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Introduction
COVID-19 disease morbidity and mortality
have swept the globe since early 2020. The
role of the immune response in SARS-CoV-2
pathogenesis and its determinants for the
clinical course and outcomes remain elu-
sive. An effective and coordinated immune
response controls viral replication and limits
immune pathology for a favorable clinical
outcome (e.g., asymptomatic or a self-lim-
iting respiratory viral infection). In contrast,
an ineffective and dysregulated immune
response could eventually control the virus,
but sustained and excessive inflammation
results in organ injury and an unfavorable
outcome (e.g., respiratory failure, acute
respiratory distress syndrome [ARDS], and
multiorgan failure).

Approximately 14% of hospitalized
patients with symptomatic COVID-19 infec-
tion develop severe disease with respiratory
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COVID-19 spans a wide range of symptoms, sometimes with profound
immune system involvement. How immune cell subsets change during
the disease course and with disease severity needs further study. While
myeloid cells have been shown to initiate and maintain responses to
pneumonia and lung inflammation, often playing a role in resolution,
their involvement with COVID-19 remains unknown. In this issue

of the JCI, Sanchez-Cerrillo and Landete et al. investigated DCs and
monocytes from blood and bronchial secretions of patients with varying
COVID-19 severity and with healthy controls. The authors conclude that
circulating monocytes and DCs migrate from the blood into the inflamed
lungs. While sampling differences in sex, collection timing, bacteria/
fungal infection, and corticosteroid treatment limit interpretation, we
believe that reprogramming monocyte or macrophages by targeting
immunometabolism, epigenetics, or the cytokine milieu holds promise in
resolving lung inflammation associated with COVID-19.

failure requiring intensive care unit support
(1, 2). Clinical severity involves multiple
systems, including respiratory, neurologi-
cal, cardiovascular, hematological, renal,
and even dermatological. Although other
respiratory viruses, such as influenza, respi-
ratory syncytial virus, other coronavirus,
metapneumovirus, etc., can cause severe
pneumonia and ARDS, SARS-CoV-2 dif-
fers in severity and duration, suggestive of
hyperinflammation and/or impaired repair
or resolution of inflammation.

As the scientific community eluci-
dates the immunopathology of COVID-19,
elevated proinflammatory cytokines and
chemokines have led to the term cytokine
storm. We and others feel this term is a mis-
nomer, as other clinical syndromes, such
as non-COVID ARDS, sepsis, and other
cytokine release syndromes after CART-T
therapy, are among clinical entities with
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similar cytokine profiles (3), yet these
entities do not usually display a protract-
ed ARDS course. Further, cytokine release
syndrome secondary to CART-T therapy
responds therapeutically to anti-IL-6. In
addition to cytokine abnormalities and
antibodies specific to COVID-19, dysreg-
ulated cellular immune responses include
CD4* T cell activation, hyperactivated or
exhausted CD8" T cells, decreased fol-
licular helper cells, variable plasmablast
responses (4), decreased regulatory T
cells (5), decreased vyd T cells, increased
NK cell activity, and increased neutrophil
extracellular traps (6). Emerging literature
also implies that myeloid cells play a role
in COVID-19 severity (7). In this issue of
the JCI, Sanchez-Cerrillo, Landete, and
colleagues explore the role of myeloid cells
in COVID-19 (8). The authors reveal the
need for extensive profiling and evaluation
of myeloid cell function and fate at differ-
ent stages and severities of the disease.

The role of myeloid cells

in ARDS

Myeloid cells including monocytes and
macrophages initiate and maintain lung
inflammatory responses to a variety of local
or systemic insults (9); they also orches-
trate resolution of lung inflammation (10).
Research in mouse models of ARDS under-
scores the importance of monocytes that
are recruited from blood. These blood-
recruited monocytes mature into mono-
cyte-derived macrophages that are involved
with lung repair and lung fibrosis. Similar-
ly, resident lung macrophage populations
also contribute at different phases of the
repair/fibrosis processes. Notably, the liter-
ature regarding the role of monocytes and
macrophages in human ARDS pathogen-
esis is mainly descriptive and speculative.
Previous studies in ARDS patients show
increases in total alveolar macrophages
(AMs); specifically, surface and maturation
markers implied that AMs are of mono-
cytic origin and are proinflammatory (11,
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12). AMs from ARDS patients also secrete
more IL-1B and IL-8, which correlate with
increased mortality (13, 14). Transcription-
ally, AMs and peripheral blood monocytes
upregulate inflammatory genes, which cor-
relates with worse outcomes (15). These
data highlight the importance of immune
cell tissue origin and suggest the need for
comprehensive analysis of both blood and
lung. One such mass cytometry analysis
has revealed three unique AM populations
in non-COVID ARDS that are defined by
CD169 and PD-L1 expression. Notably,
increased abundance of these three popu-
lations correlated with more ventilator-free
days (16). Furthermore, a persistently acti-
vated AM transcriptional profile and lack
of transition into a prorepair signature was
associated with poor prognosis (15). How-
ever, clinical trials targeting macrophage
function (GM-CSF [ref. 17] and IFN-B [ref.
18]) in ARDS patients have failed. Blocking
one target in an intricate milieu in ARDS is
oversimplistic, and timing of intervention is
pivotal. With the advent of high-through-
put, high-dimensional flow cytometric, pro-
teomic, and transcriptomic technologies, a
better understanding of human monocyte/
macrophage subsets, origins, functions,
and correlations with clinical outcomes in
both COVID-19-induced and non-COVID-
19-induced ARDS is possible and critical.
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Monocytes and macrophages

in COVID-19 disease

Monocytes and lung macrophages are
substantially altered, both in number and
function, during COVID-19 disease. While
disease severity affects the number and
proportion of monocyte subsets in the
blood and lung, some patterns emerge.
Generally,inblood, the nonclassical mono-
cyte subset (CD14-CD16*) is depleted, yet
the intermediate subset (CD14*CD16)
is expanded (19-22). The alveolar space
is enriched for monocytes and mono-
cyte-derived macrophages (19, 23), sug-
gesting the lungs increase recruitment
from the blood. Phenotypically, blood
monocytes show diminished HLA-DR
surface expression, possibly due to excess
IL-6 exposure, suggesting reduced anti-
gen-presenting capacity. Elevated comple-
ment receptor 3 (CD11b/CD18) expression
(24) activates the cells to release cytokines.
It is unclear whether blood monocytes and
lung macrophages are directly infected by
the virus or whether cellular changes are
due to excessive inflammatory mediators.
Functionally, monocytes from COVID-19
patients secrete the cytokine GM-CSF
(25), although spontaneous IL-6 secre-
tion varies by study (25, 26). The combi-
nation of these two cytokines switches
monocyte differentiation from a DC fate
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Figure 1. Model of changes in myeloid subsets
during severe COVID-19. Sanchez-Cerrillo and
Landete et al. (8) showed that in patients

with severe COVID-19, circulating intermediate
monocytes CD14*CD16* increased and non-
classical CD14-CD16** monocytes decreased.
Corresponding surface markers CD11b, CD18,
CD80* (M1), CD206, CD6Y, and tissue factor
CD142 all increased; the MHC class Il cell surface
receptor HLA-DR decreased. DCs decreased both
in the blood and the lung. Cytokine secretion
also increased, and phagocytosis was impaired.
Within the lung, tissue-resident macrophages
decreased, while mononuclear phagocytes
derived from blood increased (8). Targeting
circulating monocytes or lung-residing macro-
phages therapeutically may resolve inflamma-
tion, mitigate fibrosis, and repair lung damage.

to an inflammatory macrophage pheno-
type, consistent with the phenotyping of
cells collected from the lower respirato-
ry airway of COVID-19 patients (8, 23).
Monocytes from COVID-19 patients also
spontaneously secrete IL-1B and IL-8 (26).
Excessive cytokine secretion is supported
energetically by a switch to aerobic gly-
colysis (27). Transcriptional profiling has
revealed a type I IFN gene signature, over-
expression of genes that promote reactive
oxygen and nitrogen species formation,
inflammation-related chemokines, and a
tissue-repair phenotype (28). This gene
signature is consistent with a robust anti-
viral response and fibrotic response, which
likely contribute to the collateral tissue
damage and fibrosis seen in later stages of
this disease. Although direct evidence that
human monocyte-macrophages partici-
pate in COVID-19 pathogenesis is lacking,
the findings described above and others
(29) strongly implicate these cells as key
players in the lung inflammation and dam-
age seen in the disease.

Pulmonary redistribution of
myeloid subpopulations and
COVID-19 severity

Sanchez-Cerrillo and Landete et al. (8)
profiled immune cells from the blood
and respiratory secretions of a cohort of
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patients with critical disease and com-
pared them with those of patients hav-
ing either mild or severe disease and
also with those of healthy controls. With
results similar to those of previous stud-
ies, the authors noted that patients’ blood
was depleted of classical and intermedi-
ate monocyte subsets and DCs, and that
inflammatory intermediate and nonclas-
sical monocytes, granulocytes, and CD1c*
c¢DCs appeared in their lungs. Dimin-
ished blood monocytes correlated with
increased inflammatory markers, procal-
citonin, and C reactive protein, levels,
but not with IL-6 and type I IFN (Figure
1). Exhausted effector CD8* T cells were
enriched in the lungs of patients with
COVID-19 compared with their blood and
the blood of healthy controls. The dom-
inance of inflammatory monocytes over
CDIc* DCs may explain the abundance
of exhausted lung CD8" T cells. By sur-
veying monocyte and DC populations in
both the blood and the lungs, the authors
conclude that the depletion of circulating
monocytes and DCs is a result of migra-
tion to the inflamed lungs. Expression of
myeloid CD40, an activation marker, was
increased on classical and nonclassical
blood monocytes in mild, but reduced
in critical, COVID-19 patients, although
expression was not different from that of
healthy controls (8).

There are important limitations of
Sanchez-Cerrillo and Landete et al. (8)
that need considering: (a) the subjects
in the control arm were predominantly
females. Sex and sex hormones influence
macrophage phenotype and function, as
we and others have previously demon-
strated (30). (b) The timing of sample
collection, and consequently immune
profiling, after infection was delayed in
the critical group. Myeloid cell activation
and plasticity dynamically change over
the course of the infection, and consistent
collection intervals would address vari-
ability. (c) The presence of bacterial or
fungal superinfection modulates myeloid
responses and likely modifies antiviral
immune function in the lungs. A control
group with active bacterial pneumonia
without COVID-19 infection would add
specificity. (d) A large proportion of crit-
ically ill patients received combinations
of biologicals (anti-IL-6 blockade) and
corticosteroids, which alter macrophage
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subpopulations and their activation. The
use of immunomodulators and cortico-
steroids influences immune response and
should be omitted if possible. (e) Superior
flow cytometric phenotype and analysis
would have allowed accurate quantifica-
tion of lung myeloid subsets. (f) Compar-
ison with non-COVID ARDS would deter-
mine specificity of their findings.

Outstanding biology and future
directions

Immune profiling and sequencing of
myeloid subpopulations in blood and alve-
olar compartments will uncover how these
immune cells participate in response to
SARS-CoV-2 infections and their interplay
with other immune cells, such as T cells
and neutrophils, and with nonimmune
cells, such as endothelial cells and alveolar
epithelial cells. Direct infection of SARS-
CoV-2 in myeloid cells or phagocytosis
of infected epithelial cells will need to be
elucidated. Understanding the signaling
pathways in infected macrophages could
lead to therapeutic targets, including JAK
and inflammasome inhibitors, which are
currently being tested in clinical trials.
A full understanding of how the cyto-
kine milieu diminishes effective mono-
cyte-macrophage responses to the virus is
needed. Moreover, determining how risk
factors that associate with severe disease,
such as age, sex, obesity, and diabetes,
affect monocyte-macrophage dynamics
in COVID-19 disease, as well as how ther-
apeutic trials modulate myeloid responses
longitudinally, will be informative.

Itis imperative when considering ther-
apies that target myeloid responses, to
account for factors including timing and
stage of the infection (early vs. late) and
nature of the pathway to be modulated
(single cytokine or receptor vs. upstream
signaling pathway). For instance, abro-
gating myeloid proinflammatory respons-
es to COVID-19 could limit disease and
progression to organ injury, but could also
lead to super infection with bacterial and
fungal pathogens.

The potential of monocyte-macro-
phage reprogramming (immunometabol-
ically, epigenetically, or through cytokine
modulation) to resolve lung inflammation
and repair the damaged lung is an unex-
plored cellular approach that could treat
patients with COVID-19 while the world
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and the scientific community wait for a
protective and safe vaccine (Figure 1).

Acknowledgments

This work was supported by grants from
the Department of Defense (DoD):
W81XWH-16-1-0510 (to FRD) and DoD
W81XWH-16-1-0509 (to NMH).

Address correspondence to: Nicola M.
Heller, 720 Rutland Avenue, Ross 367,
Baltimore, Maryland 21205, USA. Phone:
410.955.1743; Email: nheller@jhmi.edu.

—

. Wu G, et al. Risk factors associated with acute
respiratory distress syndrome and death in
patients with coronavirus disease 2019 pneu-
monia in Wuhan, China. JAMA Intern Med.
2020;180(7):934-943.

.Richardson S, et al. Presenting charac-

N

teristics, comorbidities, and outcomes
among 5700 patients hospitalized with
COVID-19 in the New York city area. JAMA.
2020;323(20):2052-2059.

. Wilson ]G, et al. Cytokine profile in plasma of
severe COVID-19 does not differ from ARDS
and sepsis. JCI Insight. 2020;5(17):140289.

4. Mathew D, et al. Deep immune profiling of
COVID-19 patients reveals distinct immuno-
types with therapeutic implications. Science.
2020;369(6508):eabc8511.

. Chen G, et al. Clinical and immunological fea-
tures of severe and moderate coronavirus dis-
ease 2019. J Clin Invest. 2020;130(5):2620-2629.

. Middleton EA, et al. Neutrophil extracellular
traps contribute to immunothrombosis in

w

w1l

(o

COVID-19 acute respiratory distress syndrome.
Blood. 2020;136(10):1169-1179.
Merad M, Martin JC. Pathological inflamma-

~N

tion in patients with COVID-19: a key role for
monocytes and macrophages. Nat Rev Immunol.
2020;20(6):366-362.

8. Sanchez-Cerrillo I, et al. COVID-19 severity
associates with pulmonary redistribution of
CDl1c* DCs and inflammatory transitional
and nonclassical monocytes. J Clin Invest.
20205;130(12):6290-6300.

9. Aggarwal NR, King LS, D’Alessio FR. Diverse
macrophage populations mediate acute lung
inflammation and resolution. Am J Physiol Lung
Cell Mol Physiol. 2014;306(8):L709-L725.

10. Watanabe S, Alexander M, Misharin AV,

Budinger GRS. The role of macrophages in

the resolution of inflammation. J Clin Invest.

2019;129(7):2619-2628.

. Rosseau §, et al. Phenotypic characterization of
alveolar monocyte recruitment in acute respi-

1

jay

ratory distress syndrome. Am J Physiol Lung Cell
Mol Physiol. 2000;279(1):L25-L35.

12. Brittan M, et al. A novel subpopulation of
monocyte-like cells in the human lung after
lipopolysaccharide inhalation. Eur Respir J.
2012;40(1):206-214.

13. Jacobs RF, Tabor DR, Burks AW, Campbell
GD. Elevated interleukin-1release by human
alveolar macrophages during the adult respi-


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12
mailto://nheller@jhmi.edu
https://doi.org/10.1001/jamainternmed.2020.0994
https://doi.org/10.1001/jamainternmed.2020.0994
https://doi.org/10.1001/jamainternmed.2020.0994
https://doi.org/10.1001/jamainternmed.2020.0994
https://doi.org/10.1001/jamainternmed.2020.0994
https://doi.org/10.1001/jama.2020.6775
https://doi.org/10.1001/jama.2020.6775
https://doi.org/10.1001/jama.2020.6775
https://doi.org/10.1001/jama.2020.6775
https://doi.org/10.1001/jama.2020.6775
https://www.jci.org
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1172/JCI137244
https://doi.org/10.1172/JCI137244
https://doi.org/10.1172/JCI137244
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1152/ajplung.00341.2013
https://doi.org/10.1152/ajplung.00341.2013
https://doi.org/10.1152/ajplung.00341.2013
https://doi.org/10.1152/ajplung.00341.2013
https://doi.org/10.1172/JCI124615
https://doi.org/10.1172/JCI124615
https://doi.org/10.1172/JCI124615
https://doi.org/10.1172/JCI124615
https://doi.org/10.1152/ajplung.2000.279.1.L25
https://doi.org/10.1152/ajplung.2000.279.1.L25
https://doi.org/10.1152/ajplung.2000.279.1.L25
https://doi.org/10.1152/ajplung.2000.279.1.L25
https://doi.org/10.1183/09031936.00113811
https://doi.org/10.1183/09031936.00113811
https://doi.org/10.1183/09031936.00113811
https://doi.org/10.1183/09031936.00113811
https://doi.org/10.1164/ajrccm/140.6.1686
https://doi.org/10.1164/ajrccm/140.6.1686
https://doi.org/10.1164/ajrccm/140.6.1686

The Journal of Clinical Investigation

ratory distress syndrome. Am Rev Respir Dis.
1989;140(6):1686-1692.

14. Donnelly SC, et al. Interleukin-8 and devel-
opment of adult respiratory distress syn-
drome in at-risk patient groups. Lancet.
1993;341(8846):643-647.

15. Morrell ED, et al. Alveolar macrophage tran-
scriptional programs are associated with out-
comes in acute respiratory distress syndrome.
Am J Respir Crit Care Med. 2019;200(6):732-741.

16. Morrell ED, et al. Cytometry TOF identi-
fies alveolar macrophage subtypes in acute
respiratory distress syndrome. JCI Insight.
2018;3(10):99281.

17. Paine R, et al. A randomized trial of recombinant
human granulocyte-macrophage colony stimu-
lating factor for patients with acute lung injury.
Crit Care Med. 2012;40(1):90-97.

18. Ranieri VM, et al. Effect of intravenous
interferon p-1a on death and days free from
mechanical ventilation among patients with
moderate to severe acute respiratory distress
syndrome: a randomized clinical trial. JAMA.
2020;323(8):725-733.

19. Silvin A, et al. Elevated calprotectin and abnormal
myeloid cell subsets discriminate severe from

mild COVID-19. Cell. 2020;182(6):1401-1418.€18.

20. Schulte-Schrepping J, et al. Severe COVID-19 is
marked by a dysregulated myeloid cell compart-
ment. Cell. 2020;182(6):1419-1440.23.

21. Gatti A, Radrizzani D, Vigano P, Mazzone
A, Brando B. Decrease of non-classical and
intermediate monocyte subsets in severe
acute SARS-CoV-2 infection. Cytometry A.
2020;97(9):887-890.

22. Kuri-Cervantes L, et al. Comprehensive
mapping of immune perturbations associ-
ated with severe COVID-19. Sci Immunol.
2020;5(49):eabd7114.

23. Liao M, et al. Single-cell landscape of bronchoal-
veolar immune cells in patients with COVID-19.
Nat Med. 2020;26(6):842-844.

24. Gupta R, Gant VA, Williams B, Enver T.
Increased complement receptor-3 levels in
monocytes and granulocytes distinguish
COVID-19 patients with pneumonia from
those with mild symptoms. Int ] Infect Dis.
2020;99:381-385.

25.Zhou Y, et al. Pathogenic T cells and inflam-
matory monocytes incite inflammatory storm
in severe COVID-19 patients. Natl Sci Rev.
2020;7(6):998-1002.

jci.org  Volume 130

COMMENTARY

26. Kahn R, et al. Mismatch between circulating
cytokines and spontaneous cytokine production
by leukocytes in hyperinflammatory COVID-
19 [published online ahead of print August 13,
2020]. ] Leukoc Biol. https://doi.org/10.1002/
JLB.5COVBCRO0720-310RR.

27.Codo AC, et al. Elevated glucose levels favor
SARS-CoV-2 infection and monocyte response
through a HIF-o/glycolysis-dependent axis. Cell
Metab.2020;32(3):437-446.

28.Zhou Z, et al. Overly exuberant innate
immune response to SARS-CoV-2 infection
[preprint]. SSRN website. https://ssrn.com/
abstract=3551623 or http://dx.doi.org/10.2139/
ssrn.3551623. Posted March 24, 2020. Accessed
October 8,2020.

29. Grant RA, et al. Alveolitis in severe SARS-
CoV-2 pneumonia is driven by self-sustaining
circuits between infected alveolar mac-
rophages and T cells. bioRxiv. https://doi.
org/10.1101/2020.08.05.238188. Posted
August 5,2020. Accessed October 8, 2020.

30. Keselman A, Fang X, White PB, Heller NM.
Estrogen signaling contributes to sex differences
in macrophage polarization during asthma.

J Immunol. 2017;199(5):1573-1583.

Number12  December 2020

6217


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12
https://doi.org/10.1002/JLB.5COVBCR0720-310RR
https://doi.org/10.1002/JLB.5COVBCR0720-310RR
https://doi.org/10.1016/j.cmet.2020.07.007
https://doi.org/10.1016/j.cmet.2020.07.007
https://doi.org/10.1016/j.cmet.2020.07.007
https://doi.org/10.1016/j.cmet.2020.07.007
https://doi.org/10.2139/ssrn.3551623
https://doi.org/10.2139/ssrn.3551623
https://doi.org/10.1101/2020.08.05.238188
https://doi.org/10.4049/jimmunol.1601975
https://doi.org/10.4049/jimmunol.1601975
https://doi.org/10.4049/jimmunol.1601975
https://doi.org/10.4049/jimmunol.1601975
https://doi.org/10.1016/j.cell.2020.08.002
https://doi.org/10.1016/j.cell.2020.08.001
https://doi.org/10.1016/j.cell.2020.08.001
https://doi.org/10.1016/j.cell.2020.08.001
https://doi.org/10.1002/cyto.a.24188
https://doi.org/10.1002/cyto.a.24188
https://doi.org/10.1002/cyto.a.24188
https://doi.org/10.1002/cyto.a.24188
https://doi.org/10.1002/cyto.a.24188
https://doi.org/10.1126/sciimmunol.abd7114
https://doi.org/10.1126/sciimmunol.abd7114
https://doi.org/10.1126/sciimmunol.abd7114
https://doi.org/10.1126/sciimmunol.abd7114
https://doi.org/10.1038/s41591-020-0901-9
https://doi.org/10.1038/s41591-020-0901-9
https://doi.org/10.1038/s41591-020-0901-9
https://doi.org/10.1016/j.ijid.2020.08.004
https://doi.org/10.1016/j.ijid.2020.08.004
https://doi.org/10.1016/j.ijid.2020.08.004
https://doi.org/10.1016/j.ijid.2020.08.004
https://doi.org/10.1016/j.ijid.2020.08.004
https://doi.org/10.1016/j.ijid.2020.08.004
https://doi.org/10.1093/nsr/nwaa041
https://doi.org/10.1093/nsr/nwaa041
https://doi.org/10.1093/nsr/nwaa041
https://doi.org/10.1093/nsr/nwaa041
https://doi.org/10.1164/ajrccm/140.6.1686
https://doi.org/10.1164/ajrccm/140.6.1686
https://doi.org/10.1016/0140-6736(93)90416-E
https://doi.org/10.1016/0140-6736(93)90416-E
https://doi.org/10.1016/0140-6736(93)90416-E
https://doi.org/10.1016/0140-6736(93)90416-E
https://doi.org/10.1164/rccm.201807-1381OC
https://doi.org/10.1164/rccm.201807-1381OC
https://doi.org/10.1164/rccm.201807-1381OC
https://doi.org/10.1164/rccm.201807-1381OC
https://www.jci.org
https://doi.org/10.1097/CCM.0b013e31822d7bf0
https://doi.org/10.1097/CCM.0b013e31822d7bf0
https://doi.org/10.1097/CCM.0b013e31822d7bf0
https://doi.org/10.1097/CCM.0b013e31822d7bf0
https://doi.org/10.1001/jama.2019.22525
https://doi.org/10.1001/jama.2019.22525
https://doi.org/10.1001/jama.2019.22525
https://doi.org/10.1001/jama.2019.22525
https://doi.org/10.1001/jama.2019.22525
https://doi.org/10.1001/jama.2019.22525
https://doi.org/10.1016/j.cell.2020.08.002
https://doi.org/10.1016/j.cell.2020.08.002

