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Coronavirus disease 2019 (COVID-19)
has been an ongoing public health cri-
sis since the end of 2019; besides
vaccine development, there have been
major research efforts focused on de-
veloping antiviral therapeutics. Remde-
sivir was the first US Food and Drug
Administration (FDA)-approved antiviral
drug for COVID-19. Subsequently, the
FDA granted emergency use authoriza-
tion (EUA) for three monoclonal anti-
body treatments, including sotrovimab
or a combination of casirivimab and
imdevimab, or bamlanivimab and etese-
vimab, each of which targets the coro-
navirus spike protein to block viral en-
try. Most recently, Britain granted condi-
tional authorization for the ribonucleo-
side analog molnupiravir, developed by
Merck as a viral replication inhibitor. The
protease inhibitor PF-07321332 devel-
oped by Pfizer and boosted by ritonavir
showed promising results in a phase III
clinical trial, reducing the riskof hospital-
ization or death by 89% compared with
placebo.
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Despite tremendous research efforts
to combat the pandemic, there remains
a need to better understand the viral
life cycle and host response in disease-
relevantmodels. Cell-basedmodels have
been developed to study viral entry,
life cycle, tropism, and pathogenesis.
The African green monkey Vero E6 cell
line expresses the ACE2 entry receptor
and is commonly used to study virus
entry and expansion (Hoffmann et al.,
2020). The human cell lines HEK293T,
Calu-3, Caco-2, and Huh7 are also per-
missive for viral infection in vitro (Chu
et al., 2020). However, as these mod-
els are derived from human cancers
or are quite different from their initial
cell of origin, they do not accurately
mimic human physiological and patho-
logical responses. Human primary cells
(Hou et al., 2020) and adult organoids
(Lamers et al., 2020; Salahudeen et al.,
2020) may better model SARS-CoV-2 in-
fection, but are limited by the scale for
what is required for high-throughput drug
screening. Organoids derived from hu-
man pluripotent stem cells (hPSCs) over-
come such limitations, as they can be
used to study infection of relevant nor-
mal human tissues and can be scaled
for COVID-19 disease modeling and drug
discovery (Yang et al., 2020; Duan et al.,
2021; Han et al., 2021).

In the recent publication entitled ‘An
airway organoid-based screen identifies
a role for the HIF1α–glycolysis axis
in SARS-CoV-2 infection’ (Duan et al.,
2021), we developed amodified protocol
to generate airway organoids from hPSCs
(hPSC-AOs). Single-cell RNA sequencing
(scRNA-seq) profiling showed that the
organoids have a cellular composition
similar to the adult human airway
counterpart. Morphologically, hPSC-
AOs contain beating cilia, a typical
characteristic of adult airway tissue.
Immunostaining and scRNA-seq data
showed that ACE2 is expressed in acetyl-
α-tubulin+FOXJ1+ ciliated-like cells. The
hPSC-AOs are permissive to SARS-CoV-2
infection, and the ciliated cells are the
main target, consistent with primary
tissue data (Hou et al., 2020).
We then performed a high-content

chemical screen using hPSC-AOs to
identify antiviral drugs. One compound,
GW6471, was validated to decrease
viral infection in a dose-dependent
manner, independent of cytotoxicity.
GW6471 also inhibited infection of
hPSC-AOs by the B.1.351 SARS-CoV-2
variant, as well as inhibiting infection
of hPSC-derived colon organoids. There-
fore, GW6471 displays broad-spectrum
anti-SARS-CoV-2 activity in multiple
tissues.
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Transcriptomic and metabolic profiling
was applied to investigate the GW6471
mechanism of action. GW6471 was
found to inhibit the hypoxia inducible
factor 1 subunit alpha (HIF1α) pathway
when hPSC-AOs or hPSC-COs were
treated after infection. A chemical
inhibitor of HIF1α and short hairpin
RNAs (shRNAs) targeting HIF1α both
validated the essential role of HIF1α in
permissiveness of SARS-CoV-2 infection.
HIF1α is known as a classic upstream
regulator of anaerobic glycolysis. Indeed,
metabolic profiling identified decreased
glycolysis following GW6471 treatment,
consistent also with our transcriptomic
profiling. Consistent with our results, a
previous study of SARS-CoV-2 infected
monocytes suggested that enhanced
glycolysis induced by increased HIF1α

levels can sustain viral replication (Codo
et al., 2020). The higher rate of glycolysis
leads to decreased pyruvate metabolism
in the mitochondria, which is the rate-
limiting intermediate metabolite in the
conversion of carbohydrates into fatty
acids and cholesterol. Ourmetabolic pro-
filing data also show a lower level of fatty
acid synthesis in the GW6471 treatment
group. Finally, three compounds tar-
geting key steps of fatty acid synthesis,
including xanthohumol (an inhibitor
of diacylglycerol acetyltransferase)
and 5-(tetradecyloxy)-2-furoic acid and
ND-646 (two inhibitors of acetyl-coA
carboxylase), were confirmed to block
SARS-CoV-2 infection. A recent study
supports our conclusion that blocking
fatty acid synthesis reduces SARS-CoV-2
infection (Chu et al., 2021). Together,
transcriptomic and metabolic profiling
revealed a key role for the HIF1α–
glycolysis–fatty acid synthesis axis

Figure 1 Remaining challenges for the development of therapeutics to inhibit SARS-CoV-2
infection through targeting the HIF1α–glycolysis–fatty acid synthesis axis.

in mediating productive SARS-CoV-2
infection.
In summary, our study presents an

hPSC-AO-based model to study the in-
teractions between host human tissues
and SARS-CoV-2. By performing a high-
content chemical screen and subsequent
mechanistic studies, we identified a
critical role for the HIF1α–glycolysis–
fatty acid synthesis axis during SARS-
CoV-2 infection, which contains several
druggable targets for anti-SARS-CoV-2
drug development. Further studies are
needed to develop targeting of the host
metabolic state into a clinical therapeutic
strategy (Figure 1).
[R.E.S. is on the scientific advisory board
of Miromatrix. T.E. and S.C. are the co-
founders of OncoBeat.]

References
Chu, H., Chan, J.F., Yuen, T.T., et al. (2020). Com-

parative tropism, replication kinetics, and cell
damage profiling of SARS-CoV-2 and SARS-
CoV with implications for clinical manifesta-
tions, transmissibility, and laboratory studies
of COVID-19: an observational study. Lancet
Microbe 1, e14–e23.

Chu, J., Xing, C., Du, Y., et al. (2021). Pharmaco-
logical inhibition of fatty acid synthesis blocks

SARS-CoV-2 replication. Nat. Metab. 3, 1466–
1475.

Codo, A.C., Davanzo, G.G., Monteiro, L.B.,
et al. (2020). Elevated glucose levels favor
SARS-CoV-2 infection and monocyte response
through a HIF-1α/glycolysis-dependent axis.
Cell Metab. 32, 437–446.e5.

Duan, X., Tang, X., Nair, M.S., et al. (2021). An
airway organoid-based screen identifies a role
for the HIF1α–glycolysis axis in SARS-CoV-2
infection. Cell Rep. 37, 109920.

Han, Y., Duan, X., Yang, L., et al. (2021). Identifi-
cation of SARS-CoV-2 inhibitors using lung and
colonic organoids. Nature 589, 270–275.

Hoffmann, M., Kleine-Weber, H., Schroeder, S.,
et al. (2020). SARS-CoV-2 cell entry depends
on ACE2 and TMPRSS2 and is blocked by a
clinically proven protease inhibitor. Cell 181,
271–280.e8.

Hou, Y.J., Okuda, K., Edwards, C.E., et al. (2020).
SARS-CoV-2 reverse genetics reveals a variable
infection gradient in the respiratory tract. Cell
182, 429–446.e14.

Lamers, M.M., Beumer, J., van der Vaart, J., et al.
(2020). SARS-CoV-2 productively infects hu-
man gut enterocytes. Science 369, 50–54.

Salahudeen, A.A., Choi, S.S., Rustagi, A.,
et al. (2020). Progenitor identification and
SARS-CoV-2 infection in human distal lung
organoids. Nature 588, 670–675.

Yang, L., Han, Y., Nilsson-Payant, B.E., et al.
(2020). A human pluripotent stem cell-based
platform to study SARS-CoV-2 tropism and
model virus infection in human cells and
organoids. Cell Stem Cell 27, 125–136.e7.

Page 2 of 2


