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In Brief

Analysis of single-cell RNA-seq datasets
from human, non-human primate, and
mouse barrier tissues identifies putative
cellular targets of SARS-CoV-2 on the
basis of ACE2 and TMPRSS2 expression.
ACE2 represents a previously
unappreciated interferon-stimulated
gene in human, but not mouse, epithelial
tissues, identifying anti-viral induction of
a host tissue-protective mechanism, but
also a potential means for viral
exploitation of the host response.
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SUMMARY

There is pressing urgency to understand the pathogenesis of the severe acute respiratory syndrome corona-
virus clade 2 (SARS-CoV-2), which causes the disease COVID-19. SARS-CoV-2 spike (S) protein binds angio-
tensin-converting enzyme 2 (ACE2), and in concert with host proteases, principally transmembrane serine
protease 2 (TMPRSS2), promotes cellular entry. The cell subsets targeted by SARS-CoV-2 in host tissues
and the factors that regulate ACE2 expression remain unknown. Here, we leverage human, non-human pri-
mate, and mouse single-cell RNA-sequencing (scRNA-seq) datasets across health and disease to uncover
putative targets of SARS-CoV-2 among tissue-resident cell subsets. We identify ACE2 and TMPRSS2 co-ex-
pressing cells within lung type Il pneumocytes, ileal absorptive enterocytes, and nasal goblet secretory cells.
Strikingly, we discovered that ACE2 is a human interferon-stimulated gene (ISG) in vitro using airway epithe-
lial cells and extend our findings to in vivo viral infections. Our data suggest that SARS-CoV-2 could exploit
species-specific interferon-driven upregulation of ACE2, a tissue-protective mediator during lung injury, to
enhance infection.

INTRODUCTION genic CoVs: severe acute respiratory syndrome (SARS)-CoV

and Middle East respiratory syndrome (MERS)-CoV. SARS-
Human coronaviruses (CoVs) are single-stranded positive-sense  CoV-2, which causes the disease known as COVID-19, was first
RNA viruses that can cause mild to severe respiratory disease reported in late 2019 (Coronaviridae Study Group of the Interna-
(Fung and Liu, 2019). Over the past two decades, zoonotic trans-  tional Committee on Taxonomy of, 2020; Lu et al., 2020; Paules
mission events have led to the emergence of two highly patho- et al., 2020). COVID-19 is characterized by pneumonia, fever,
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cough, and occasional diarrhea (Guan et al., 2020; Holshue et al.,
2020; Huang et al., 2020), and SARS-CoV-2 RNA has been reli-
ably detected in nasopharyngeal swabs, sputum, and stool sam-
ples (Wang et al., 2020; Wolfel et al., 2020; Zou et al., 2020). As of
April 19, 2020, SARS-CoV-2 continues to spread worldwide, and
there are over 2,401,379 confirmed cases, 165,044 deaths, and
623,903 recovered individuals in 185 countries and regions
(Dong et al., 2020a). Early models of COVID-19 transmission dy-
namics estimate one infectious individual infects slightly over
two individuals; travel restrictions reduce that spread to one in-

dividual, although these figures might evolve as more accurate
epidemiological data become available (Kucharski et al., 2020).

Work during the first SARS-CoV epidemic identified the hu-
man host factor angiotensin-converting enzyme 2 (ACE2) as
the receptor for SARS-CoV (Li et al., 2003). SARS-CoV-2 spike
(S) protein has been experimentally shown to bind ACE2 on
host cells with significantly higher affinity than SARS-CoV-S
(Hoffmann et al., 2020; Wrapp et al., 2020). The main host prote-
ase that mediates S protein activation on primary target cells and
initial viral entry is the type Il transmembrane serine protease
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TMPRSS2 (Glowacka et al., 2011; Hoffmann et al., 2020; Iwata-
Yoshikawa et al., 2019; Matsuyama et al., 2010; Shulla et al.,
2011; Walls et al., 2020). Other host proteases, such as furin,
have also been suggested to promote the pathogenesis of this
pandemic SARS-CoV-2 clade, but when and where they process
S protein remains to be determined (Bottcher-Friebertshauser
et al., 2013; Bugge et al., 2009; Coutard et al., 2020; Walls
et al., 2020). Binding of SARS-CoV-S to ACE2 results in recep-
tor-mediated internalization (Grove and Marsh, 2011; Kuba
et al., 2005). Importantly, ACE2 functions as a key tissue-protec-
tive component during severe acute lung injury (Imai et al., 2005;
Kuba et al., 2005).

A tissue-level basis for understanding SARS-CoV tropism was
proposed based on ACE2 histological staining and expression in
human epithelia of the lung and small intestine (Hamming et al.,
2004; Harmer et al., 2002; Jonsdottir and Dijkman, 2016). How-
ever, unlike the specific expression of CDHR3 (the rhinovirus-C
receptor), which is resolved to ciliated epithelial cells of the upper
airway (Griggs et al., 2017), the specific cell subsets within each
tissue that express ACE2 remain unknown. Identifying the cell
subsets targeted by SARS-CoV-2 (ACE2*) and those at greatest
risk of direct infection (ACE2+*TMPRSS2+) is critical for under-
standing and modulating host defense mechanisms and viral
pathogenesis.

After cellular detection of viral entry into a host cell, interferon
(IFN) induction of interferon-stimulated genes (ISGs) is essential
for host antiviral defense in mice, non-human primates (NHPs),
and humans (Bailey et al., 2014; Deeks et al., 2017; Dupuis
et al.,, 2003; Everitt et al., 2012; Schneider et al., 2014; Utay
and Douek, 2016). There are three distinct types of IFNs: type |
IFNs (IFN-o. and IFN-B), type Il IFNs (IFN-v), and type Ill IFNs
(IFN-2) (Broggi et al., 2020; Mdiller et al., 1994; Stetson and
Medzhitov, 2006). Each appears to converge on almost indistin-
guishable responses, mediated through the binding of STAT1
homodimers or STAT1/STAT2 heterodimers to ISGs. However,
mounting evidence suggests that each type of IFN might have
a non-redundant role in host defense or immunopathology,
particularly at epithelial barriers (Broggi et al., 2020; Iwasaki
et al., 2017; lwasaki and Pillai, 2014; Jewell et al., 2010).

Although the host response to SARS-CoV highlighted a role for
IFNs, most studies assessed the effect of IFN restriction in cell
lines that might not fully recapitulate the repertoire of ISGs pre-
sent in primary human target cells (Bailey et al., 2014; de Lang
et al., 2006; Sainz et al., 2004; Zheng et al., 2004). One study
of SARS-CoV suggested the timing of the type | IFN response
was critical in vivo (Channappanavar et al., 2016). Clinical ther-
apy using approved IFNs has been attempted for SARS-CoV,
MERS-CoV, and SARS-CoV-2 in the absence of a controlled trial
to mixed effect, resulting in anecdotal evidence suggesting
either rapid improvement or worsening of symptoms (Dong
etal., 2020b; Lei et al., 2020; Li and De Clercq, 2020). Elucidating
tissue- and cell-type-specific ISGs and their activity is essential
for understanding the role of IFNs in host defense during human
SARS-CoV-2 infection.

Massively parallel single-cell RNA-sequencing (scRNA-seq) is
transforming our ability to comprehensively map the cell types,
subsets, and states present during health and disease in barrier
tissues (Ordovas-Montanes et al., 2020; Ordovas-Montanes
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etal., 2018; Smillie et al., 2019). This has been particularly evident
in the elucidation of novel human epithelial and stromal cell sub-
sets and states (Ordovas-Montanes et al., 2018; Regev et al,,
2017; Ruiz Garcia et al., 2019; Schiller et al., 2019; Smillie et al.,
2019; Vieira Braga et al., 2019). Recently, scRNA-seq has been
applied to better understand the cellular variation present during
viral infection in vitro and in vivo (Russell et al., 2018; Steuerman
et al., 2018). Global single-cell profiling efforts such as the Human
Cell Atlas (HCA) initiative are ideally poised to rapidly share critical
data and enhance our understanding of disease during emergent
public health challenges (Sungnak et al., 2020).

Here, using published and unpublished datasets (all from non-
SARS-CoV-2-infected samples), we analyze human, NHP, and
mouse tissues that have been clinically identified to harbor virus
in patients exhibiting COVID-19 symptoms. We provide a
cautionary note on the interpretation of the scRNA-seq data pre-
sented below, given that many factors such as dissociation,
profiling method, and sequencing depth can influence results
(STAR Methods). Here, we focus our analysis and discussion
on the specific subsets where ACE2 and TMPRSS2 are enriched
and on relative comparisons within each dataset, rather than be-
tween datasets or equivalence to absolute numbers of total cells.
Across several studies of human and NHP tissues, we found
ISGs upregulated in ACE2-expressing cells.

Strikingly, by treating primary human upper airway basal cells
with distinct types of inflammatory cytokines, we demonstrate
that IFN-a. drives ACE2 expression. Human influenza infection
also induces broader expression of ACE2 in upper airway epithe-
lial cells and is corroborated by publicly available databases.
Overall, our data provide motivation to better understand the
trade-offs of antiviral and/or IFN therapy in humans infected
with SARS-CoV-2 in order to balance host restriction, tissue
tolerance, and viral enhancement mechanisms (Davidson
et al.,, 2015; Fung and Liu, 2019; Imai et al., 2005; lwasaki
et al., 2017; Kuba et al., 2005; Lei et al., 2020; Medzhitov et al.,
2012; Zou et al., 2014). Importantly, although our findings identify
similar cell subsets enriched for Ace2 in mice, neither in vitro nor
in vivo IFN-stimulation nor in vivo viral challenge substantially
alter Ace2 expression levels. The dynamic, species-specific
and multifaceted role of IFN raises implications for pre-clinical
COVID-19 disease modeling.

RESULTS

Lung Epithelial Cell Expression of Host Factors Used by
SARS-CoV-2 in Non-Human Primates and Humans

To investigate which cells within human and NHP tissues repre-
sent likely SARS-CoV-2 targets, we analyzed new and existing
scRNA-seq datasets to assess which cell types express ACE2,
alone or with TMPRSS2. In a previously unpublished dataset
consisting of NHP (Macaca mulatta) lung tissue collected after
necropsy of healthy adult animals and analyzed by using Seq-
Well v1 (Gierahn et al., 2017), we recovered at least 17 distinct
major cell types, including various lymphoid, myeloid, and stro-
mal populations (Figures 1A-1C; Table S1; STAR Methods).
ACE2 and TMPRSS2 were primarily expressed in epithelial cells,
with 6.7% of type Il pneumocytes expressing ACE2 and 3.8%
co-expressing ACE2 and TMPRSS2 (Figures 1B and 1C).
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Figure 1. Expression of ACE2 in Type Il Pneumocytes in Healthy Lungs of Non-human Primates

(A) Schematic of protocol for isolation of lung tissue at necropsy from healthy non-human primates (M. mulatta, n = 3), creation of scRNA-seq libraries by using
Seqg-Well v1, and computational analysis to identify cell types by using unbiased methods. UMAP projection of 3,793 single cells, points colored by cell identity
(see STAR Methods).

(B) Uniform manifold approximation and projection (UMAP) as in (A), points colored by detection of ACE2 (coronavirus receptor, top) or TMPRSS2 (coronavirus S
protein priming for entry, bottom). Color coding is as follows: black, RNA positive; blue, RNA negative.

(C) Dot plot of 2 defining genes for each cell type (Table S1) (Bonferroni-adjusted p < 0.001) and ACE2 and TMPRSS2. Dot size represents fraction of cells within
that type expressing a given gene, and color intensity represents binned count-based expression amount (log(scaled UMI+1)) among expressing cells. ACE2 is
enriched in type Il pneumocytes (6.7 % expressing, Bonferroni-adjusted p = 8.62E—33), as is TMPRSS2 (29.5% expressing, Bonferroni-adjusted p = 8.73E—153).
Of all type Il pneumocytes, 3.8% co-express ACE2 and TMPRSS2 (Table S9). Red arrow indicates cell type with largest proportion of ACE2*TMPRSS2* cells.
(D) Genes differentially expressed among ACE2* and ACE2™ type Il pneumocytes. (SCDE package, FDR-adjusted p < 0.05 for IFNGR2, NT5DC1, ARL6IP1, and
TRIM27; full results can be found in Table S1).

See also Table S1.

Notably, the only double-positive cells observed were classified cells, and type | pneumocytes, albeit at diminished abundance
within the type Il pneumocyte population; however, we alsoiden-  and frequency compared with type Il pneumocytes (Figure 1C;
tified TMPRSS2 expression within club cells, ciliated epithelial  Table S1).
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Figure 2. Select Lung Epithelial Cells from Control, HIV-1-Infected, and Mycobacterium-tuberculosis-Infected Human Donors Co-Express

ACE2 and TMPRSS2

(A) Schematic of protocol for isolation of human lung tissue from surgical excess, creation of scRNA-seq libraries by using Seg-Well S®, and computational
analysis to identify cell types by using unbiased methods. Shown on the right is a UMAP projection of 18,915 cells across 8 donors (=3 TB*HIV*; n=3TB*;n=2
non-infected patients). Cells represented by points, colored according to cell type (see STAR Methods).

(B) UMAP projection as in (A), points colored by detection of ACE2 (top) or TMPRSS2 (bottom). Color coding is as follows: black, RNA positive; blue, RNA

negative.

(C) Dot plot of 2 defining genes for each cell type (FDR-adjusted p < 0.001), and ACE2 and TMPRSS2; dot size represents fraction of cells within cell type ex-
pressing a given gene, and color intensity represents binned count-based expression amount (log(scaled UMI+1)) among expressing cells. All cluster-defining
genes are provided in Table S2. Red arrow indicates cell types with largest proportion of ACE2*TMPRSS2* cells.

(D) Volcano plot identifying significantly upregulated genes in ACE2*TMPRSS2* pneumocytes compared with all remaining pneumocytes. Red points represent
genes with a FDR-adjusted p < 0.05, and log,(fold change) >1.5. Text highlighting specific genes; the full list is available in Table S2.

(E) Expression of ACE2 across human donors by HIV and TB status (p = 0.009 by likelihood-ratio test).

See also Table S2.

Next, we compared ACE2*+ with ACE2— type Il pneumocytes
to explore broader gene programs that differentiate putative
SARS-CoV-2 target cells from cells of a similar phenotype and
ontogeny (Figure 1D; Table S1). Among genes significantly upre-
gulated in ACE2+ type Il pneumocytes, we observed IFNGR2
(false discovery rate [FDR]-adjusted p = 0.022), a receptor for
type Il IFNs. Notably, previous work has demonstrated limited
anti-viral potency of IFN-y for SARS-associated coronaviruses,
compared with that of type | IFNs, at least in vitro (Sainz et al.,
2004; Zheng et al., 2004). Other co-regulated genes of potential
interest include TRIM27 (FDR-adjusted p = 0.025), as well as
NT5DC1 (FDR-adjusted p = 0.003) and ARL6/P1 (FDR-adjusted
p = 0.047), which were upregulated in the A549 adenocarcinoma
alveolar basal epithelial cell line after exposure to IFN-o and
IFN-vy for 6 h (Sanda et al., 2006). We found IFNAR1 consistently
expressed among both ACE2*+ type Il pneumocytes and

1020 Cell 781, 1016-1035, May 28, 2020

ACE2+TMPRSS2* co-expressing type |l pneumocytes, but its
level of upregulation compared with all remaining pneumocytes
did not meet statistical significance (FDR-adjusted p = 0.11). This
analysis finds ACE2+ cells enriched within a rare fraction of
secretory cells in NHPs and that ACE2 expression is co-regu-
lated with genes involved in IFN responses.

To assess whether the findings from NHP lung cells were simi-
larly present in humans, we analyzed a previously unpublished
scRNA-seq dataset derived from surgical resections of fibrotic
lung tissue collected with Seq-Well S8 (Hughes et al., 2019). Un-
supervised analysis identified multiple cell types and subtypes of
immune cells (Figures 2A-2C; STAR Methods), as defined by the
genes displayed in Figure 2C (full lists available in Table S2).
Here, we found that ACE2 and TMPRSS2 were primarily ex-
pressed within type Il pneumocytes and ciliated cells, in line
with our analysis of the NHP-derived cells (Figures 1 and 2A,
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Figure 3. NHP and Human lleal Absorptive Enterocytes Co-Express ACE2 and TMPRSS2

(A) Expression ACE2 across diverse tissues in healthy NHPs (n = 3 animals; 52,858 cells).
(B) Schematic of protocol for isolation of NHP ileum (n = 5) at necropsy for scRNA-seq using Seg-Well v1, and computational pipeline to identify cell types by using

unbiased methods. Shown on the right is a UMAP projection of 4,515 cells colored by cell type.
(C) Dot plot of 2 defining genes for each cell type, with ACE2 and TMPRSS2. Dot size represents fraction of cells within cell type expressing a given gene, and color
intensity represents binned count-based expression amounts (log(scaled UMI+1)) among expressing cells. All cluster defining genes are provided in Table S4.

Red arrow indicates cell type with largest proportion of ACE2*TMPRSS2* cells.
(D) Schematic of protocol for isolation of human ileal cells from endoscopic pinch biopsies in non-inflamed regions (n = 13). Shown on the right is a tSNE plot of

13,689 epithelial cells selected from original dataset generated by 10x 3’ v2 (see Figure S2), colored by cellular subsets.

(legend continued on next page)
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2B). In type |l pneumocytes (identified by unique expression of
surfactant proteins SFTPC, SFTPB, and SFTPA1), we found
1.4% of cells expressing ACE2 (FDR-adjusted p = 1.35E—21),
34.2% expressing TMPRSS2 (FDR-adjusted p < 1E—300), and
0.8% co-expressing both. In ciliated cells, we found 7% were
ACE2+ (FDR-adjusted p = 5E—64), 24.6% were TMPRSS2+
(FDR-adjusted p = 3.8E—30), and 5.3% co-expressed both.

As above, to assess for cellular pathways significantly co-ex-
pressed within putative target cells for SARS-CoV-2, we com-
puted differentially expressed genes between ACE2+TMPRSS2+
type Il pneumocytes and all other type Il pneumocytes (Figures
2C and 2D; Table S2). We found significant enrichment of
BATF among ACE2+*TMPRSS2+ cells (FDR-adjusted p =
3.25E-7), which has been demonstrated previously to be upre-
gulated by type | and type Il IFNs (Murphy et al., 2013). Of note,
we also observed TRIM28 co-expressed with ACE2 and
TMPRSS2 among type Il pneumocytes in this dataset (FDR-
adjusted p = 2.34E—-9), which might play a role in potentiating
an IFN response in lung epithelial cells (Krischuns et al., 2018).
Within this cohort of donors, 3 individuals were human immuno-
deficiency virus (HIV)* and diagnosed with active tuberculosis, 3
donors had active tuberculosis and were HIV—, and 2 were nega-
tive for both pathogens. Surprisingly, we found that all of the
ACE2* cells across all cell types were derived from HIV+ Myco-
bacterium tuberculosis (Mtb)* donors despite approximately
equivalent recovery of epithelial cell types from all donors (likeli-
hood-ratio test, p = 0.009) (Figure 2E). Given limited cell and pa-
tient numbers combined with potential sampling biases, we
caution that this observation requires much broader cohorts to
validate a potential role for co-infections; still, we note our obser-
vation is suggestive of a role for chronic IFNs in the induction of
ACE2, given that HIV infection is associated with persistent up-
regulation of ISGs, and we observed elevated amounts of /F-
NAR2, IFI30, and IKBKB (Utay and Douek, 2016) (FDR-adjusted
p = 1.1E-6, 8.8E—9, 1.57E—7, respectively; HIV* versus HIV-
epithelial cells).

Next, using a previously unpublished scRNA-seq dataset con-
sisting of granuloma and adjacent, uninvolved lung samples
from Mtb-infected NHPs (Macaca fascicularis) collected with
Seg-Well S8, we identified subsets of epithelial cells expressing
ACE2 and TMPRSS2 (Figure S1; Table S3; STAR Methods). The
majority of ACE2+TMPRSS2+ cells were, once again, type Il
pneumocytes (22%) and type | pneumocytes (9.7%) and were
largely enriched within granulomatous regions compared with
those in adjacent uninvolved lung (Figures S1B and S1C) (p =
0.006, Fisher Exact Test). ACE2*TMPRSS2+ type Il pneumo-
cytes expressed significantly higher amounts of antimicrobial ef-
fectors such as LCN2 compared with remaining type Il pneumo-
cytes (Figure S1D). Cells with club cell/secretory, type |
pneumocyte, and ciliated cell types also contained some
ACE2+*TMPRSS2+ cells, but we did not have sufficient power
to detect significantly differentially expressed genes between
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these cells and other cells within those clusters. Altogether, we
identify ACE2+*TMPRSS2+ cells in lower airways of humans
and NHPs with consistent cellular phenotypes and evidence
supporting a potential role for IFN-associated inflammation in
upregulation of ACE2.

lleal Absorptive Enterocytes Express Host Factors Used
by SARS-CoV-2

Next, we examined several other tissues for ACE2-expressing
cells on the basis of the location of hallmark symptoms of
COVID-19, focusing on the gastrointestinal tract due to reports
of clinical symptoms and viral shedding (Xiao et al., 2020).
Leveraging a previously unpublished scRNA-seq atlas of NHP
(M. mulatta) tissues collected with Seqg-Well v1, we observed
that the majority of ACE2+ cells reside in the small intestine, prin-
cipally within the ileum, jejunum, and, to a lesser extent, the liver
and colon (Figure 3A; STAR Methods). Critically, we note that, in
this experiment, the dissociation method used on each tissue
was optimized to preserve immune cell recovery, and therefore
under-sampled stromal and epithelial populations, as well as
neurons from the brain. Within the ileum, we identified ACE2+
cells as absorptive enterocytes on the basis of specific expres-
sion of ACE2 within cells defined by APOAT1, SI, FABP6, and EN-
PEP, among others, by a likelihood-ratio test (Figures 3B and 3C)
(p < 1E—300, 62% of all absorptive enterocytes; see Table S4).
All other epithelial subtypes expressed ACE2 to a lesser extent,
and variably co-expressed ACE2 with TMPRSS2 (see Table S4
for full statistics).

Persistent viral RNA in rectal swabs has been detected in pe-
diatric infection, even after negative nasopharyngeal tests (Xu
etal., 2020). In an additional dataset consisting of endoscopic bi-
opsies from the terminal ileum of a human pediatric cohort (n =
13 donors, ranging in age from 10 to 18 years old), collected
with 10X 3’ v2, we confirmed a large abundance of ACE2+ cells
with selective expression within absorptive enterocytes (29.7%
ACE2+, FDR-adjusted p = 2.46E—100) (Figures 3D and 3E; Table
S5; STAR Methods). Furthermore, we identified a subset (888
cells, ~6.5% of all epithelial cells) that co-express both genes
(Figures S2A-S2C). We performed differential expression testing
and GO-term enrichment using these cells relative to matched
non-expressers to highlight putative biological functions en-
riched within them, such as metabolic processes and catalytic
activity, and to identify shared phenotypes of ACE2*TMPRSS2+
ileal cells across both human and NHP cohorts (Table S5). We
speculate that viral targeting of these cells, taken from patients
without overt clinical viral infection, might help explain intestinal
symptoms. Finally, we compared ileal absorptive enterocytes
from healthy NHPs and NHPs infected with simian-human immu-
nodeficiency virus (SHIV) and then treated for 6 months with anti-
retroviral therapy (animal and infection characteristics published
in Colonna et al., 2018) (STAR Methods). We found significant
upregulation of ACE2, STAT1, and IFI6 within the absorptive

(E). Dot plot of 2 defining genes for each cell type, with ACE2 and TMPRSS2. Dot size represents fraction of cells within cell type expressing a given gene, and
color intensity represents binned count-based expression amounts (log(scaled UMI+1)) among expressing cells. All cluster defining genes are provided in Table
S5. Red arrow indicates cell type with largest proportion of ACE2*TMPRSS2™ cells.

(F). Expression of ACE2 (left) and TMPRSS2 (right) among all epithelial subsets from human donors.

See also Figure S2 and Tables S4 and S5.
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Figure 4. Healthy and Allergic Inflamed Human Nasal Mucosa Co-Express ACE2 and TMPRSS2 in a Subset of Goblet Secretory Cells
(A) Schematic for sampling of n = 12 ethmoid sinus surgical samples and n = 9 inferior turbinate nasal scrapings to generate scRNA-seq libraries by using Seqg-

Well v1. See Ordovas-Montanes et al., (2018).
(B) Dot plot of all cell types from ethmoid-sinus-derived cells (n = 6 non-polyp CRS samples, n = 6 polyp CRS samples). Two defining genes for each cell type, in
addition to CDHR3 (rhinovirus receptor), ACE2, TMPRSS2, and JAK1. Dot size represents fraction of cells within that type expressing a given gene, and color

(legend continued on next page)
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enterocytes of SHIV-infected animals (which maintain chroni-
cally elevated amounts of IFNs and ISGs) compared with those
of uninfected controls (FDR-adjusted p < 2E-7) (Figure S2D)
(Deeks et al., 2017; Utay and Douek, 2016).

Upper Airway Expression of Host Factors Used by SARS-
CoV-2

To identify potential viral target cells in nasal and sinus tissue,
two regions that are frequently primary sites of exposure for co-
ronaviruses, we analyzed existing scRNA-seq datasets from the
human upper airway (inferior turbinate and ethmoid sinus mu-
cosa) across a spectrum of healthy donors and individuals with
allergic inflammation due to chronic rhinosinusitis (CRS)
collected with Seqg-Well v1 (Figure 4A; STAR Methods) (Ordo-
vas-Montanes et al., 2018). We had previously noted a signifi-
cantly enriched IFN-dominated gene signature in inferior turbi-
nate secretory epithelial cells from both healthy and CRS
donors compared with CRS samples from the ethmoid sinus,
which were significantly enriched for interleukin-4 (IL-4)/IL-13
gene signatures (Giovannini-Chami et al., 2012; Ordovas-Mon-
tanes et al., 2018). We speculate that these cells, taken from clin-
ically non-virally infected patients, yet constantly exposed to
environmental viruses, might provide one of the earliest locations
for coronaviruses to infect before spreading to other tissues. We
observed significant enrichment of ACE2 expression in apical
epithelial cells and, to a lesser extent, ciliated cells compared
with all cell types recovered from surgically resected mucosa
(1% of apical epithelial cells, FDR-adjusted p = 4.55E—6, n.s.
in ciliated cells) (Figure 4B; Table S6).

To better map putative SARS-CoV-2 targets among epithelial
subsets, we employed a finer-grained clustering method applied
to both ethmoid sinus surgical specimens and scrapings from
the inferior turbinate and ethmoid sinus (Figures 4C-4F). Once
again, we observed selective expression of ACE2 within a minor-
ity of cell types, with 1.3% of all secretory cells expressing ACE2
(Figure 4C) (FDR-adjusted p = 0.00023), specifically sub-clusters
7 and 13, which represent two varieties of secretory epithelial cell
(Figures 4G, 4F, and 4G). Cluster 7 secretory cells are marked by
S100P, LYPD2, PSCA, CEACAMS5, and STEAP4; encompass
some MUC5AC goblet cells; and contain the most significantly
enriched ACE2 and TMPRSS2 expression (4% express ACE2,
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FDR-adjusted p = 7.32E—28; 28% express TMPRSS2, FDR-
adjusted p =2.15E—132; Table S6). We next explicitly gated cells
by their TMPRSS2 and ACE2 expression, identifying a rare sub-
set that co-expresses both, the majority of which fall within the
“Secretory Cluster 7” cell type (Figures 4E and 4F) (30 cells,
~0.3% of all upper airway secretory cells, 1.6% of goblet
“Secretory Cluster 7”). These findings are aligned with concur-
rent work by the HCA Lung Biological Network on human nasal
scRNA-seq data, which identified nasal secretory cells to be en-
riched for ACE2 and TMPRSS2 expression (Sungnak
et al., 2020).

Although we identified co-expression of ACE2 and TMPRSS2
in few airway cells overall, we detected ACE2 and TMPRSS2 sin-
gle- and double-positive cells in over 20 donors and thus posit
that these genes are enriched in secretory cells and are not a
product of individual-patient-driven variability (Figure S3A). Infe-
rior turbinate scrapings collected on Seg-Well S8, which in-
creases the resolution of lower-abundance transcripts
compared with Seg-Well v1, revealed consistent and specific
expression restricted to goblet secretory cells, but at a greater
detection frequency in samples from the same donors (Fig-
ure S3B) (ACE2+ from 4.7% v1 to 9.8% S3; ACE2+TMPRSS2+
from 1.9% v1 to 4% S83) (Hughes et al., 2019). Using the gated
ACE2+*TMPRSS2+ cells, we tested for differentially expressed
genes compared to the remaining secretory epithelial cells (full
results provided in Table S6). Notably, we observed significant
upregulation of ADAR, GBP2, OAS1, JAK1, and DUOX2 (FDR
adjusted, all p < 0.02) within ACE2+TMPRSS2+ cells, potentially
indicative of IFN signaling (Figure 4G). Almost all “Secretory
Cluster 7” cells were from inferior turbinate scrapings of healthy
and allergically inflamed individuals, few cells were from the
ethmoid sinus tissue of patients with chronic rhinosinusitis
without nasal polyps, and no cells were detected in polyp tissue
(Figure 4H). Gene Ontology (GO) analysis of enriched genes in
double-positive cells include processes related to intracellular
cytoskeleton and macromolecular localization and catabolism,
potentially involved in viral particle entry, packaging, and exocy-
tosis (Fung and Liu, 2019).

We next utilized IFN-inducible gene sets of relevance to hu-
man airway epithelial cells, which we derived from a prior study
by performing differential expression on a published dataset

intensity represents binned count-based expression amounts (log(scaled UMI+1)) among expressing cells (see Table S6 for statistics by subset). Red arrow
indicates cell types with largest proportion of ACE2*TMPRSS2" cells.

(C) Dot plot for 2 defining genes for each cell type identified from granular clustering of epithelial cells (18,325 single cells) derived from both ethmoid sinus and
inferior turbinate sampling (healthy inferior turbinate [3,681 cells; n = 3 samples], polyp-bearing patient inferior turbinate [1,370 cells; n = 4 samples], non-polyp
ethmoid sinus surgical samples [5,928 cells; n = 6 samples], and polyp surgical and scraping samples directly from polyp in ethmoid sinus [7,346 cells; n = 8
samples]). Red arrow indicates cell type with largest proportion of ACE2*TMPRSS2* cells.

(D) tSNE of 18,325 single epithelial cells from inferior turbinate and ethmoid sinus (omitting immune cells). Colored by cell types 3,152 basal, 3,089 differentiating,
8,840 secretory, 1,105 ciliated, and 2,139 glandular cells.

(E) tSNE as in (D), identifying epithelial cells co-expressing ACE2 and TMPRSS2 (30 cells, black points).

(F) tSNE as in (D), colored by detailed cell types with higher granularity, as in (C).

(G) Individual differentially expressed genes between ACE2*TMPRSS2* cells and all other secretory epithelial cells (see Table S6 for full gene list with statistics).
Bonferroni-adjusted likelihood-ratio test p < 0.02 for all genes displayed.

(H) Stacked bar plot of each subset of epithelial cells among all epithelial cells by donor (each bar) and sampling location (noted below graph) (unpaired t test p <
0.00035 for Secretory Goblet 7 inferior turbinate versus ethmoid sinus; see Table S6 for raw values).

() Violin plot of cell clusters in respiratory epithelial cells (from Figures 4C and 4F) ordered by average expression of IFN-a-induced gene signatures, presented as
a gene module score; non-normal distribution by Lilliefors test, Mann-Whitney U-test p = 2.2E—16, 1.21 effect size, IFN-a signature for Secretory Goblet Cluster 7
versus all epithelial cells. Arrow indicates cluster containing majority ACE2*TMPRSS2" cells.

See also Figure S3 and Table S6.
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where air-liquid interface cultures from primary human nasal
epithelial cells were treated with IFN-o2A/D, IFN-B1a, IFN-vy,
IL-4, or IL-13 (Giovannini-Chami et al., 2012; Ordovas-Montanes
et al., 2018). Using these gene lists, we scored the human nasal
epithelial cells analyzed by scRNA-seq described in Figures 4C
and 4F and found significant concomitant upregulation of the
IFN-a-stimulated gene set within ACE2+TMPRSS2+ secretory
goblet cluster 7 (Figure 4l).

Type | Interferon IFN-o Drives ACE2 Expression in
Primary Human Nasal Epithelial Cells

The meta-analysis described above consistently identified an
association between ACE2 expression and canonical ISGs or
components of the IFN-signaling pathway. This prompted us
to investigate whether IFNs might play an active role in regulating
ACE2 expression levels in specific target cell subsets, thus
potentially allowing for a tissue-protective host response or
increased viral binding of SARS-CoV-2 through ACE2. Our initial
literature search indicated that IFN-y and IL-4 downregulate the
SARS-CoV receptor ACE2 in Vero E6 cells (African green mon-
key kidney epithelial cells [de Lang et al., 2006]), appearing to
invalidate this hypothesis. Relatedly, in vitro stimulation of
A549 cells, a commonly used cell line model for lung epithelia,
with IFN-a, IFN-y, and IFN-a+IFN-y for 24 h did not identify
ACE2 as an ISG (Russell et al., 2018). This is potentially explained
by recent work that aimed to understand SARS-CoV-2 receptor
usage by performing screening studies within cell line models
and found that A549 cells did not express ACE2 and therefore
represents a poor model to understand regulation of this gene
(Letko et al., 2020). While conducting experiments to directly
test the hypothesis that ACE2 is an ISG, we noted in our own
gene lists used for scoring from Ordovas-Montanes et al., 2018
and in a supplementary extended table available from Giovan-
nini-Chami et al., 2012 that ACE2 was in upregulated gene lists
after exposure to Type | IFN.

We directly tested whether IFN-o induces ACEZ2 in primary hu-
man upper airway epithelial cells in greater detail. We cultured
human primary basal (stem and progenitors) epithelial cells to
confluence and treated them with increasing doses (0.1-10 ng/
mL) of IFN-a2, IFN-vy, IL-4, IL-13, IL-17A, or IL-1B for 12 h and
then performed bulk RNA-seq (Figure S3C). Only IFN-02 and
IFN-v led to upregulation of ACE2 over the time period tested,
and compared with all other cytokines, IFN-a2 lead to greater
and more significant upregulation over all doses tested (Fig-
ure S3D,Wilcoxon test: IFN-o«2 FDR-adjusted p = 4.1E-07;
IFN-y p = 9.3E-03,Figures S3E and S3F, all statistical tests
compared with 0 ng/mL dose). We confirmed substantial and
dose-dependent induction of canonical members of the inter-
feron response after IFN-02 and IFN-y (Figures S3G and S3H).
Conversely, we found that IFN-vy, relative to IFN-o2, induced
potent upregulation of GBP5, a GTPase-like protein thought to
act as a viral restriction factor through inhibiting furin-mediated
protease activity, which could limit viral processing from infected
cells, whereas IFN-a2 more robustly induced IFITM1 (Fig-
ure S3G-S3K) (Braun and Sauter, 2019).

To further extend and substantiate these findings, as above,
we stimulated primary mouse tracheal basal cells, the commonly
used human bronchial cell line BEAS-2B, and upper airway basal

¢ CellP’ress

cells from two human donors (Figure 5A-D). We confirmed
appropriate induction of an IFN response in each cell type by
performing differential expression testing between untreated
cells and IFN-treated cells for each condition (Table S7). Within
each cell type, stimulation with IFN-a2, IFN-v, or IFN-f resulted
in dose-dependent upregulation of canonical ISGs, including
STAT1/Stat1, BST2/Bst2, XAF1/Xaf1, IFI35/Ifi35, MX1/Mx1,
and GBP2/Gbp2. Notably, Ace2 expression was not robustly
induced in basal cells derived from healthy mouse trachea under
any interferon stimulation condition (Figure 5A). The magnitude
of ACE2 upregulation was diminished in BEAS-2B cells
compared to that in our original findings in primary human upper
airway epithelial cells, but reached statistical significance
compared with that of the untreated condition after IFN-y expo-
sure (Figure 5B). In primary basal cells derived from healthy nasal
mucosa, we confirmed significant induction of ACE2 after IFN-
a2 stimulation and, to a lesser extent, after stimulation with
IFN-y (IFN-a2-stimulated: both Bonferroni-adjusted p < 0.001;
IFN-y-stimulated: both Bonferroni-adjusted p < 0.05) (Figures
5C and 5D). Expression of ACE2 was significantly correlated
with expression of STAT1 in all human cell types, with a larger ef-
fect size and correlation coefficient in primary human basal cells
(Figure 5E-H). These experiments support a relationship be-
tween induction of the canonical IFN response, including key
transcription factors and transcriptional regulation of the ACE2
locus. Finally, among primary human samples, we confirmed
the dose-dependence of ACE2 upregulation after IFN-02 or
IFN-y treatment and significant induction of ACE2 after IFN-o2
stimulation at concentrations as low as 0.1-0.5 ng/mL (Fig-
ure 51-L).

Next, using a publicly available resource (interferome.org) that
hosts genomic and transcriptomic data from cells or tissues
treated with IFN, we queried ACE2 expression within human
and mouse cells, searching for datasets with a log,-fold-change
of >1 or < —1 compared with untreated samples, including all IFN
types (Rusinova et al., 2013). We recovered 21 datasets span-
ning 8 distinct primary tissues or cell lines with non-trivial
changes in ACE2 expression after both type | and type Il IFN
treatment (Figure S4A). We observed substantial upregulation
of ACE2 in primary skin and primary bronchial cells treated
with either type | or type Il IFN (> 5-fold upregulation compared
with that in untreated cells), in strong support of our in vitro
data (Figures 5C, 5D, 5G-5L, and S3D-S3F). Immune cell types,
such as CD4 T cells and macrophages, were noticeably absent
from datasets with a significant change in ACE2 expression after
IFN stimulation or were even found to downregulate ACE2 (e.g.,
primary CD4 T cells + type | IFN) (Figure S4A, and in our analysis
of scRNA-seq peripheral blood mononuclear cell data from But-
ler et al., (2018); data not shown).

Given that the majority of cells robustly upregulating ACE2
were epithelial, this observation potentially explains why previ-
ous analyses to define canonical ISGs within immune popula-
tions did not identify ACE2 as an induced gene. Furthermore, us-
ing both Transcription Factor database (TRANSFAC) data
hosted by the interferome database, as well as chromatin immu-
noprecipitation sequencing (ChlP-seq) data (provided by the
ENCODE Factorbook repository), we found evidence for
STAT1, STATS, IRF8, and IRF1 binding sites within —1500-
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Figure 5. ACE2 is an Interferon-Stimulated Gene in Primary Human Barrier Tissue Epithelial Cells

(A-D) Basal epithelial cells from distinct sources were cultured to confluence and treated with increasing doses (0.1-10 ng/mL) of IFN-a2, IFN-y, IL-4, IL-17A, and/
or IFN-B for 12 h and bulk RNA-seq analysis was performed. Expression of ACE2 (human) or Ace2 (mouse) by cell type and stimulation condition. (A) Primary
mouse basal cells from tracheal epithelium are shown. (B) BEAS-2B human bronchial cell line is shown. (C) Primary human basal cells from nasal scraping, Donor
1, is shown. (D) Primary human basal cells from nasal scraping, Donor 2. Abbreviation is as follows: TP10K, transcripts per 10,000 reads. ***p < 0.001, **p < 0.01,

*p < 0.05, Bonferroni-corrected t test compared with untreated condition.

(E-H) Co-expression of STAT1/Stat1 and ACE2/Ace2 by cell type. (E) Primary mouse basal cells from tracheal epithelium are shown. (F) BEAS-2B human
bronchial cell line is shown. (G) Primary human basal cells from nasal scraping, Donor 1, are shown. (H) Primary human basal cells from nasal scraping, Donor 2
are shown. Abbreviation is as follows: TP10K, transcripts per 10,000 reads. Statistical significance assessed by Spearman’s rank correlation.

(I-L) Expression of ACEZ2 in primary human basal cells from nasal scrapings across a range of concentrations of IFN-y or IFN-a2. (I) IFN-22 dose response in Donor
1 (p < 0.001 by one-way ANOVA) is shown. (J) IFN-y dose response in Donor 1 (p < 0.01 by one-way ANOVA) is shown. (K) IFN-a2 dose response in Donor 2 (p <
0.001 by one-way ANOVA) is shown. (L) IFN-y dose response in Donor 2 (p < 0.001 by one-way ANOVA). Abbreviation is as follows: TP10K, transcripts per 10,000
reads. ***p < 0.001, **p < 0.01, *p < 0.05, Bonferroni-corrected post hoc testing compared with 0 ng/mL condition.

See also Figures S3 and S4 and Table S7.

500 bp of the transcription start site of ACE2 (all in human
studies, Figure S4B) (Gerstein et al., 2012; Matys et al., 2003;
Wang et al., 2012; Wang et al., 2013). This finding is supportive
of our current hypothesis that ACE2 represents a previously un-
appreciated ISG in epithelial cells within barrier tissues.

Given minimal upregulation of Ace2 among primary mouse
basal cells in vitro, we were curious as to whether Ace2 repre-
sented a murine ISG in vivo. We treated two mice intranasally
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with saline and two mice intranasally with 10,000 units of IFN-a.
(Guerrero-Plata et al., 2005). After 12 h, we isolated the nasal mu-
cosa, consisting of both respiratory and olfactory epithelium, with
underlying lamina propria, and performed scRNA-seq using Seq-
Well S8 (Figure S5A). We collected from both tissue sites because
of early reports of anosmia in COVID-19 (Lechien et al., 2020). We
recovered 11,358 single cells, including epithelial, stromal,
neuronal, and immune cell types, generating the largest single-
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Figure 6. In Vivo Administration of Interferons in Mice Does Not Induce Ace2, and ACE2 Is Induced in Goblet Secretory Cells during Human

Influenza Infection
(A) UMAP of 11,358 single cells from mouse nasal epithelium (n = 4).

(B) UMAP projection as in (A), points colored by detection of Ace2 (SARS-CoV-2 receptor homolog). Color coding is as follows: black, RNA positive; blue, RNA

negative.

(C) Percent of Ace2™" cells by treatment condition (n = 4 arrays per condition; n = 2 arrays per mouse). Black bars indicate Ace2* cells; white bars indicate Ace2~

cells. p = 0.4 by Student’s t test.

(D) Heatmap of cell-type-defining genes (Trp63 and Krt17), interferon-induced genes (Irf7, Stat1, Irf9, and Oasl2), and Ace2 among basal epithelial cells,
separated by cells derived from saline-treated mice (left) and IFN-a-treated mice (right). Statistical significance by likelihood-ratio test with Bonferroni correction

is shown. A full list of differentially expressed genes can be found in Table S8.

(E) Schematic for sampling cells derived from nasal washes of n = 18 human donors with and without current influenza A or B infection for Seg-Well v1 (35,840

single cells). See Cao et al., (2020).

(F and G) ACE2 expression among goblet cells (F) and squamous cells (G) by infection status. Shown are Healthy Donor cells from influenza-negative donors
(white); Bystander Cells from influenza A (IAV)- or influenza B (IBV)-infected donors, no intracellular viral RNA detected (black); Flu Viral RNA* Cells with detectable

intracellular influenza A or B viral RNA (red). Statistical significance by Wilcoxon
See also Figure S5 and Tables S6 and S8.

cell atlas of mouse respiratory and olfactory mucosa to date (Fig-
ures 6A and S5B). We annotated all 36 clusters, focusing our
attention on epithelial cell clusters, given that we noted enrich-
ment for Ace2 and Tmprss2 within epithelial cell subsets, consis-
tent with our human and NHP results (Table S8). Specifically, we
found Ace2 enriched within olfactory epithelial gland cells,
Muc5b+Scgbic1+ goblet cells, basal epithelial cells, and myofi-
broblasts/pericytes (Bonferroni-corrected p < 0.01) (Figures 6B

test with Bonferroni correction, n.s. for Bystander versus Flu Viral RNA*.

and S5B) (Brann et al., 2020; Dear et al., 1991; Montoro et al.,
2018; Tepe et al., 2018). Notably, Furin was enriched within olfac-
tory epithelial gland cells (Table S8). Next, we asked whether a
12 h stimulation with IFN-o. would upregulate Ace2 in vivo.
Focusing on basal epithelial cells, which contain the highest abun-
dance of Ace2+ cells, we found that despite robust upregulation of
canonical murine ISGs, Ace2 expression was only slightly
elevated after IFN-a treatment (Figures 6C, 6D, S5C, and S5D).
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This observation was supported by analysis of scRNA-seq
data from 5,558 epithelial cells from the lungs of mice 3-6 days
after intranasal infection with murine gamma herpesvirus-68
(MHV68) (Figure S5E). Here, we found significant enrichment of
Ace2+ cells within type Il pneumocytes, in line with our data
from NHP and human lungs (Figures S5F). We did not observe
changes in Ace2 expression among viral-transcript-positive cells
or “bystander” type Il pneumocytes (those without detectable
cell-associated viral RNA in MHV68-infected animals), nor did
we see significant alterations in Ace2+ cell abundance among
MHV68-infected mice lacking IFN-yR (Figure S5G and S5H).
These observations were in agreement with our in vitro murine
basal cell assay (Figure 5A and 5E).

Finally, we sought to validate our hypothesis that ACE2 is upre-
gulated in human epithelial cells during upper airway viral infec-
tions, which are known to induce a robust IFN response (Bailey
et al., 2014; Everitt et al., 2012; lwasaki and Pillai, 2014; Jewell
et al., 2010; Russell et al., 2018; Steuerman et al., 2018). We re-
analyzed a publicly available dataset of RNA-seq from human
lung explants isolated after surgical resections that were infected
with influenza A virus ex vivo for 24 h. Here, we found that ACE2
expression was significantly correlated with that of SFTPC, sup-
porting our hypothesis that ACE2 is expressed within type Il
pneumocytes (Figures 1C, 2C, S5l, and S5J) (Matos et al,,
2019). Furthermore, although the abundance of SFTPC was not
significantly altered by influenza A virus infection, ACE2 expres-
sion was significantly upregulated after viral exposure (p =
0.0054, ratio paired t test) (Figures S5K and S5L). This suggests
that influenza A virus infection increases ACE2 expression.
Nevertheless, these population-level analyses are not able to
definitively resolve specific cell subsets of relevance, nor whether
they are directly infected cells or bystanders of infection.

In order to address these questions, we leveraged an ongoing
scRNA-seq study of nasal washes from 18 individuals with
confirmed influenza A virus or influenza B virus infection or
healthy controls collected with Seg-Well v1, which yielded
35,840 cells resolved into 17 distinct cell types (Figure 6E;
STAR Methods) (Cao et al., 2020). We investigated the cell types
with greatest enrichment for ACE2 and TMPRSS2 in non-in-
fected controls and individuals with influenza A and B. Strikingly,
ACE2 was most upregulated in samples from influenza-virus-in-
fected individuals within bystander goblet or squamous cells not
directly infected by virus (Figures 6F and 6G). ACE2*TMPRSS2+
goblet cells during influenza infection exhibited enrichment for
canonical ISGs such as the CXCL9/CXCL10/CXCL11 gene clus-
ter; correspondence with ACE2+*TMPRSS2+ goblet cells in
healthy and allergic nasal scrapings; and a shared overlap in
ISGs including GBP2, ZNFX1, ADAR, and ACE2 (significantly
differentially expressed gene lists) (Table S6). Together, our
data suggest that ACE2 is an ISG in vitro and in vivo in human pri-
mary upper airway epithelial basal cells, but that the murine ho-
molog Ace2 is not in airway epithelial basal cells or pulmonary
epithelial cells in vitro or in vivo. Collectively, our findings suggest
that careful considerations of animal and cellular models will be
needed for assessing therapeutic interventions targeting the IFN
system when studying ACE2/Ace2-associated biology.

Finally, because our in vivo and in vitro work indicate that IFN
might promote human cellular targets for SARS-CoV-2 infection
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in the human upper airway by inducing ACE2, we attempted to
extend our transcriptomic data on IFN-driven expression of
ACE2 to protein-level induction of ACE2. As testing of various
commercially available polyclonal antibody preparations found
broad evidence for non-specific or inconclusive staining in histo-
logical immunofluorescent based readouts (data not shown), we
assessed whether IFN-vy-stimulated human bronchial air-liquid
interface cultures induced ACE2 within 24 h. Our results show
that cells from one patient robustly induced ACE2 (+2.02x), cells
from another mildly induced ACE2 (+1.21x) and two patient’s
cells showed minor changes (+/—1.12x) (Figure S5M). We pro-
vide a note of caution as these cells were derived from asthmatic
patients, and the overall changes did not reach significance.
Furthermore, we could not determine cell surface localization
of ACE2 but do note that these results align with our transcrip-
tomic data.

DISCUSSION

Here, we utilize scRNA-seq across various barrier tissues and
model organisms to identify the potential initial cellular targets
of SARS-CoV-2 infection. To review the data presented: (1) we
found that expression of the cellular entry receptor for SARS-
CoV-2, ACE2, is primarily restricted to type Il pneumocytes in
the lung, absorptive enterocytes within the gut, and goblet
secretory cells of the nasal mucosa; (2) ACE2 and TMPRSS2
co-expression in respiratory tissues is consistently found only
among a rare subset of epithelial cells; (3) we observed similar-
ities in the cellular identities and frequencies of putative SARS-
CoV-2 target cells across human and NHP cohorts; (4) we
observe increased expression of ACE2 during SHIV and TB
infection of NHPs, and HIV/TB co-infection and influenza infec-
tion of humans compared with that in matched controls but
caution that none of the datasets presented here were designed
to answer this specific query. Specific targeting of these cell sub-
sets has only been described for a handful of viruses, including
the following: goblet cells by human adenovirus-5p and entero-
virus 71, type Il pneumocytes by H5N1 avian influenza, and
absorptive enterocytes by rotavirus (Fleming et al., 2014; Good
et al., 2019; Holly and Smith, 2018; Weinheimer et al., 2012).
Additionally, we provide an overall note of caution when inter-
preting scRNA-seq data for low abundance transcripts like ACE2
and TMPRSS2 because detection inefficiencies might result in
an underestimation of the actual frequencies of ACE2+ or
ACE2+*TMPRSS2+ cells in a tissue. Moreover, the protein
amounts of each might differ from their mRNA abundances
(Genshaft et al., 2016; Jovanovic et al., 2015; Rabani et al.,
2011; Shalek et al., 2013). We also present datasets separately,
given that each study differed in its methods of tissue processing
and collection, which can influence the frequency of recovered
cell subsets (STAR Methods). We provide Table S9 as a sum-
mary of ACE2*+ and ACE2+*TMPRSS2+ cells across various data-
sets. Moreover, we present Figure S6, which describes statisti-
cal modeling and power calculations underlying detection and
dropout of ACE2, to help guide interpretation of these data.
This includes an examination of the probability to detect a lowly
expressed transcript like ACE2 within a cell, as well as upper
bound estimates on the percentage of positive cells within a
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cluster, considering the effects of transcript counts, sequencing
depth, and cell numbers in these calculations (STAR Methods).

Whether ACE2 and TMPRSS?2 are needed on the same cell or
soluble proteases can activate SARS-CoV-2 S protein to invade
ACE2 single-positive cells is an area of active inquiry (Coutard
etal., 2020; Letko et al., 2020). Importantly, rapidly evolving liter-
ature has identified that SARS-CoV-2-S might have a furin cleav-
age site, leading to a broader set of host proteases that could
mediate S protein activation (Bugge et al., 2009; Coutard et al.,
2020; Walls et al., 2020). However, because an active S protein
has a finite lifetime to find a target cell membrane, the timing
and cellular location of S protein activation is key to consider.
Activation events proximal to the plasma membrane have been
shown to be most effective for SARS-CoV entry (Shulla
et al., 2011).

Our study finds that type | IFNs, and to a lesser extent type Il
IFNs, upregulate ACE2. This is based on several lines of evi-
dence: (1) we identified a human goblet secretory cell subset in
upper airway nasal epithelium enriched for ACE2 expression to
have the highest IFN-a-induced gene signature; (2) we found
that IFN-o, and to a lesser extent IFN-B or IFN-v, induced
ACE2 expression in a published dataset of air-liquid interface
cultures derived from human nasal epithelial cells (Giovannini-
Chami et al., 2012; Ordovas-Montanes et al., 2018); (3) we
extended our search through the Interferome database (Rusi-
nova et al., 2013) and found that, in epithelial barrier tissues,
type | IFNs upregulate ACE2 in multiple studies, especially in pri-
mary bronchial cells and keratinocytes (Rusinova et al., 2013); (4)
we found two STAT1 binding sites in the promoter of ACEZ2; (5) in
our unpublished atlas of SHIV-infected macaques, known to
have elevated amounts of chronic IFN signaling, we found
ACE2 upregulation in absorptive enterocytes; (6) we directly pro-
vided evidence for IFN-a, and to some extent IFN-v, inducing
ACE2 expression in primary human upper airway basal cells;
and (7) influenza infection in humans, a known inducer of the
IFN pathway, leads to increased ACE2 expression in goblet
secretory cells of the nasal epithelium (Cao et al., 2020).

Altogether, our own and publicly available data highlight that
ACE2 might have been missed as a canonical ISG because of
its notable absence in peripheral blood mononuclear cell data-
sets and in lung-derived transformed cell lines such as the
A549 cell line (Butler et al., 2018; Letko et al., 2020; Rusinova
et al., 2013). Importantly, other groups have independently
analyzed publicly available datasets, some referenced in our
work, and observed ACE2’s behavior as an ISG (Wang and
Cheng, 2020). Furthermore, we found weak IFN- or virally driven
induction of Ace2 in murine cells and tissues. This highlights the
importance of studying primary human epithelial cells and the
careful consideration of appropriately selected gene lists and
in vitro models of in vivo cellular systems for understanding hu-
man biology (Jonsdottir and Dijkman, 2016; Mead and Karp,
2019; Regev et al., 2017).

As SARS-CoV-S leads to ACE2-receptor-mediated internali-
zation, the host IFN response could thus promote the ability for
SARS-CoV and SARS-CoV-2 to maintain cellular targets in
neighboring human upper airway epithelial cells. Altogether
along with a study of HCoV-OC43, which co-opts IFN-inducible
transmembrane 2 (IFITM2) and IFITM3 to promote viral entry, this
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adds to the growing evidence that coronaviruses, as well as
other viruses, have evolved to leverage features of the human
IFN pathway (Fung and Liu, 2019; Mar et al., 2018; Zhao et al.,
2014). Whether type | IFNs are net protective or detrimental to
the host might depend on the stage of infection; cell subsets in
question; the SARS viral clade (Channappanavar et al., 2016;
Channappanavar et al., 2019; Channappanavar and Perlman,
2017; Davidson et al., 2015); and other factors such as co-infec-
tion, age, gender, and co-morbidities, among others. Under-
standing the specific host restriction factors targeting SARS-
CoV-2 and identifying specific drivers of these genes in the
absence of ACE2 upregulation might provide strategies to disso-
ciate the dual roles of IFN in certain coronavirus infections.
Whether IFNs upregulate ACE2 in putative target cell subsets
in vivo will be of significant interest to define in future work
once current COVID-19-related restrictions on basic scientific in-
quiry are lifted (Qian et al., 2013).

ACE2 is a central component of the renin-angiotensin system,
which has emerged as a key regulator of sterile- or microbially
induced lung pathology (Imai et al., 2005). In brief, ACE cleaves
angiotensin | to generate angiotensin Il (Skeggs et al., 1980).
Angiotensin Il then acts to drive acute lung injury through various
mechanisms, including increased vascular permeability (Imai
et al., 2005). Amounts of angiotensin Il in humans and mice are
elevated during influenza infection, and ACE2 exerts tissue-pro-
tective functions by reducing amounts of angiotensin Il (Zou
et al., 2014). Binding of SARS-CoV-S to mouse ACE2 in vivo
reduced ACE2 expression leading to acute acid-aspiration-
induced lung failure (Kuba et al., 2005). Depending on the ques-
tions asked in future work, there are mouse models available on
the basis of transgenic expression of human ACE2 (required for
overt infectious pathology of SARS-CoV in mice), there are es-
tablished NHP models available of SARS-CoV infection in
M. fascicularis and C. aethiops, and early reports suggest symp-
tomatic infection in M. mulatta and M. fascicularis models for
SARS-CoV-2 (Bao et al., 2020; McCray et al., 2007; Munster
et al., 2020; Rockx et al., 2020; Smits et al., 2011). For example,
examining the efficacy of recombinant human ACE2 to act as a
decoy receptor or the effect of “ACE inhibitors” in patients
with, or at risk for, COVID-19 will require careful experimentation
in appropriate models together with well-controlled clinical trials
(Hofmann et al.,, 2004; Monteil et al., 2020; Vaduganathan
et al., 2020).

IFN responses that induce ISGs are essential for host antiviral
defense in mice, NHPs, and humans (Bailey et al., 2014; Dupuis
et al., 20083; Everitt et al., 2012). Canonical ISGs function by
directly restricting viruses and reducing burden (Schneider
etal., 2014). More recently, disease tolerance to equivalent path-
ogen burden by factors that increase the ability of the host to
tolerate tissue damage has been identified as part of a combined
host defense strategy (Iwasaki et al., 2017; Iwasaki and Pillai,
2014; Medzhitov et al., 2012; Schneider and Ayres, 2008). Dis-
ease tolerance factors in the lung include IL-22 and amphiregulin
(Iwasakietal., 2017). During acute infection in the respiratory sys-
tem, ACE2 is critical for early tissue tolerance responses to respi-
ratory infection, including H5N1 influenza (Huang et al., 2014; Zou
et al., 2014). However, our discovery that ACE2 is an ISG in hu-
man epithelial cells, along with SARS-CoV-2 utilizing host ACE2
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to gain entry to cells, suggests that SARS-CoV and SARS-CoV-2
might exploit the ACE2-mediated tissue-protective response to
provide further cellular targets for entry. This potential strategy
employed by SARS-CoV-2 could present a unique challenge
for the human host and is distinct from HCoV-OC43, which tar-
gets the two restriction factors IFITM2 and IFITM3 (Zhao et al.,
2014). Our study provides motivation to understand the specific
role and balance of type | and type Il IFNs, as well as type llI
IFNs, in tissue protection during, and host restriction of,
SARS-CoV-2 infection. Key experiments to understand ACE2
as an ISG in tissue protection or genuine tolerance will require
the appropriate mouse, NHP, or other model in BSL3 or BSL4
facilities to execute SARS-CoV-2 viral infections and measure
host tissue health along with viral loads. Further work will
also be needed to understand how co-infections, as well as
other host factors, might affect both the susceptibility to, and
dynamics of, host SARS-CoV-2 infection. Moreover, carefully
controlled clinical trials will be essential to determine the overall
effects of different IFNs (Prokunina-Olsson et al., 2020).

Altogether, we anticipate that comprehensive characterization
of the putative cellular targets of SARS-CoV-2 will be critical to
understand basic mechanisms of viral tropism and disease path-
ophysiology, inform differential susceptibility among vulnerable
populations, and potentially suggest unanticipated targets for
drug inhibitors of viral infection. The cellular targets we nominate
will need to be confirmed by specific reagents for SARS-CoV-2,
as done for SARS-CoV (Ding et al., 2004). Furthermore, the tran-
scriptional response to the virus will need to be rigorously char-
acterized in appropriate in vitro and in vivo model systems
(Blanco-Melo et al., 2020). We provide gene lists associated
with target cells in specific tissues and diseases to aid the com-
munity in understanding this emergent disease. A concurrent
HCA Lung Biological Network study assessing ACE2 and
TMPRSS2 across more tissues also identified enrichment in
nasal goblet and ciliated cells (Sungnak et al., 2020). Other
studies are considering additional tissues; co-variates such as
age, sex, and co-infection state; and represent a large coordi-
nated international effort to the ongoing crisis (Pinto et al.,
2020). One study in particular identified upregulation of ACE2
by respiratory viruses and TMPRSS2 by IL-13 in a pediatric
cohort, suggesting further links to how underlying allergic condi-
tions or co-infections might modulate these two SARS-CoV-2-
related host factors (Sajuthi et al., 2020).

During the preparation of this manuscript, several papers have
been posted to bioRxiv assessing patterns of ACE2+ and
TMPRSS2+* cells in barrier tissues (Brann et al., 2020; Lukassen
etal., 2020; Qi et al., 2020; Wu et al., 2020; Zhang et al., 2020). At
a high level, these studies are largely in agreement with
our report. Furthermore, another study appeared on medRxiv
profiling bronchoalveolar lavage fluid from 3 severe and 3 mild
COVID-19 patients, though they were unable to profile sufficient
numbers of epithelial cells (Liao et al., 2020).

Our study highlights the power of scRNA-seq datasets, both
existing and novel, to derive hypotheses relevant to human dis-
ease that might differ from paradigms established by using cell
lines. Further work will be critical to determine how SARS-
CoV-2 influences temporal dynamics of host responses at sin-
gle-cell resolution and which host factors might affect this (Kazer
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et al., 2020). Given the unappreciated complexities of host-path-
ogen interactions between humans and SARS-CoV-2, the best
measures to combat this pandemic continue to be surveillance
and avoidance—especially given that a deep understanding of
the full spectrum of resistance and tolerance mechanisms will
require the concerted efforts of scientists around the globe
(Amanat et al., 2020; Chu et al., 2020; Hadfield et al., 2018).
Here, we seek to share our initial findings and data so that other
groups might build on this discovery of ACE2 as an ISG and
further consider the careful balance between tissue tolerance
and viral infection needed at the human airway epithelium.
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