene expression. Indeed, Nsp9 inhibited the expression of
IL-8 and IL-6 in wild-type HCT116 cells, while having no effect
in CAD-knockout HCT116 cells, in response to Sendai virus infec-
tion (Fig. 2G). Collectively, these results show that Nsp9 inhibits
NF-κB activation through CAD-mediated RelA deamidation.

SARS-CoV-2 Activates CAD to Promote Replication. CAD cata-
lyzes the first three steps of the de novo pyrimidine synthesis
pathway, with the first step being rate limiting (Fig. 3A). Thus,
CAD is crucial for de novo nucleotide synthesis that underpins
cell proliferation and virus replication (24–26). The activity of
CAD in synthesizing pyrimidine is up-regulated by phosphoryla-
tion of serine 1859 (S1859) mediated by the ribosomal protein S6
kinase 1 (S6K1) (27–29). We analyzed the S1859 phosphoryla-
tion of CAD in cells infected with SARS-CoV-2. Immunoblotting
analysis indicated that the level of phosphorylated S1859 of CAD
was significantly higher in SARS-CoV-2–infected cells compared
to mock-infected cells (Fig. 3B and SI Appendix, Fig. S4A). To
further confirm that SARS-CoV-2 activates CAD, we performed
tracing experiments using SARS-CoV-2–infected Caco-2 cells
with isotope-labeled [15N-amide]glutamine and determined the
intracellular concentrations of dihydroorotate, the immediate prod-
uct of CAD-catalyzed reactions (Fig. 3A), and other downstream
products, including UMP, UDP, and UTP. As shown in Fig. 3C,
SARS-CoV-2 infection increased [15N]-labeled (M+1) dihy-
droorotate, UMP, UDP, and UTP. Furthermore, CAD depletion
in Caco-2 cells (Fig. 3D) abolished the increase in dihydroorotate
in SARS-CoV-2–infected cells compared to control knockdown
cells (Fig. 3E). Taken together, these results demonstrate that
SARS-CoV-2 activates CAD to promote de novo pyrimidine
synthesis.
To determine the role of CAD in SARS-CoV-2 infection,

we depleted CAD expression in Caco-2 cells (Fig. 3F) and
assessed viral replication by real-time PCR for viral gene expres-
sion and plaque assay for viral titer. CAD depletion reduced
SARS-CoV-2 RNA abundance by ∼80% for RdRp and S genes,
and ∼67% for E gene (Fig. 3G). Plaque assay further showed
that CAD depletion reduced viral titer by sixfold at 72 hpi
(Fig. 3H). Similar results were obtained in SARS-CoV-2–
infected Calu-3 (SI Appendix, Fig. S4 B–D) and NHBE cells

(SI Appendix, Fig. S4 E–G). Thus, CAD depletion impedes
SARS-CoV-2 replication.

Nsp9 Activates CAD to Promote De Novo Pyrimidine Synthesis.
In addition to the protein-deamidating activity, we determined
CAD activity in de novo pyrimidine synthesis in cells with Nsp9
expression. Immunoblotting analysis revealed that Nsp9 expres-
sion robustly elevated S1859 phosphorylation of CAD, while
ORF7a and other CAD-binding viral proteins had no apparent
effect, in Caco-2 cells (Fig. 4A and SI Appendix, Fig. S5A).
Next, we performed liquid chromatography–mass spectrometry
(LC-MS) analysis to measure intracellular metabolites, specifically
those of the central carbon metabolism and nucleotide synthesis
that are relevant to CAD activities. The pool size of the metabo-
lites of the PPP, purine, and pyrimidine pathways was increased
in Nsp9-expressed Caco-2 cells (SI Appendix, Fig. S5 B and C).
To further determine the activity of CAD in de novo pyrimidine
synthesis, we performed tracing experiments using [15N-amide]-
glutamine. Consistent with Nsp9 elevating S1859 phosphoryla-
tion of CAD, tracing analysis showed that Nsp9 expression
increased the labeled (M+1) dihydroorotate, UMP, and UDP
(Fig. 4E). These results indicate that Nsp9 activates CAD to
promote de novo pyrimidine synthesis. To probe the role of
CAD in Nsp9-induced metabolic activation, we depleted CAD
expression via shRNA-mediated knockdown (Fig. 4C) and per-
formed tracing experiments for metabolites downstream of
CAD. While Nsp9 significantly elevated [15N]-labeled dihy-
droorotate in wild-type cells, Nsp9 failed to do so in cells defi-
cient in CAD expression (Fig. 4D). A similar pattern was
observed for UMP, UDP, and UTP (Fig. 4D). Taken together,
Nsp9 activates CAD to promote de novo pyrimidine synthesis.

Given that S6K1 directly phosphorylates S1859 of CAD
(27), we queried whether Nsp9 could bind to S6K1 and
enhance the interaction between S6K1 and CAD. Immunopre-
cipitation analysis showed that S6K1 coprecipitated with Nsp9
(SI Appendix, Fig. S5D). As such, Nsp9 expression increased
the interaction between S6K1 and CAD (SI Appendix, Fig.
S5E). Furthermore, treatment with an S6K1 inhibitor
completely abolished Nsp9-induced RelA deamidation (SI
Appendix, Fig. S5F), demonstrating that S6K1 is essential for
CAD-mediated RelA deamidation induced by Nsp9. We also
determined whether Nsp9 could activate components of the
mTOR pathway upstream of S6K, specifically, AKT and mTOR.
Immunoblotting analysis showed that Nsp9 increased CAD phos-
phorylation, while having no effect on the phosphorylation level
of AKT and mTOR (SI Appendix, Fig. S5G). These results indi-
cate that Nsp9 recruits S6K1 to activate CAD.

SARS-CoV-2 Nsp9 Promotes Aerobic Glycolysis and De Novo
Purine Synthesis. Because CAD deamidates RelA to up-regulate
the expression of key glycolytic enzymes (20), we thus deter-
mined whether Nsp9-induced RelA deamidation increases the
expression of these metabolic enzymes during SARS-CoV-2
infection. Real-time PCR analysis showed that SARS-CoV-2
induced the expression of Hk1, Hk2, Pfkm, and Pdk4 in MEFs,
supporting the biological function of RelA deamidation (SI
Appendix, Fig. S6A). Furthermore, the expression of these gly-
colytic genes in SARS-CoV-2–infected cells was significantly
higher in RelA-DD knock-in MEFs than that in wild-type
MEFs, while RelA-N64A reduced the expression of these genes
compared to wild-type RelA (Fig. 5A). It is important to note
that, although basal expression of these metabolic genes was nearly
undetectable in mock-infected RelA-64A-knock-in MEFs, the
expression of these genes was slightly lower in RelA-64A-knock-in
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MEFs than wild-type MEFs when infected with SARS-CoV-2,
suggesting that SARS-CoV-2 may have an alternative mechanism
to up-regulate the expression of these genes. Nevertheless, these
results support the conclusion that SARS-CoV-2 induces RelA
deamidation to promote glycolysis. We then determined the
pool size of metabolites of the central carbon metabolic pathways
during SARS-CoV-2 infection. LC-MS analysis showed that
SARS-CoV-2 infection in Caco-2 cells resulted in greater amounts
of metabolites of the glycolysis, PPP, serine–glycine, and purine
synthesis pathways (Fig. 5B). In general, the increase in metabolites
was more pronounced in cells infected with SARS-CoV-2 at
MOI = 1 than at MOI = 0.1, and at 96 hpi than at 72 hpi. Inter-
estingly, the intracellular concentrations of ribose-5-phosphate
(R5P) and ribose, key intermediates of PPP, were reduced in cells
infected with SARS-CoV-2 at MOI = 1 than those infected at
MOI = 0.1, which may reflect the consumption of these metabo-
lites during robust SARS-CoV-2 replication. Similarly, SARS-CoV-
2 infection also reduced the intracellular concentrations of metabo-
lites of the pyrimidine pathway. We then performed carbon tracing
analysis with isotope-labeled [U-13C]glucose (Fig. 5C) to monitor
the intermediates of the glycolysis and its branch pathway. At 72
and 96 hpi with MOI = 1, SARS-CoV-2 significantly increased
labeled metabolites of the glycolysis, PPP, and purine synthesis
pathways (SI Appendix, Fig. S6B and Fig. 5D). Next, we examined
the effect of Nsp9 on the glycolysis and purine synthesis pathway.

Carbon tracing analysis indicated that Nsp9 expression increased
labeled G6P (M+6), 3PG (M+3), R5P (M+5), phosphoserine,
and IMP (M+5) in Calu-3 cells (SI Appendix, Fig. S6C), support-
ing that Nsp9 promotes aerobic glycolysis and de novo purine syn-
thesis. Furthermore, Nsp9 also activated glycolysis and de novo
purine synthesis in Caco-2 cells, and CAD depletion abolished the
increase in the metabolites induced by Nsp9 (Fig. 5E and SI
Appendix, Fig. S6D). Taken together, Nsp9 promotes aerobic gly-
colysis and de novo purine synthesis in a CAD-dependent manner.

A CAD Inhibitor, 2-TCPA, Impedes SARS-CoV-2 Replication.
Inhibition of CAD is expected to restore inflammatory response
and deplete nucleotides in SARS-CoV-2–infected cells, thus
impeding viral replication. We sought to develop small-molecule
inhibitors to further validate CAD’s role and provide therapeutic
candidates to combat SARS-CoV-2 infection and COVID-19.
Thus, we designed and synthesized a series of analogs of the
substrate glutamine to inhibit CAD. With a reporter-based screen
and several rounds of improvement via synthetic chemistry, we
identified 2-TCPA as the most potent inhibitor of CAD to
restore NF-κB activation (Fig. 6A and SI Appendix, Fig. S7A).
Furthermore, 2-TCPA efficiently inhibited RelA deamidation in
Caco-2 cells expressing Nsp9 (Fig. 6B). Consistently, 2-TCPA
increased the expression of NF-κB–responsive genes, such as IL-6,
IL-8, and CCL5, in a dose-dependent manner in HEK293T cells

Fig. 3. SARS-CoV-2 activates CAD to promote replication. (A) Diagram of [15N-amide]glutamine tracing for the de novo pyrimidine synthesis pathway.
(B) Caco-2 cells were infected with SARS-CoV-2 (MOI = 5) for 24 and 48 h. WCLs were analyzed by immunoblotting with indicated antibodies. (C) Caco-2 cells
were infected with SARS-CoV-2 (MOI = 5) for indicated hours, followed by labeling with [15N-amide]glutamine for 5 min (dihydroorotate) or 45 min (UMP,
UDP, and UTP). Indicated metabolites were analyzed by LC-MS. (D and E) Caco-2 cells were infected with control lentivirus or that containing shRNA against
CAD. Cells were infected with SARS-CoV-2 (MOI = 1) for 96 h, followed by labeling with [15N-amide]glutamine for 5 min. WCLs were analyzed by immunoblot-
ting with indicated antibodies (D), while dihydroorotate was analyzed by LC-MS (E). (F–H) Caco-2 cells were infected with control lentivirus or that containing
shRNA against CAD. Cells were infected with SARS-CoV-2 (MOI = 0.1) for the indicated time. WCLs were analyzed by immunoblotting with indicated antibod-
ies (F). Total RNA was extracted at 72 hpi and analyzed by real-time PCR with primers specific for indicated viral genes (G), and viral titer was determined
by plaque assay (H). Data are presented as means ± SD of biological triplicates (C, E, G, and H) and are representative of three independent experiments
(B, D, and F). Statistical analysis was performed by the one-way ANOVA test. ***P < 0.001.
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infected with Sendai virus (Fig. 6C). The increased expression of
IL-8 and IL-6 correlated with their production in the medium
analyzed by ELISA (Fig. 6D). 2-TCPA also greatly elevated
TNFA, NFKB1A, and CCL5 expression in SARS-CoV-2–infected
Calu-3 cells (Fig. 6E). To determine the specificity of 2-TCPA,
we showed that 2-TCPA had no effect on Sendai virus–induced
IFNB1 expression (SI Appendix, Fig. S7B) and on IL-8 expression
in CAD-KO HEK293T cells infected with Sendai virus (SI
Appendix, Fig. S7C). In conclusion, 2-TCPA inhibits CAD to
elevate the expression of NF-κB–responsive genes.
Next, we examined metabolites of nucleotide synthesis path-

ways. In Caco-2 cells treated with 2-TCPA, we found that
metabolites of the PPP and pyrimidine pathway were reduced
(SI Appendix, Fig. S7D). Furthermore, tracing analysis with
[U-13C]glucose or [15N-amide]glutamine showed that 2-TCPA
abolished the increase in metabolites of the glycolysis, PPP,
purine, and pyrimidine pathways induced by SARS-CoV-2
(Fig. 6 F and G). These results show that 2-TCPA blocks
nucleotide synthesis during SARS-CoV-2 infection.
To further characterize the antiviral activity of 2-TCPA, we

first determined the effect of 2-TCPA on SARS-CoV-2 replica-
tion in Caco-2 cells. The 2-TCPA inhibited SARS-CoV-2 with
a concentration that inhibits response by 50% (IC50) of
2.36 μM and an IC90 of 7.94 μM as analyzed by plaque assay
(Fig. 6H). Notably, 2-TCPA demonstrated no detectable cyto-
toxicity in Caco-2 cells up to 64 μM (Fig. 6H and SI Appendix,
Fig. S7E). Furthermore, 2-TCPA reduced viral RNA transcripts
in a dose-dependent manner and diminished N protein expres-
sion (Fig. 6I and SI Appendix, Fig. S7F). In Calu-3 cells,
2-TCPA demonstrated an IC50 of 11.61 μM and an IC90 of
38.53 μM on SARS-CoV-2 replication, while having no

detectable cytotoxicity up to 64 μM (Fig. 6J and SI Appendix,
Fig. S7G). Consistent with that, 2-TCPA reduced viral S gene
expression in a dose-dependent manner (SI Appendix, Fig.
S7H). We also determined the antiviral activity of 2-TCPA in
NHBE, and found that 2-TCPA potently inhibited SARS-
CoV-2 replication in a dose-dependent manner (SI Appendix,
Fig. S7I). The 2-TCPA did not show an obvious effect on the
viability and proliferation of NHBE up to 64 μM (SI Appendix,
Fig. S7 J and K). We further evaluated whether pyrimidine sup-
plementation could rescue SARS-CoV-2 replication in 2-TCPA–
treated cells. Interestingly, uridine supplementation only minimally
increased SARS-CoV-2 replication, as analyzed by plaque assay and
real-time PCR in the presence of 2-TCPA (SI Appendix, Fig. S7L).
Thus, 2-TCPA exerts antiviral activity partially dependent on pyrimi-
dine inhibition. These results collectively demonstrate that 2-TCPA
inhibits SARS-CoV-2 replication without obvious cytotoxicity.

Antiviral Activity of 2-TCPA against SARS-CoV-2 in Mouse Models.
To further characterize the antiviral activity of 2-TCPA, we used
two well-established mouse models for SARS-CoV-2 infection,
that is, AAV-hACE2 (Fig. 7A) and K18-hACE2 transgenic mice
(Fig. 7E) (21, 30, 31). AAV-hACE2–transduced mice were
infected with SARS-CoV-2 (5 × 105 plaque-forming units [pfu])
intranasally with treatment of vehicle or 2-TCPA (20 mg/kg) daily.
When mice were euthanized at 4 dpi, plaque assay using lung lysates
demonstrated that 2-TCPA reduced SARS-CoV-2 load by more
than three orders of magnitude (Fig. 7B). Similarly, real-time PCR
analysis showed that 2-TCPA lowered the abundance of SARS-
CoV-2 RNA by approximately three orders of magnitude (Fig. 7C).
Conversely, 2-TPCA elevated the expression of NF-κB–dependent
genes by a factor of 2 to 7 (Fig. 7D). These results clearly

Fig. 4. SARS-CoV-2 Nsp9 activates CAD to promote pyrimidine synthesis. (A) Caco-2 cells were infected with control lentivirus or that carrying Nsp9 or
ORF7a. At 72 hpi, WCLs were analyzed by immunoblotting with indicated antibodies. (B) Control or Nsp9-expressing Caco-2 cells were traced with [15N-ami-
de]glutamine for 10 min (dihydroorotate) or 1 h (UMP and UDP). Indicated metabolites were determined by LC-MS. (C and D) Caco-2 cells were infected with
control lentivirus or that expressing CAD shRNA. Cells were then infected with control lentivirus carrying empty vector or Nsp9 for 96 h, followed by labeling
with [15N-amide]glutamine for 5 min (dihydroorotate) or 45 min (UMP, UDP, and UTP). WCLs were analyzed by immunoblotting with indicated antibodies (C),
and indicated metabolites were analyzed by LC-MS (D). Data are presented as means ± SD of biological triplicates (B and D) and are representative of three
independent experiments (A and C).
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Fig. 5. SARS-CoV-2 Nsp9 promotes aerobic glycolysis and de novo purine synthesis. (A) RelA wild-type, RelA-DD, and RelA-N64A knock-in MEFs expressing
hACE2 were infected with SARS-CoV-2 (MOI = 0.1) for 24 h. Indicated genes were analyzed by real-time PCR. (B) A heatmap showing the abundance of
metabolites of indicated pathways in SARS-CoV-2–infected Caco-2 cells (MOI = 0.1 or 1). (C) Diagram of [U-13C]glucose tracing for the glycolysis pathway,
PPP, and purine de novo synthesis pathway. (D) Caco-2 cells were infected with SARS-CoV-2 (MOI = 1) for 96 h, followed by labeling with [U-13C]glucose for
1 h. Indicated metabolites were determined by LC-MS. (E) Control or CAD-knockdown Caco-2 cells were infected with control lentivirus or that carrying Nsp9.
At 96 hpi, cells were traced with [U-13C]glucose for 5 min (G6P) or 2 h (ADP, GDP, and GMP) and harvested for metabolite determination by LC-MS. Data are
presented as means ± SD of biological triplicates. Statistical analysis was performed by the one-way ANOVA test or unpaired, two-tailed Student’s t test.
*P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 6. CAD inhibitor 2-TCPA suppresses SARS-CoV-2 replication. (A) Structures of 2-TCPA and glutamine. (B) Caco-2 Nsp9 stable cells were treated with
4 μM 2-TCPA for 24 h. WCLs were analyzed by 2-DGE and immunoblotting. (C) HEK293T cells were treated with dimethyl sulfoxide (DMSO) or 2-TCPA, and
infected with SeV for 6 h. Total RNA was extracted and analyzed by real-time PCR with primers specific for indicated genes. (D) HEK293T cells were treated
with DMSO or 2-TCPA, and infected with SeV for 12 h. IL-8 and IL-6 protein levels in the medium were determined by ELISA. (E) Calu-3 cells were treated
with DMSO or 2-TCPA (32 μM), and infected with SARS-CoV-2 (MOI = 0.1) for 96 h. Total RNA was extracted and analyzed by real-time PCR with primers spe-
cific for indicated genes. (F and G) DMSO or 2-TCPA (4 μM) treated Caco-2 cells were infected with SARS-CoV-2 (MOI = 0.1) for 72 h and then traced with
[U-13C]glucose (F) or [15N-amide]glutamine (G) for the indicated time. Indicated metabolites were determined by LC-MS. (H and J) Caco-2 cells (H) and Calu-3
cells (J) were treated with indicated concentrations of 2-TCPA. IC50, IC90, and CC50 were calculated and are shown above the curves. All cells were pretreated
for 2 h and maintained with the compound throughout the experiment. Viral titer and cell viability were determined at 72 h after treatment. (I) The abun-
dance of indicated viral RNAs was determined by real-time PCR in SARS-CoV-2–infected Caco-2 cells that were treated with DMSO or indicated concentra-
tions of 2-TCPA. Data are presented as means ± SD of biological triplicates (C–J) and are representative of three independent experiments (B). Statistical
analysis was performed by the one-way ANOVA test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 7. The 2-TCPA inhibits SARS-CoV-2 replication in vivo. (A) Schematic presentation of the AAV-hACE2 transduced mouse model for SARS-CoV-2 infection.
(B–D) AAV-hACE2 transduced mice (n = 5) were intranasally infected with SARS-CoV-2 (5 × 105 pfu). A dosage of 20 mg�kg�1�d�1 of 2-TCPA or vehicle was i.p.
administered to these mice at 2 h before infection. All mice were euthanized at 4 dpi to collect lung tissues for analysis of virus titer (B), and the expression
of viral genes (C) and cytokine genes (D). The limit of detection of viral titer is indicated with a dotted line in B. (E) Schematic presentation of the K18-hACE2
model of SARS-CoV-2 infection. (F–J) K18-hACE2 mice (n = 4) were intranasally infected with SARS-CoV-2 (1 × 104 pfu). A dosage of 40 mg�kg�1�d�1 of 2-TCPA
or vehicle was i.p. administered to these mice at 1 d before infection. Mice were euthanized at 3 dpi, and the lung was collected. Viral titer (F) and viral gene
expression (G) were analyzed by plaque assay and real-time PCR, respectively. Lung tissues were analyzed by H&E staining (H). (Scale bars: Left, 10 μm; Right,
50 μm.) Indicated metabolites (I) and cytokine gene expression (J) in the lung were analyzed by LC-MS and real-time PCR, respectively. Data are presented as
mean ± SD. Statistical analysis was performed by unpaired, two-tailed Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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demonstrate that 2-TCPA boosts antiviral immune response and
impedes SARS-CoV-2 replication in the AAV-hACE2 mouse model.
To determine the effect of 2-TCPA on the systemic infection

of SARS-CoV-2, we employed K18-hACE2 transgenic mice for
SARS-CoV-2 infection (Fig. 7E). Indeed, 2-TCPA reduced
SARS-CoV-2 load in the lung by ∼10-fold, as analyzed by pla-
que assay (Fig. 7F), and reduced viral RNA by a range of 80 to
90%, as analyzed by real-time PCR (Fig. 7G), when mice were
euthanized at 3 dpi. SARS-CoV-2 antigen expression analysis
in the lungs by immunofluorescence microscopy also showed
that 2-TCPA reduced N protein expression in both alveoli and
bronchioli areas (SI Appendix, Fig. S8A). Hematoxylin & eosin
(H&E) staining showed that SARS-CoV-2 infection induced
apparent inflammation within the parabronchial region that also
extended to surrounding regions, compared to mock-infected
mice, whereas mice treated with 2-TCPA were protected from
these effects (Fig. 7H and SI Appendix, Fig. S8B). The lungs of
SARS-CoV-2–infected mice exhibited high cellularity, indicative
of excessive immune infiltration and inflammation, which was
better discerned under high magnifications (SI Appendix, Fig.
S8C). Reduced immune infiltration in 2-TCPA–treated mice
could be the consequence of inhibited viral replication. Alterna-
tively, 2-TCPA may inhibit the activation, proliferation, and
infiltration of immune cells, since nucleotides are essential for
these processes. Treatment with 2-TCPA also significantly reduced
metabolites of the pyrimidine synthesis pathway, including UDP,
UTP, and CDP (Fig. 7I). By contrast, 2-TPCA elevated the
expression of antiviral genes, including Cxcl2, Il1b, Vcam, Tnfa,
and Il6, that are dependent on NF-κB activation (Fig. 7J). Treat-
ment with 2-TCPA also increased the expression of Il1b, Il6, and
Tnfa in peripheral blood mononuclear cells without stimulation
or infection (SI Appendix, Fig. S8D), suggesting that 2-TCPA can
increase the basal expression of NF-ŒB–responsive genes. Taken
together, these results collectively show that 2-TPCA inhibits de
novo nucleotide synthesis and restores antiviral gene expression to
impede SARS-CoV-2 replication in two mouse models.

Discussion

In this study, we report that SARS-CoV-2 activates the de novo
pyrimidine synthesis pathway to fuel viral replication and, unex-
pectedly, to evade antiviral inflammatory response. Mechanistically,
SARS-CoV-2 deploys Nsp9 to activate CAD to boost de novo
pyrimidine synthesis. Concomitantly, CAD demonstrates intrinsic
enzyme activity in deamidating RelA to inhibit NF-κB–
dependent gene expression (20). Genetic depletion and pharma-
cological inhibition of CAD drained the cellular nucleotide pool
and restored antiviral inflammatory response, thus effectively
impeding SARS-CoV-2 replication in cultured cells and model
animals. We have recently reported that CAD-mediated deami-
dation shunts RelA from mediating inflammatory response to
aerobic glycolysis, thereby fueling cell proliferation and tumorigen-
esis (20). These findings support the corollary that SARS-CoV-2,
like tumor cells, usurps a cellular mechanism to couple evasion of
inflammatory defense response to metabolic activation.
Catalyzing the rate-limiting steps of the de novo pyrimidine

synthesis pathway, CAD represents one of the key nodes of meta-
bolic reprogramming in cell proliferation and viral replication.
While cancer cells up-regulate CAD expression via gene amplifica-
tion, epigenetic modifications, or posttranslational mechanisms
(27–29, 32, 33), how viruses manipulate CAD-mediated pyrimi-
dine synthesis is not known. Here we found that SARS-CoV-2
activates CAD via S6K1-mediated phosphorylation. Specifically,
SARS-CoV-2 Nsp9 interacts with S6K1 and CAD, thereby

promoting the interaction between S6K1 and CAD. As such,
Nsp9 increases S6K1-mediated S1859 phosphorylation of CAD, a
marker for CAD activation. Activated CAD fuels de novo pyrimi-
dine synthesis in Nsp9-expressing cells and SARS-CoV-2–infected
cells, which was validated by metabolite profiling and stable
isotope tracing analyses. This is consistent with previous studies
showing that SARS-CoV-2 increases purine and pyrimidine
metabolism in sera of COVID-19 patients (34, 35), and that an
inhibitor of dihydroorotate dehydrogenase (DHODH) effectively
reduces SARS-CoV-2 replication in cultured cells (36–38). More-
over, SARS-CoV-2 and Nsp9 also activate CAD to deamidate
RelA, thus halting antiviral inflammatory response in virus-
infected cells. Although Nsp9 overexpression only inhibited the
expression of NF-κB–dependent antiviral genes by approximately
twofold, CAD depletion increased by more than 10-fold in
SARS-CoV-2–infected cells. This may stem from the basal activity
of CAD in suppressing NF-κB–dependent gene expression. Alter-
natively, SARS-CoV-2 may deploy other viral proteins to meddle
CAD-mediated inhibition of NF-κB–dependent gene expression.
Furthermore, deamidated RelA activates the expression of key gly-
colytic enzymes to promote glycolysis, which may be more physio-
logically relevant to the low-oxygen conditions of COVID-19
patients. Metabolites of the glycolysis are known to provide pre-
cursors for the synthesis of macromolecules, such as amino acids,
nucleotides, and lipids (39–41).

Considering the crucial role of CAD in metabolic reprogram-
ming and innate immune evasion during SARS-CoV-2 infection,
we strove to develop a small-molecule inhibitor, 2-TCPA, that
structurally resembles glutamine, to antagonize CAD. The specif-
icity of 2-TCPA for CAD is supported by several lines of evi-
dence. First, 2-TCPA elevated inflammatory cytokine production
(e.g., IL-8) driven by NF-κB activation, while having no effect on
IFN-β induction that is negatively regulated by CTP synthetase 1
(42), supporting its exquisite selectivity against members of the
glutamine amidotransferase family. Second, 2-TPCA elevated
inflammatory cytokine production in wild-type cells, but not in
cells deficient in CAD, demonstrating the CAD-dependent effect
of 2-TCPA on NF-κB activation and inflammatory cytokine
induction. Third, 2-TCPA treatment did not overtly alter the
intracellular metabolites of the glycolysis and nucleotide synthesis
pathways in Caco-2 cells. Although CAD is essential for de novo
pyrimidine synthesis during cell proliferation, 2-TCPA has a
CC50 value against Caco-2 cells that is >25-fold of its IC50 on
SARS-CoV-2 replication, further supporting the activation of and
dependency on CAD in SARS-CoV-2 infection. Finally, treat-
ment with 2-TCPA significantly reduced metabolites of the de
novo pyrimidine pathway in SARS-CoV-2–infected cells and
mice. Consistent with depleting the nucleotide pool, 2-TCPA
impedes SARS-CoV-2 gene expression and genome replication,
translating into significantly reduced viral load in the lung. In
stark contrast, 2-TCPA treatment restored antiviral cytokine gene
expression in SARS-CoV-2–infected cells and mice, despite the
reduced nucleotide pool. Overall, targeting CAD with small mole-
cules offers an antiviral modality through increasing inflammatory
antiviral response and depleting nucleotides. Inhibitors targeting
another pyrimidine synthetic enzyme, DHODH, showed poten-
tial utility in acute myeloid leukemia and different models of viral
infection, including SARS-CoV-2 (37, 38, 43, 44). However,
nucleotides are essential for the activation and proliferation of
immune cells during viral infection (26); inhibitors of nucleotide
synthetic enzymes may impair host immune response, particularly
the adaptive immunity arm that relies on activation and prolifera-
tion of T cells and B cells. Thus, treatment modality utilizing
2-TCPA and DHODH inhibitors needs to be optimized in terms
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of dosage, time, and duration of targeted delivery. Notably,
2-TCPA can enhance host antiviral response in addition to halting
pyrimidine synthesis compared to DHODH inhibitors, which
may explain why 2-TCPA exhibits better antiviral effects than
DHODH inhibitors in vivo. Additionally, combining nucleoside
analogs with DHODH inhibitors synergistically inhibits SARS-
CoV-2 infection in vitro and in vivo (44). Thus, exploring poten-
tial combinations of 2-TCPA with other inhibitors may provide
more opportunities for antiviral applications.

Materials and Methods

Statistical Analysis. SARS-CoV-2 viruses USA-WA1/2020 and icSARS-CoV-2-mNG
(45) were obtained from University of Southern California (USC) BSL3 Core and
were originally gifted from BEI Resources (NR-52281) and P.-Y. Shi’s laboratory at
the University of Texas Medical Branch, Galveston, TX. All SARS-CoV-2–related viral
propagation, infection, and titration were performed in a biosafety level 3 (BSL-3)
facility (USC) in accordance to the biosafety protocols. The pLVX-EF1alpha-2XStrep-
IRES-Puro plasmids containing SARS-CoV-2 viral genes were described previously
and provided by Nevan J. Krogan (University of California-San Francisco) (22). All
animal work was performed under strict accordance with the recommendation in
the Guide for the Care and Use of Laboratory Animals of the NIH (46). The protocol
was approved by the Institutional Animal Care and Use Committee of the Univer-
sity of Southern California (protocol number: 21190). All mice were housed in a

standard pathogen-free animal facility. Detailed materials and methods are avail-
able in SI Appendix.

Data Availability. Isotopologue distributions from all MS isotope tracing
experiments are are avaiable at https://doi.org/10.6084/m9.figshare.19820647.v1.
All other study data are included in the article and/or SI Appendix.
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