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Patients with COVID-19 exhibit a broad spectrum of disease 
progression, with 81% showing mild, moderate or no symp-
toms; 14% showing severe symptoms; and 5% experiencing 

critical disease with high mortality risk1. The risk of developing 
severe or critical disease has been associated with advanced age1,2, 
comorbidities1,2, hyperactivation of the immune system3,4, sex1,2 and 
other factors. However, an understanding of these risk factors at the 
molecular and cellular levels is in its infancy.

In this study, we investigated the immune response in patients 
with COVID-19 by single-cell RNA sequencing (scRNA-seq) of 
nasopharyngeal and bronchial samples to identify molecular cor-
relates of disease severity. Two recent studies applied scRNA-seq to 
bronchioalveolar lavage fluid samples from patients with COVID-
19 and provide an extensive characterization of the inflammatory 
immune phenotype in the lower respiratory tract5,6. However, 
SARS-CoV-2 and other coronaviruses infect and replicate in both 
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To investigate the immune response and mechanisms associated with severe coronavirus disease 2019 (COVID-19), we per-
formed single-cell RNA sequencing on nasopharyngeal and bronchial samples from 19 clinically well-characterized patients 
with moderate or critical disease and from five healthy controls. We identified airway epithelial cell types and states vulnerable 
to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. In patients with COVID-19, epithelial cells showed 
an average three-fold increase in expression of the SARS-CoV-2 entry receptor ACE2, which correlated with interferon signals 
by immune cells. Compared to moderate cases, critical cases exhibited stronger interactions between epithelial and immune 
cells, as indicated by ligand–receptor expression profiles, and activated immune cells, including inflammatory macrophages 
expressing CCL2, CCL3, CCL20, CXCL1, CXCL3, CXCL10, IL8, IL1B and TNF. The transcriptional differences in critical cases com-
pared to moderate cases likely contribute to clinical observations of heightened inflammatory tissue damage, lung injury and 
respiratory failure. Our data suggest that pharmacologic inhibition of the CCR1 and/or CCR5 pathways might suppress immune 
hyperactivation in critical COVID-19.
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the upper and lower respiratory tract. The upper airways are spe-
cialized in eliminating inhaled pathogens to prevent viral inva-
sion in the lower respiratory tract and pulmonary injury7. Control 
of viral spread depends on interactions between epithelial cells 
and immune cells, mediated by cytokine signaling and cell–cell 
contacts7. After viral clearance, activated immune cells must be 
eliminated to avoid hyperactivation of the immune system and 
exacerbated tissue damage7,8. It has been suggested that the severe 
lung injury observed in some patients with critical COVID-19 is 
a consequence of the hyperactivated immune system rather than 
of inadequate viral clearance4,9. To investigate these questions, we 
conducted a comprehensive study of mucosal immune responses in 
patients with COVID-19 that includes samples from both the upper 
and lower respiratory tract and sequencing data on both immune 
and epithelial cells. We found that critical disease severity correlates 
with stronger interactions between epithelial and immune cells and 
hyperactivated inflammatory macrophages and cytotoxic T lym-
phocytes, likely contributing to exacerbated epithelial cell death.

Results
Cellular and molecular characterization of COVID-19 severity. 
We performed 3′ scRNA-seq on nasopharyngeal or pooled naso-
pharyngeal/pharyngeal swabs (NSs), bronchial protected specimen 
brushes (PSBs) and bronchial lavages (BLs) (Fig. 1a). We analyzed 
a dual-center cohort from Charité - Universitätsmedizin Berlin and 
University Hospital Leipzig, comprising 19 patients with COVID-
19 (15 males and 4 females; age range, 21–76 years; median age, 
61 years; Fig. 1b and Supplementary Table 1). Five SARS-CoV-
2-negative donors with no signs of disease were included as con-
trols (two males and three females; age range, 24–41 years; median 
age, 34 years). On the basis of World Health Organization (WHO) 
guidelines10, we classified eight patients as moderate and 11 patients 
as critical, two of whom died several days later in the course of the 
disease (Fig. 1b and Supplementary Table 1; patients BIH-CoV-01 
and BIH-CoV-02).

All patients and controls were tested by NS, which samples the 
primary infection site: the nasopharyngeal area. Five patients with 
COVID-19 were sampled longitudinally at 2–4 time points by NS to 
investigate cellular and transcriptional dynamics during the course 
of disease (patients BIH-CoV-06, BIH-CoV-07, BIH-CoV-12, 
BIH-CoV-14 and BIH-CoV-15). For two patients, multiple samples 
from both the upper and lower airways were collected (NS, PSB and 
BL), allowing comparison between compartments of the respiratory 
tract (patients BIH-CoV-01 and BIH-CoV-04).

We provide transcriptional profiles of 160,528 cells obtained 
from a total of 36 samples taken from 24 individuals (Fig. 2a,b 
and Extended Data Fig. 1a). In NS samples, we identified 22 dif-
ferent cell types and states within the epithelial cell and immune 
cell populations (Fig. 2a,b and Extended Data Fig. 1a). We detected 
all previously described major epithelial cell types of the conduct-
ing airways, including basal, secretory and ciliated cells, as well 
as the recently discovered FOXN4+ cells and ionocytes (Fig. 2a,b, 
Extended Data Fig. 2a and Supplementary Table 2; see Methods for 
additional information)11–13. Notably, we identified a subpopulation 
of epithelial cells differentiating from immature secretory cells to 
ciliated cells with a distinctively strong interferon gamma (IFNG) 
response signature (IFNG-responsive cells; Fig. 2a,b and Extended 
Data Fig. 2a), suggesting their stimulation by the host immune  
system14,15. Within the immune cell population, we identified  
13 different cell types and states, consisting of macrophages, den-
dritic cells, mast cells, neutrophils, B cells, T cells, natural killer 
(NK) cells and subsets thereof (Fig. 2a,b, Extended Data Fig. 2b and 
Supplementary Table 2; for further details, see Methods).

Comparing the cellular landscapes, we observed that patients with 
critical COVID-19 showed a striking depletion of basal cells (P < 1.00 
× 10−9) and a strong enrichment for neutrophils (P < 1.00 × 10−9)  

compared to both patients with moderate COVID-19 and con-
trols (Fig. 2b, Extended Data Fig. 1a and Supplementary Table 2). 
This finding should be interpreted with caution as cell populations 
change dramatically over the course of active viral infections16–18 
and are affected by clinical and genetic differences, sampling dates 
and the number of days since the onset of symptoms.

Dynamics of epithelial differentiation upon SARS-CoV-2 
infection. As the stem cells of the airway epithelium, basal cells 
(TP63+/KRT5+) preferentially differentiate into secretory cells that 
further differentiate into ciliated cells19. This differentiation trajec-
tory changes during an insult or injury of the airway epithelium. 
In such cases, basal cells are induced to directly differentiate into 
ciliated cells, thereby bypassing the intermediate secretory cell 
stage11,20,21. We inferred the differentiation pathways of basal cells 
from our scRNA-seq data by pseudo-time mapping using reversed 
graph embedding (Fig. 3)22. The prototypical differentiation of basal 
cells, through secretory cells to terminally differentiated ciliated 
cells, is mediated by FOXN4+ cells (path 1 in Fig. 3a,b,d). Genes 
driving this differentiation pathway include the master transcrip-
tion factor for ciliated cells, FOXJ1, and a component for mature 
cilia, TCTEX1D2 (r(ref. 23–25). Moreover, FOXN4+ cells were indeed 
described to be in a state of multi-ciliated cell differentiation11. 
Thus, FOXN4+ cells represent the typical pathway of differentiation 
as shown by pseudo-time mapping and gene expression profiling.

In addition to this classical differentiation pathway, we also 
identified basal cells initiating the wound healing response by 
differentiating directly toward the ciliated lineage (basal-diff). 
We detected multiple genes involved in this trajectory, such as 
cytokeratins (KRT4 and KRT7)26 and intraflagellar component 
genes (IFT43)25 (path 2 in Fig. 3a–d). This pathway resembles the 
described direct differentiation pathway from basal to ciliated cells 
upon chemical injury11.

Finally, our analysis predicted a new, alternative differentiation 
pathway (path 3 in Fig. 3b) leading from immature secretory cells 
directly into ciliated cells mediated by IFNG-responsive cells, sug-
gesting that this direct differentiation pathway is dependent on the 
interferon response and marked by interferon-stimulated genes 
(ISGs), such as ISG15, IFIT1 and CXCL10 (Fig. 3d)27.

Variable ACE2 expression in the upper airway epithelium. 
SARS-CoV-2 is thought to initially infect the mucosa of the upper 
respiratory tract facilitated by viral binding to the host recep-
tor ACE2 and S protein priming by specific proteases, such as 
TMPRSS2 or FURIN28–32. Expression levels of ACE2 with either one 
or both S-priming proteases were increased by three-fold in secre-
tory cells in patients with COVID-19 compared to non-infected 
controls (Fig. 2c, Extended Data Fig. 1b,c and Supplementary Table 
3). Although the number of ACE2+ ciliated cells was not increased 
after infection, this cell population had a high overall number of 
ACE2+ cells, suggesting a generally high susceptibility for infection. 
Indeed, this susceptibility was recently confirmed by preferential 
ACE2 protein localization on motile cilia and a strong infectiv-
ity of ciliated cells by SARS-CoV-2 in vitro33,34. Most ciliated cells 
were ACE2+/TMPRSS2+, whereas secretory and FOXN4+ cells were 
predominantly ACE2+/TMPRSS2+/FURIN+ (Fig. 2c, Extended 
Data Fig. 1b–d and Supplementary Table 3). Secretory and ciliated 
cells also contained the highest fraction of SARS-CoV-2-infected 
cells (Fig. 2d). In agreement with recent findings35, the number of 
detected viral transcripts as count per million (CPM) reads was 
rather low in all patients with COVID-19 and mostly detectable at 
considerable levels within the first 11 d after the onset of symptoms 
(Fig. 2e). ACE2+ cells were significantly overrepresented within the 
epithelial cells compared to the immune cells (58–98-fold enrich-
ment, P < 0.001). Viral transcripts captured in a very low number 
of immune cells (Fig. 2d) were likely due to viral association (for 
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Fig. 1 | Illustration of the experimental setup and the patient cohort used in this study. a, Schematic representation of the experimental workflow. 
Depicted are the sampling sites (left) and the 3′ scRNA-seq library preparation using 10X Genomics (middle) followed by data analysis revealing cell type 
identity (right). b, Overview of the patient cohort. Given are age, sex and COVID-19 severity as well as onset of symptoms, hospitalization duration and 
sampling time points in days after onset of symptoms, with all patients being temporally aligned to the day of positive SARS-CoV-2 test. Admission to the 
ICU is also depicted if applicable. One patient required ECMO. We obtained NSs from all patients and, in addition, PSBs and BLs from patients BIH-CoV-01 
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example, phagocytosis or surface binding of viral particles) rather 
than productive infection. This view is in line with a study reporting 
virtual absence of viral reads in peripheral blood mononuclear cell 
samples from patients with COVID-1936.

Immune cell–epithelial cell interactions increase infectability of 
epithelial cells. A puzzling aspect of SARS-CoV-2 infection is the 
surprisingly small number of ACE2+ target cells in the human respi-

ratory tract of healthy controls37,38. We found that, upon infection, 
ACE2 expression levels increased by three-fold in a subset of epithe-
lial cells (Extended Data Fig. 1b,c and Supplementary Table 3). We 
observed a statistically significant correlation between the percentage 
of both ACE2+ ciliated and secretory cells in a given sample and the 
number of ligand–receptor interactions of those cells with cytotoxic 
T lymphocytes (CTLs) (P = 8.4 × 10−5; Fig. 4a and Methods). ACE2 
expression has been identified as interferon responsive39. We found 
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that STAT1, a central transcription factor of the interferon response40, 
was among the top predictors for ACE2 expression (Extended Data 
Fig. 3a), confirming ACE2 as an interferon-inducible gene in human 
airway epithelium. The preferential expression of IFNG by CTLs and 
of genes encoding its receptors, IFNGR1 and IFNGR2, by secretory 
and ciliated cells supports the notion that ACE2 is upregulated in 
epithelial cells at least partially through IFNG signaling by immune 
cells (Extended Data Fig. 3b).

Immune-mediated epithelial damage in severe COVID-19. 
Infected epithelial cells secrete chemokines that recruit and activate 
different immune cell populations at the site of viral infection15. In 

patients with moderate COVID-19, secretory cells showed a signifi-
cantly higher expression of the chemokine–ligand encoding genes 
CXCL1, CXCL3, CXCL6, CXCL16 and CXCL17 compared to the 
controls, likely promoting the recruitment of neutrophils, T cells 
(CTLs and CD4T/Treg) and mast cells, respectively (Extended 
Data Fig. 4, middle panel). Ciliated cells strongly expressed CCL15, 
which might contribute to an inflow of monocytes/macrophages 
and neutrophils via CCR1. The chemokine and chemokine receptor 
expression of the different cell populations increased markedly in 
the critical compared to the moderate cases (Extended Data Fig. 4, 
lower panel), suggesting an augmented recruitment of immune cells 
to the sites of inflammation.
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To map the complex interactions of epithelial and immune 
cells, we inferred all possible intercellular communications by the 
expression of ligand–receptor pairs in both cell populations with 
CellPhoneDB41 (Fig. 4b). In moderate cases, the strong interactions 
among ciliated cells, secretory cells and different immune cell types, 
including CTLs, CD4T/Tregs, B cells, non-resident macrophages 
(nrMa), monocyte-derived macrophages (moMa) and neutrophils, 
might reflect the necessary and well-balanced immune response 
required for the efficient elimination of virus-infected epithelial 

cells (Fig. 4b, left). Interactions between the different cell types were 
higher in patients with critical COVID-19 compared to patients 
with moderate COVID-19, in particular for CTL, nrMa and moMa 
(Fig. 4b, right). Higher numbers of epithelium–immune cell inter-
actions in patients with critical COVID-19 are consistent with a 
higher activation status of nrMa, moMa and CTL (Fig. 4c). In par-
ticular, nrMa showed a highly inflammatory profile characterized 
by the expression of the chemokine encoding genes CCL2 (encod-
ing MCP1), CCL3 (encoding MIP1α), CCL20, CXCL1 and CXCL3 

Nature Biotechnology | VOL 38 | August 2020 | 970–979 | www.nature.com/naturebiotechnology974

http://www.nature.com/naturebiotechnology


ArticlesNATuRE BIOTEChnOlOgy

c

g CASP3

4.
6 

× 
10

–0
5

6.
8 

× 
10

–1
1

5.
7 

× 
10

–0
7

5.
0 

× 
10

–0
7

3.
41

 ×
 1

0
–2

9

3.
2 

× 
10

–0
6

1.
5 

× 
10

–3
8

1.
4 

× 
10

–1
3

4.
6 

× 
10

–2
0

ANPEP

TNF

IL18

IL15

IL10

IL6

IL8

IL1B

CCL20

CXCL10

CXCL9

CXCL5

CXCL3

CXCL1

CCL3

CCL2

NS PSB BL

1.0

0.5

0.0

0.5

1.0

Rel. Exp.

Pct. Exp.

0

25

50

75

100

moMa

NS PSB BL

nrMa

KLRB1

KLRC1

KLRC2

KLRD1

GNLY

GZMA

GZMB

GZMK

PRF1

IFNG

CCL5

TGFB1

TNF

TNFRSF1A

NS PSB BL

CTLmoMa nrMaCTL

PSB

NS

1

2

3

4

E
xp

re
ss

io
n 

le
ve

l

BL

NS

a

r 2 = 0.33
P = 2.2 × 10–3

r 2 = 0.35
P = 1.6 × 10–3

r 2 = 0.27
P = 8.4 × 10–5

0

10

20

25 50 75 100

Interaction count with CTLs

P
er

ce
nt

 o
f A

C
E
2

+
 c

el
ls

 
Ciliated

Secretory

Con
tro

l

M
od

er
at

e

Criit
ica

l

Con
tro

l

M
od

er
at

e

Criit
ica

l

Con
tro

l

M
od

er
at

e

Criit
ica

l

1.0

0.5

0.0

0.5

1.0

Rel. Exp.

Pct. Exp.

0

25

50

75

100

Pct. Exp.

0
20

40

60

1.0

0.5

0.0

0.5

Rel. Exp.

e

Moderate CriticalControl

0

1

2

3

4

Sec
re

to
ry

FOXN4
+

Cilia
te

d

CASP3

0

1

2

3

4

Sec
re

to
ry

FOXN4
+

Cilia
te

d

TNFRSF1A

0

1

2

3

4

Sec
re

to
ry

FOXN4
+

Cilia
te

d

CYCS

**
*

**
*

**
*

***
***
*

**
*

**
****

d

rM
a

m
oD

C

m
oM

a

nr
M

a
NK NKT

NKT-p

CD4T
/T

re
g

CTL
B ce

ll
pD

C
Neu M

C

CCR5

CCR1

CCR2

rM
a

m
oD

C

m
oM

a

nr
M

a

CCL3

CCL2

1 0 1 2

Rel. Exp. Pct. Exp.

0204060

b Critical

S
ec

re
to

ry
F

O
X

N
4+

nr
M

a
C

ili
at

ed
S

qu
am

ou
s

M
C

pD
C

C
T

L
C

D
4T

/T
re

g
B

 c
el

l
Io

no
cy

te N
K

m
oM

a
N

eu
S

ec
re

to
ry

-d
iff

IR
C

N
K

T
-p

m
oD

C
rM

a
C

ili
at

ed
-d

iff
N

K
T

B
as

al

Secretory
FOXN4+

nrMa
Ciliated
Squamous
MC
pDC
CTL
CD4T/Treg
B cell
Ionocyte
NK
moMa
Neu
Secretory-diff
IRC
NKT-p
moDC
rMa
Ciliated-diff
NKT
Basal

C
ili

at
ed

-d
iff

N
K

T
B

as
al

S
ec

re
to

ry
-d

iff
rM

a
IR

C
nr

M
a

m
oM

a
S

ec
re

to
ry

C
ili

at
ed

F
O

X
N

4+

N
K

Io
no

cy
te

N
eu

C
T

L
pD

C
m

oD
C

S
qu

am
ou

s
M

C
C

D
4T

/T
re

g
B

 c
el

l
N

K
T

-p

Ciliated-diff
NKT
Basal
Secretory-diff
rMa
IRC
nrMa
moMa
Secretory
Ciliated
FOXN4+

NK
Ionocyte
Neu
CTL
pDC
moDC
Squamous
MC
CD4T/Treg
B cell
NKT-p

0

1

2

3

4

5
Moderate

0

1

2

3

4

5

f

KLRB1

KLRC1

KLRC2

KLRD1

GNLY

GZMA

GZMB

GZMK

PRF1

IFNG

CCL5

TGFB1

TNF

TNFRSF1A

ANPEP

TNF

IL18

IL15

IL10

IL6

IL8

IL1B

CCL20

CXCL10

CXCL9

CXCL5

CXCL3

CXCL1

CCL3

CCL2

Cilia
te

d 
IF

N

Cilia
te

d

Cilia
te

d-
dif

f

Sec
re

to
ry

 L
YPD2

Sec
re

to
ry

Bas
al

Squ
am

ou
s

Neu M
a

B ce
lls

CD4T
/T

re
g

NKT
CTL

E
xp

re
ss

io
n 

le
ve

l

0

1

2

3

4

E
xp

re
ss

io
n 

le
ve

l

0

Fig. 4 | Immune–epithelial cell interaction in COVID-19. a, Scatter plot of ACE2 expression in secretory and ciliated cells versus their interaction strength 
with CTLs in patients and controls, excluding samples with fewer than 20 cells per cell type (n = 19 patients and 27 samples). Spearman’s ρ2 and 
corresponding P values indicated for CTL interaction with secretory cells (green), ciliated cells (blue) and both combined (black). b, Heat map depicting 
cell–cell communications between all identified cell types derived from log-scaled ligand–receptor interaction counts in moderate (left, n = 8 patients 
and 14 samples) and critical (right, n = 11 patients and 13 samples) patients. Interaction strengths are color coded. c, Dot plots of pro-inflammatory and 
cytotoxic mediators in CTL, moMa and nrMa. Significantly altered expression (Benjamini–Hochberg adjusted two-tailed, negative-binomial P < 0.05) 
in critical versus moderate (circles around critical) and moderate versus controls (circles around moderate) is marked by a red circle. d, Dot plots of 
chemokine/receptor expression in the different immune cells of patients with critical COVID-19 (n = 11). Scaling according to Extended Data Fig. 4.  
e, Expression of apoptosis-related genes in epithelial cells comparing critical cases, moderate cases and controls (n = 5 controls, 8 moderate and 11 
critical). Asterisks above critical indicate P values for critical versus control; asterisks above moderate indicate significance of moderate versus control. 
*P < 0.05, **P < 0.01, ***P < 0.001. Statistics as in c; exact P values in Extended Data Fig. 5b. f. Dot plots of inflammatory and cytotoxic mediators from 
NS, PSB and BL collected from patients with critical COVID-19 (BIH-CoV-01 and BIH-CoV-04). Visualization as in c. g, CASP3 expression in immune and 
epithelial cell subtypes of these patients. Comparing PSB versus NS (top) and BL versus NS (bottom). Significant decreases (nasal versus other sampling 
site) are indicated. Rel. Exp., relative gene expression; Pct. Exp., percentage of cells expressing the gene.

Nature Biotechnology | VOL 38 | August 2020 | 970–979 | www.nature.com/naturebiotechnology 975

http://www.nature.com/naturebiotechnology


Articles NATuRE BIOTEChnOlOgy

and the pro-inflammatory cytokines IL1B, IL8, IL18 and TNF. 
Except for CXCL3 and IL1B, each of these inflammatory mediators 
was expressed at significantly higher levels in patients with critical 
COVID-19 (Fig. 4c). moMa were mainly characterized by CCL2, 
CCL3 and CXCL10 expression, with higher CCL3 expression levels 
in the patients with critical COVID-19 (Fig. 4c). Notably, increased 
CCL2 and CCL3 expression corresponded to a significant induc-
tion of CCR1—encoding the receptor binding to MIP1α and, with 
a lower affinity, to MCP1 as well42—in neutrophils, CTLs and dif-
ferent macrophage populations (Fig. 4d and Extended Data Fig. 4).

In the patients with moderate COVID-19, CTL displayed the 
characteristic transcriptional profile of anti-viral CD8+ T lym-
phocytes with high expression of IFNG, TNF, CCL5 and PRF1 
(encoding perforin) and GZMB and GZMA (encoding granzymes) 
together with genes encoding for cytotoxic receptors (KLRB1, 
KLRC1 and KLRD1) (Fig. 4c). In the patients with critical COVID-
19, CTL expressed lower levels of CCL5, IFNG and TNF but strongly 
increased their cytotoxic potential (Fig. 4c). The potential resulting 
damage to epithelial cells is reflected by a statistically significantly 
increased death of ciliated and secretory cells in moderate and criti-
cal cases versus control cases (P values listed in Extended Data Fig. 
5b). FOXN4+ cells, which were found only in patients with COVID-
19, displayed the highest levels of effector caspase 3 (CASP3). This 
increased level of cell death is reflected by the marked upregulation 
of genes encoding cell death receptors (FAS and TNFRS1A) and 
pro-apoptotic factors, including the initiator caspase 8 (CASP8), 
CASP3 and cytochrome c (CYCS), in ciliated, FOXN4+ and secre-
tory cells (Fig. 4e and Extended Data Fig. 5).

To assess whether the inflammatory macrophages and activated 
CTLs observed in the nasopharyngeal mucosa were also present 
in the lower airways, we collected multiple samples of two patients 
(BIH-CoV-01 and BIH-CoV-04) from the upper (NS) and lower 
(PSB and BL) airways. All epithelial and immune cell populations 
were present in the integrated scRNA-seq data set of all three sam-
pled sites of the airways (Extended Data Fig. 6a,b). Furthermore, 
distribution of ACE2+ cells was spread across all three sites, whereas 
cells containing viral reads primarily appeared in neutrophils in 
BL samples, potentially reflecting the phagocytosis of apoptotic 
virus-infected epithelial cells (Extended Data Fig. 6c). This is in 
agreement with our observation that the viral load, as measured 
by total counts of viral reads and viral copy numbers, was higher 
in BL compared to the nasopharyngeal mucosa for both patients 
(Extended Data Fig. 6d,e).

Macrophages in the lower airways (PSB and BL) had a stronger 
inflammatory signature than those within the upper airways (NS) 
as both the expression level for genes encoding for inflammatory 
chemokines/cytokines and the number of positive macrophages 
were markedly elevated (Fig. 4f). The presence of highly inflam-
matory macrophages and CTLs (Fig. 4f) corresponded with an 
increased expression of effector CASP3 in the PSB as well as the 
BL samples. The potential for apoptosis in basal and ciliated cells 
was significantly higher in the lower (PSB or BL) compared to the 
upper (NS) airways, reflecting the presence of highly inflammatory 
macrophages and CTLs (Fig. 4g).

Patient-specific inflammatory profiles. To systematically compare 
the pronounced differences in the cytokine/chemokine expression 
profiles between individual cases, we compared the expression pat-
terns within nrMa in longitudinal samples of patients with different 
degrees of disease severity (Fig. 5). Patient BIH-CoV-12 (male, 71 
years old) is a typical patient with a moderate course of COVID-19. 
Patient BIH-CoV-07, a middle-aged male without any risk factors, suf-
fered from critical COVID-19 with transient need for high-flow nasal 
oxygen ventilation and intensive care monitoring. He was admitted to 
the intensive care unit (ICU) with an isolated respiratory failure and 
bipulmonary infiltrates. He was discharged from the ICU after 2 d and 

left the hospital in good health. Patient BIH-CoV-06 is a 63-year-old 
male, with obesity and a history of smoking, who presented with criti-
cal COVID-19. He required mechanical ventilation and developed 
severe acute respiratory distress syndrome (ARDS) and multi-organ 
failure. After 2 weeks in the ICU, his condition gradually improved, 
and he could be extubated. Patient BIH-CoV-02 had critical COVID-
19 with severe ARDS and died.

The expression patterns of genes encoding for cytokines/chemo-
kines in patients BIH-CoV-12 and BIH-CoV-07 were similar. Only 
a slight increase of IL8 expressing nrMa over time was observed for 
patient BIH-CoV-07 (Fig. 5). Both mechanically ventilated patients 
with critical COVID-19 (BIH-CoV-02 and BIH-CoV-06) showed 
increased expression of CCL20, CXCL5, CXCL3, CXCL1, CCL3 and 
CCL2, along with an enhanced expression of TNF and IL1B com-
pared to patients BIH-CoV-12 and BIH-CoV-07 (Fig. 5). In patient 
BIH-CoV-06, these changes increased over time, converging on 
a similar pattern as observed for patient BIH-CoV-02, who died 
shortly after the depicted observation time point. This would be in 
line with the clinical course of patient BIH-CoV-06, as he remained 
ill in critical condition for a prolonged period of time.

Extravasation of immune cells and the recruitment of blood 
monocytes to the infected or injured tissue and their migration 
across the endothelium are crucial events in early immune defense 
against viral infection, but they also promote capillary leakage and 
lung damage. A variety of molecules is involved in monocyte traf-
ficking across the vessel wall (for example, integrins)43. Assessing 
the expression of markers along the extravasation cascade with 
respect to COVID-19 severity, we observed a strong increase of 
these genes in nrMa. ITGAL (encoding CD11a), ITGAM (encoding 
CD11b), ITGAX (encoding CD11c), ITGB1 (encoding CD29) and 
ITGB1 (encoding CD18) represent integrins forming the complexes 
LFA-1, Mac-1 and VLA-4, which are all described as essential for 
monocyte migration across the endothelium44.

Patient BIH-CoV-06 showed a marked increase of cells express-
ing ITGAM, ITGAX, ITGB2 and ITGB1 at both time points investi-
gated compared to patient BIH-CoV-12 with moderate COVID-19 
(Fig. 5). This is in line with the increased proportion of CD44, a 
crucial mediator of host defense, expressing cells in this patient45–48. 
We found that ICAM1 and VEGFA—attractant factors commonly 
expressed by endothelial (and epithelial) cells to recruit leukocytes 
to sites of infection—also expressed by monocytes themselves, sug-
gesting that activated monocytes induced their own recruitment. 
The increased expression of these extravasation markers indicates 
an enhanced anti-viral immune response, which might damage the 
epithelial and endothelial barrier alike.

Patient BIH-CoV-02, with the most critical clinical course, 
showed a similar pattern of extravasation marker expression (Fig. 5).  
In general, a smaller proportion of nrMa expressed the extravasa-
tion markers in this patient.

Discussion
In this study, we provide the first comprehensive description of the 
transcriptional and cellular landscape of the upper and lower respi-
ratory tract in patients with COVID-19. It has been repeatedly sug-
gested that an excessive production of pro-inflammatory cytokines 
promotes the development of fatal pneumonia and acute lung injury 
in COVID-194,9. In agreement with recently published studies on 
bronchioalveolar lavage fluid cells of patients with mild and severe 
COVID-195,6, we show an inflammatory FCN1+ macrophage phe-
notype in patients with critical COVID-19, which shares similarities 
with our nrMa population. Expressing pro-inflammatory media-
tors such as CCL2, CCL3, CCL20, CXCL1, CXCL3, CXCL10, IL8, 
IL1B and TNF, this macrophage subpopulation might contribute to 
excessive inflammation by promoting monocyte recruitment and 
differentiation. Increased levels of those chemokines were found in 
plasma samples of patients with COVID-19 who died3.
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Although recent studies have investigated the immune cell 
response in patients with COVID-19 in the lower respiratory tract5,6, 
our study adds fundamental understanding of the cellular response 
to SARS-CoV-2 infection in several aspects. First, we provide a cel-
lular dissection of both the upper respiratory tract in the nasophar-
ynx as the primary site of viral infection and the lower respiratory 
tract. The side-by-side comparison of the upper and lower respira-
tory tract in the same patients at the same time point showed that 
the earlier described hyperinflammatory phenotype5,6 is signifi-
cantly enhanced in the bronchia compared to the nasopharynx.

Second, we provide a detailed characterization of the interac-
tion between immune cells and epithelial cells that is likely to 
contribute to the clinical observations of heightened inflamma-
tory tissue damage, lung injury and respiratory failure4,9. We dem-
onstrated that infected epithelial cells upregulate the expression 
of the SARS-CoV-2 entry receptor ACE2, which correlates with 
interferon signals in immune cells. This upregulation of ACE2 as 
an ISG might counteract viral infection, which is in line with the 
anti-inflammatory and protective function of ACE2 in ARDS49–51. 

In patients with COVID-19, however, an increase in the number of 
ACE2+ cells potentially renders these patients even more vulnerable 
to SARS-CoV-2 infection. Together with the presently described 
IFNG-driven differentiation of immature secretory cells into the 
largely ACE2+ ciliated cells in patients with COVID-19, this host 
immune response pathway likely increases the number of ACE2+ 
cells and thus enhances the susceptibility of the airway epithelium 
to the SARS-CoV-2 infection.

Third, longitudinal samples of patients with moderate and criti-
cal COVID-19 allowed us to correlate the clinical course of disease 
with changes in the cellular and transcriptional landscape, sug-
gesting pharmacological interventions for patients with critical 
COVID-19. Development of COVID-19 therapies for immune 
hyperactivation is currently focused on inhibitors of key immuno-
logical players, such as IL-6, TNF and interferon52 (NCT04359901, 
NCT04322773and NCT04311697). Our data suggest the possibility 
of targeting chemokine receptors. We found a significant induction 
of CCL2 and CCL3 expression in macrophages together with an 
increased expression of CCR1, the receptor for both chemokines, in 
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patients with critical COVID-19. Because binding of CCL2 or CCL3 
to CCR1, CCR2 or CCR5 can induce monocyte recruitment into 
the lung parenchyma with subsequent differentiation into inflam-
matory macrophages and consecutive recruitment and activation 
of additional immune cells and epithelial damage, CCR1, CCR2 
and CCR5 might represent promising anti-inflammatory targets in 
COVID-19. Targeting the CCR2/CCL2 axis has been introduced in 
HIV and other viral infections53. However, we did not observe CCR2 
expression in the respiratory tract of patients with COVID-19 (pre-
sumably because of its rapid downregulation in monocytes as they 
exit the bloodstream and enter tissues; Extended Data Fig. 7), leav-
ing CCR1 and/or CCR5 as potential therapeutic targets.

A shortcoming of our study is that we were not able to stratify the 
patients included in our study, owing to a limited number of hos-
pitalized patients during the COVID-19 pandemic. This impeded 
a more detailed analysis of potential contributing factors such as 
age, gender and further comorbidities. In addition, as we were not 
able to include patients with COVID-19 who showed mild symp-
toms and as cases without the need for hospitalization were lacking, 
future studies will have to assess the single-cell landscape of such 
patients, which, in comparison to our data, might lead to a better 
understanding of differences in the vulnerability to SARS-CoV-2 
infection.
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Methods
For a brief summary of the study design, applied statistics/software and data 
availability, refer to the Life Sciences Reporting Summary.

Material requests should be addressed to roland.eils@charite.de.

Patient recruitment and ethics approval. All patients were enrolled either 
in the prospective observational cohort study (Pa-COVID-19)54 at Charité - 
Universitätsmedizin Berlin or the prospective SC2-Study at University Hospital 
Leipzig, which both included all patients with COVID-19 who were hospitalized 
between March 11 and May 7, 2020, at either hospital. Both studies were 
approved by the respective institutional ethics committee of either Charité - 
Universitätsmedizin Berlin (EA2/066/20) or the Medical Faculty of the University 
of Leipzig (123/20-ek) and were conducted in accordance with the Declaration of 
Helsinki. We obtained signed informed consent from all patients before inclusion 
in our study.

Patient cohort. The classification of COVID-19 severity was based on WHO 
guidelines10. All patients with COVID-19 (median age, 61 years; range, 21–76 
years; 15 males/4 females) described common cold symptoms such as dry cough 
and fever, followed by malaise, cephalalgia and myalgia at the onset of the disease. 
In addition, dyspnea was a common initial symptom of the patients with critical 
COVID-19. The median duration from first symptoms until hospital admission 
was 9 d for patients with moderate COVID-19 (range, 2–19 d) and 6 d for patients 
with critical COVID-19 (range, 1–9 d). Patients with moderate COVID-19 were 
hospitalized for a median duration of 8 d, whereas patients with critical COVID-
19 were hospitalized for a median duration of 25 d, with some patients being 
hospitalized for more than 9 weeks. Most of the patients with critical COVID-19 
required mechanical ventilation within the first 9 d after the onset of symptoms, 
with a median duration of ICU length of stay of 25 d. The only exception was 
patient BIH-CoV-07, who was admitted to the ICU for 2 d requiring nasal 
high-flow oxygen therapy. Patient BIH-CoV-08 was the only patient in this study 
cohort who required extracorporeal membrane oxygenation (ECMO) support. 
The sequential organ failure assessment (SOFA) scores as well as the respiratory 
system sub-score of SOFA of the patients in the ICU were used as an indicator 
for multi-organ dysfunction or lung injury, respectively (Supplementary Table 
1). Sex, age, information on the onset of COVID-19 symptoms, diagnosis and 
hospitalization for each individual are provided in Fig. 1b and Supplementary Table 
1. Two patients with critical COVID-19 (BIH-CoV-01 and BIH-CoV-02) died later 
in the disease course. We included samples of five control patients. These patients 
were hospitalized for an elective surgery (orthopedic/aesthetic), tested negative for 
SARS-CoV-2 and had no cold- or flu-like symptoms (BIH-Con-01 to BIH-Con-05; 
two males and three females; median age, 34 years; range, 24–41 years).

Notably, our cohort does not reflect the general patient distribution admitted 
to Charité or University Hospital Leipzig with regard to sex, age or COVID-
19 severity, as the patients were randomly chosen based on their presence in 
the hospital and willingness to participate in this study. As a result, the critical 
and moderate patient groups are not matched with respect to days after onset 
of symptoms. Hence, in each statistical comparison, we considered ‘days after 
symptoms’ as a confounding factor in the statistical model (for details, see below) 
to correct for this imbalance.

We received NSs from all controls and patients with COVID-19 (for sampling 
days relative to the onset of symptoms, see Fig. 1b and Supplementary Table 1). In 
addition, we investigated samples obtained from PSBs and BLs from two patients: 
BIH-CoV-01 and BIH-CoV-04.

Isolation and preparation of single cells from human airway specimens. We 
used human airway specimens freshly procured using NSs, bronchial brushes 
or BLs for scRNA-seq. The NSs and bronchial brushes taken from donors were 
directly transferred into 500 µl of cold DMEM/F12 medium (Gibco, 11039). 
Processing of all samples started within 1 h after collection and under biosafety S3 
conditions (non-infectious donor nasopharyngeal samples were processed under 
biosafety S1 and S2 conditions).

Nasopharyngeal and bronchial samples were pre-treated with 500 µl of 13 mM 
DTT (AppliChem, A2948), followed by dislodging the cells from the swabs/
brushes by carefully pipetting the solution onto the swab/brush. The swab/brush 
was dipped 20 times in the solution to ensure the release of all cells and then 
discarded. BL samples were immediately treated with an equal volume of 13 mM 
DTT. Afterwards, all following steps were identical for NS, PSB and BL samples. 
All samples were incubated on a thermomixer at 37 °C at 500 r.p.m. for 10 min and 
then spun down at 350g at 4 °C for 5 min (but see next paragraph). The supernatant 
was carefully removed, followed by inspection of the cell pellet for any trace of 
blood. If so, cells were resuspended in 500 µl of 1× phosphate-buffered saline (PBS) 
(Sigma-Aldrich, D8537) and 1 ml of RBC Lysis Buffer (Roche, 11814389001), 
incubated at 25 °C for 10 min and subsequently spun down at 350g at 4 °C for 
5 min. The cell pellet was resuspended in 500 µl of Accutase (Thermo Fisher, 
00-4555-56) and incubated at room temperature for 10 min to achieve a single-cell 
suspension. Afterwards, 500 µl of DMEM/F12 supplemented with 10% fetal bovine 
serum (FBS) was mixed into the cell suspension, followed by centrifugation at 350g 

at 4 °C for 5 min. After removal of the supernatant, the cell pellet was resuspended 
in 100 µl of 1× PBS, and the suspension was passed through a 35-µm cell strainer 
(Falcon, 352235) to remove cellular aggregates, followed by cell counting using 
a disposable Neubauer chamber (NanoEnTek, DHC-N01). Cell and gel bead 
emulsions were generated by loading the cell suspension into the 10X Chromium 
Controller using the 10X Genomics Single Cell 3′ Library Kit v3.1 (10X Genomics: 
PN 1000223, PN 1000157, PN 1000213 and PN 1000122). The subsequent steps of 
reverse transcription, cDNA amplification and library preparation were performed 
according to the manufacturer’s protocol. Note that the incubation at 85 °C during 
reverse transcription was extended to 10 min to ensure virus inactivation. The 
final libraries were pooled (S2 flowcell: up to eight samples; S4 flowcell: up to 20 
samples) and sequenced with the NovaSeq 6000 Sequencing System with either S2 
or S4 flow cells (Illumina; paired end, single indexing).

Samples that were not immediately prepared for cell encapsulation were 
resuspended in cryopreservation medium (20% FBS (Gibco, 10500), 10% DMSO 
(Sigma-Aldrich, D8418) and 70% DMEM/F12) and stored at −80 °C. Frozen cells 
were thawed quickly at 37 °C, spun down at 350g at 4 °C for 5 min and proceeded 
with normal processing. In cases where satisfactory cell suspensions were achieved 
without protease treatment, the samples were filtered through a 20-µm cell strainer 
(pluriSelect, 43-50020-03) and directly loaded for encapsulation.

qRT–PCR. After DTT treatment of the patient samples, 140 µl of supernatant was 
used for the extraction of viral RNA with the QIAmp Viral RNA Mini Kit (Qiagen, 
52904). Quantitative RT–PCR for the E gene of SARS-CoV-255 of the extracted 
RNA in technical triplicates along with three ten-fold dilutions of standardized 
SARS-CoV-2 genome equivalents was performed using the SuperScript III 
One-Step RT–PCR Kit (Thermo Fisher, 12574026) and the Roche LightCycler 480.

Pre-processing and data analysis. The raw 3′ scRNA-seq data were processed 
using CellRanger version 3.1.0 (10X Genomics). The transcripts were aligned to 
a customized reference genome in which the SARS-CoV-2 genome (Refseq-ID: 
NC_045512) was added as an additional chromosome to the human reference 
genome hg19 (10X Genomics, version 3.0.0). An entry summarizing the entire 
SARS-CoV-2 genome as one ‘gene’ was appended to the hg19 annotation gtf file, 
and the genome was indexed using ‘cellranger_mkref ’.

After pre-processing, contaminating ambient RNA reads were filtered by using 
SoupX56 version 1.2.2 (https://github.com/constantAmateur/SoupX) and MUC1, 
MUC5AC and MUC5B as marker genes. The filtered expression matrices were 
loaded into R version 3.6.1 with Seurat version 3.1.4.9012 (https://github.com/
satijalab/seurat), where further filtering was done to remove cells with fewer than 
200 genes expressed or more than 15% mitochondrial transcripts. The quality of 
the scRNA-seq data set was assessed by plotting the number of unique molecular 
identifiers (UMIs) and genes per cell for each sample (Extended Data Fig. 8). The 
quality was consistent across samples, and differences in RNA and gene content 
could be ascribed to cell-type-specific effects.

An upper cutoff for the number of UMIs was manually determined for each 
sample based on a plot of gene count versus UMI count, with values ranging 
between 50,000 and 200,000 UMIs. After quality control filtering, the samples were 
normalized to 10,000 reads, scaled and centered. For integration, 3,000 shared 
highly variable genes were identified using Seurat’s ‘SelectIntegrationFeatures()’ 
function. Integration anchors were identified based on these genes using 
canonical correlation analysis57 with 90 dimensions as implemented in the 
‘FindTransferAnchors()’ function. The data were then integrated using 
‘IntegrateData()’ and scaled again using ‘ScaleData()’. Principal component  
analysis (PCA) and uniform manifold approximation and projection (UMAP) 
dimension reduction with 90 principal components were performed.  
A nearest-neighbor graph using the 90 dimensions of the PCA reduction was 
calculated using ‘FindNeighbors()’, followed by clustering using ‘FindClusters()’ 
with a resolution of 0.6.

Viral load was calculated on the raw data matrices output by CellRanger. All 
reads aligning to the SARS-CoV-2 genome per sample were aggregated and divided 
by the total number of reads in that sample. Multiplication by 106 then yielded the 
CPM viral load values.

Cell–cell interactions based on the expression of known ligand–receptor pairs 
in different cell types were calculated using CellPhoneDB41 version 2.1.2 (https://
github.com/Teichlab/cellphonedb) on data sub-sampled according to the following 
strategy: to decrease the effect of samples with high cell numbers, all samples 
were randomly down-sampled to the size of the smallest sample. A maximum of 
2,000 cells per cell type were kept to reduce calculation times. Transcription factor 
importance was scored using arboreto58 0.1.5 and pyscenic59 0.10.0.

To infer the cluster and lineage relationships between the different epithelial 
cell types identified, Monocle3 was used22,60 (https://github.com/cole-trapnell-lab/
monocle3). A subset of the epithelial cells was used for trajectory inference: basal, 
secretory-diff, secretory, IFNG-responsive, FOXN4+, ciliated-diff and ciliated cells. 
After scaling and dimensional reduction by PCA, the UMAP was calculated for 
this subset. UMAP embeddings and cell clusters generated from Seurat were used 
as input, and trajectory graph learning and pseudo‐time measurement through 
reversed graph embedding were performed with Monocle3. To identify genes that 
are significantly regulated as the cells differentiate along the cell-to-cell distance 
trajectory, we used the differentialGeneTest() function implemented in Monocle222. 
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This function fits a vector generalized additive model (VGAM) from the VGAM 
1.1–2 package for each gene in our data set where the gene expression levels are 
modeled as a smooth nonlinear function of the pseudo-time value of each cell. 
Thereafter, genes were ranked by their order of importance based on q values 
(adjusted P values after Benjamini–Hochberg correction), where q values less than 
0.05 were considered as pseudo-time-dependent genes. The expression change 
of genes, for which q < 1 × 10−250 and which are biologically informative for the 
corresponding differentiation pathways, was plotted along the cell-to-cell distance 
(pseudo-time). For the basal-diff trajectory, we performed a VGAM fit on basal, 
basal-diff, ciliated-diff and ciliated clusters. For the IFNG-responsive cell pathway, 
the basal, secretory-diff, IFNG responsive, ciliated-diff and ciliated cell types were 
extracted. Basal, secretory-diff, secretory, FOXN4+, ciliated-diff and ciliated cell 
clusters were considered when identifying critical genes for the FOXN4+ trajectory.

Statistics. For comparisons between expression values, the Seurat function 
‘FindMarkers()’ was used with the ‘negbinom’ method and days after onset of 
symptoms as the confounder variable. Cell type markers were obtained using the 
‘FindAllMarkers()’ function with a negative binomial test and the case severity 
as the latent variable. Cell type numbers were compared by logistic regression 
followed by Tukey’s test in multivariate cases and otherwise by Fisher’s exact test. 
Weights corresponding to the cell count per sample were introduced into the 
logistic regression to account for differences in information content. Correlation 
was assessed using Spearman’s Ρ, and significance of correlation was calculated 
using the corr.test function in R. All tests were two sided. P values were corrected 
using the Benjamini–Hochberg (false discovery rate) method. Homoskedasticity 
was assessed using Bartlett’s test. Cells were defined as positive for a gene if at least 
one UMI of that gene was found. Note that sample numbers in the figure legends 
refer to biological samples, and the n for statistical calculations is derived from the 
cell count in expression value comparisons.

Identification of cell type and state. Epithelial and immune cell types were 
primarily annotated based on their expression levels of their respective cell type 
markers (Extended Data Fig. 2). All previously described major epithelial cells 
of the conducting airways, including basal, secretory and ciliated cells, as well 
as the recently discovered FOXN4+ cells and ionocytes, were found. In addition, 
we identified a cell type from the most posterior region of the nasopharynx that 
we call ‘squamous’ cells that is characterized by a strong expression of SPRR 
genes essential to squamous cell cornification (Fig. 2a,b and Extended Data 
Fig. 2a)61,62. Basal, secretory and ciliated cells were present in different cell states 
from differentiating to terminally differentiated as shown by their intermediate 
expression levels of their respective cell type markers (Extended Data Fig. 2), 
inferred mitotic stages (Extended Data Fig. 9) and pseudo-time analysis (Fig. 3). In 
particular, secretory-diff and ciliated-diff cells represent the differentiating state, 
whereas secretory and ciliated cells are further differentiated. Notably, the FOXN4+ 
cells resemble the transient secretory cell type described as the most SARS-CoV-
2-vulnerable bronchial cells in non-infected individuals by virtue of their function 
as transitionary cell types differentiating from the secretory to ciliated lineage37 
(Figs. 2a, 3a).

We also identified small clusters of cells that are predominantly derived from 
single patients that we call ‘outliers epithelial’, which have a strong expression of 
ciliated markers. Similarly, a cluster of cells called ‘unknown epithelial’ is also 
identified (Extended Data Fig. 2a and Supplementary Table 2). These two cell types 
were excluded from any downstream analysis.

Within the immune cell population, we identified 13 different cell types, 
including different types of macrophages, dendritic cells, NK cells, NKT cells, 
mast cells, neutrophils, B cells and T cells (Fig. 2a,b, Extended Data Fig. 2b 
and Supplementary Table 2). In the monocyte-derived (MD) fraction, we 
distinguished resident macrophages (rMa), MD macrophages (moMas), MD 
dendritic cells (moDCs) and non-resident macrophages (nrMa)63,64. In the 
T lymphocyte population, we identified CD8+ cytotoxic (CTL) CD4+ T cells 
together with regulatory T cells (CD4T/Treg) and NKT cells65. Within the 
immune cell population, we also found NK cells (NCAM1, FCGR3A and 
KLRD1), distinguishable from the NKT population as they were missing 
the canonical T cell markers. In addition, proliferating NKT as described 
previously65 and plasma cells (CD27, SDC1 and CD79A) were observed. The 
CTL and NKT cell populations were similar to each other and mainly showed a 
quantitative difference in the expression of genes rather than a strong difference 
in characteristic markers.

By analyzing the epithelial compartment for trajectory inference, we were able 
to achieve a higher resolution of the epithelial cell types and identified a sub-cluster 
of basal cells differentiating to ciliated cells, called ‘basal-diff ’. This cell type was 
defined by the low but mixed marker expression of basal and ciliated cells and by 
pseudo-time information (Fig. 3a–d).

Cell type identification was similarly done for samples from NSs, bronchial 
PSBs and BLs for two patients with critical COVID-19 (BIH-CoV-01 and 
BIH-CoV-04) (Extended Data Fig. 6). We used the same markers as shown in 
Extended Data Fig. 2 to determine cell types and states. As additional cell types 
in these samples, we characterized secretory (Secretory LYPD2) and ciliated 
(Ciliated IFN) cell clusters with a heterogeneous expression of ISGs (IFI6, IFI16, 

IFI44, IFIT3 and IFITM3). For one particular patient (BIH-CoV-04), we identified 
a ‘hybrid’ cell type that expresses mixed markers for secretory and ciliated cells 
(SCGB1A1, MUC5AC, MSMB, TFF3, AGR2, CAPS and SNTN).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Because of the potential risk of de-identification of pseudonymized RNA 
sequencing data, the raw data are available under controlled access and require a 
Data Transfer Agreement in the European Genome-phenome Archive repository: 
EGAS00001004481. In addition, count and metadata tables containing patient 
identification, sex, age, cell type and quality control metrics for each cell are 
available at FigShare: https://doi.org/10.6084/m9.figshare.12436517. All count and 
metadata are integrated for further visualization and analysis in Magellan COVID-
19 data explorer at https://digital.bihealth.org.
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Extended Data Fig. 1 | Distribution of cell types and their ACE2 expression status from the upper respiratory tract. a, UMAP displaying all identified cell 
types and states split between controls, moderate and critical COVID-19 patients. b, Distribution of ACE2+, ACE2+/TMPRSS2+, ACE2+/FURIN+, and ACE2+/
TMPRSS2+/FURIN+ cells across all cell types within the UMAP split between controls, moderate, and critical COVID-19 patients. c, Percentage of ACE2+ 
cells across control, moderate, and critical COVID-19 patients. * - indicates a significant difference compared to control samples (Benjamini-Hochberg 
adjusted p-value obtained from logistic regression followed by Tukey’s post-hoc test < 0.05, see Supplementary Table 2). d, Composition of ACE2+ cells in 
terms of double or triple positive status for TMPRSS2 and FURIN. Nasopharyngeal swab samples were used in this analysis: n = 5 control samples, n = 14 
moderate COVID-19 samples, and n = 13 critical COVID-19 samples for all panels.
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Extended Data Fig. 2 | Markers used to identify and stratify the different cells of the upper respiratory tract. a, Dot plot depicting the markers of the 
epithelial cell types. b, Dot plot depicting the markers used to identify the different immune cell types. Expression levels are color coded, the percentage of 
cells expressing the respective gene is size coded. For details on cell types and markers refer to Methods. Nasopharyngeal swab samples were used in this 
analysis: n = 5 control samples, n = 14 moderate COVID-19 samples, and n = 13 critical COVID-19 samples. Rel. Exp. = relative gene expression, Pct. Exp. = 
percentage of cells expressing the gene.
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Extended Data Fig. 3 | Identified regulons that are activated in ACE2+ cells. a, Transcription factors ranked according to association strength with ACE2 
expression (for details see Methods). Top 10 hits are highlighted. b, Expression profile of the interferon signaling mediators in all cell types. Please note 
that IFNG is strongly expressed in CTL. Expression levels are color coded, the percentage of cells expressing the respective gene is size coded. Rel. Exp. = 
relative gene expression, Pct. Exp. = percentage of cells expressing the gene.
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Extended Data Fig. 4 | Interaction of chemokines with their respective receptors comparing controls, to moderate and critical COVID-19 cases. 
Expression of chemokines and their respective receptors in the different cellular subpopulations is depicted by dot plots. Connecting lines represent 
receptor/ligand pairs as obtained from the molecular cell atlas of the human lung65 complemented by literature research. Expression levels are color 
coded while the percentage of cells expressing the gene are depicted by the different dot sizes. Red circles show significance (Benjamini-Hochberg 
adjusted two-tailed negative-binomial p-value < 0.05) of expression when comparing critical and moderate patients (critical panels) or moderate 
patients and controls (moderate panels) as calculated by a two-sided significance test. (n = 5 moderate and 6 critical COVID-19 patients, 10 samples 
each). Nasopharyngeal swab samples were used in this analysis: n = 5 control samples, n = 14 moderate COVID-19 samples, and n = 13 critical COVID-19 
samples. Rel. Exp. = relative gene expression, Pct. Exp. = percentage of cells expressing the gene.
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Extended Data Fig. 5 | Apoptotic marker expression in epithelial cells. a, Comparison of apoptosis marker gene expression in the different epithelial 
cell types of critical and moderate COVID-19 cases as well as controls. Asterisks above critical violins indicate p-values for the comparison of critical 
vs. control samples, asterisks above moderate indicate the comparison moderate vs. control. *: p < 0.05, **: p < 0.01, ***: p < 0.001. p-Values were 
obtained from a negative-binomial test and Benjamini-Hochberg corrected. Exact p-values are shown in b. Only upregulation is shown, no significant 
downregulation was observed. b, Table indicating p-values and log fold changes of markers of the extrinsic apoptotic cascade (FAS, CASP8) in epithelial 
cell populations (for other apoptotic markers see Fig. 3e). The respective comparison, critical vs. control and moderate vs. control, is indicated (n = 5 
control, 14 moderate, 13 critical samples).
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Extended Data Fig. 6 | Cell types/states throughout the upper (NS) and lower (PBS, BL) respiratory tract in the two critical COVID-19 patients 
BIH-CoV-01 and BIH-CoV-04. a, UMAP depicting all identified cell types across the upper (NS) and lower (PSB, BL) respiratory tract of the two critical 
patients BIH-CoV-01 and BIH-CoV-04 (sampling days +17 and +13 after onset of symptoms, respectively). Please note that the majority of cell types 
correspond to the cell types identified in the upper respiratory tract (cf. Figure 2). For identification and description of the additional cell types including 
secretory LYPD2, ciliated IFN, basophil, NK and hybrid cells please refer to Methods. b, UMAPs depicting the cell types in the NS (left), PSB (middle) or 
BL (right) of patients BIH-CoV-01 and BIH-CoV-04. c, UMAP depicting ACE2+ cells and virus+ cells across NS, PBS, or BL samples. d, Viral RNA reads 
within aggregated pseudo-bulks for patient BIH-CoV-01 and BIH-CoV-04 in counts per million (CPM) detected in either NS, PSB or BL. e. Viral genome 
equivalents/ml of patient BIH-CoV-01 cell-free sample as measured by quantitative RT-PCR. NS: nasopharyngeal swab, PSB: protected specimen brush, 
BL: bronchial lavage.
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Extended Data Fig. 7 | Expression levels of CCL2, CLL3 and their receptors CCR1, CCR2, and CCR5 in immune cells of the lower respiratory tract. Dot plot 
depicting the average expression of CCL3/CCR1, CCR5 and CCL2/CCR2, CCR1 in different immune cells in PSB and BL samples for patients BIH-CoV-01 and 
BIH-CoV-04. Connecting lines represent receptor/ligand pairs. Expression levels are color coded while the percentage of cells expressing the gene are 
depicted by different dot sizes. PSB - protected specimen brush, BL - bronchial lavage. Rel. Exp. = relative gene expression, Pct. Exp. = percentage of cells 
expressing the gene.
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Extended Data Fig. 8 | Quality control metrics. a, Violin plot depicting Log10 values of total RNA transcripts detected per sample. b, Violin plot showing 
Log10 values of total genes detected per sample. c, UMAP representing Log10 values of total RNA transcripts detected per cell across all samples.  
d, UMAP depicting Log10 values of total genes detected per cell for across all samples. Nasopharyngeal swab samples were used in this analysis: n = 5 
control samples, n = 14 moderate COVID-19 samples, and n = 13 critical COVID-19 samples.
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Extended Data Fig. 9 | Inferred cell cycle stages of cells from the upper respiratory tract. a, Proportion of cells in G1, G2/M, or S phase for each cell type. 
b, UMAP depicting cells in either G1, G2/M, or S of a subsample of the entire dataset (10,000 cells). Nasopharyngeal swab samples were used in this 
analysis: n = 5 control samples, n = 14 moderate COVID-19 samples, and n = 13 critical COVID-19 samples.
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Software and code
Policy information about availability of computer code

Data collection no software was used for data collection

Data analysis Alignment and preprocessing was performed using cellranger 3.1.0 (10X Genomics). Ambient RNA was removed using SoupX 1.2.2 and 
the data were processed using Seurat 3.1.4 in R 3.6.1. Cell-cell interaction analyses were performed using CellPhoneDB 2.1.2. Gene 
regulatory network analyses were performed using arboreto 0.1.5 and pyscenic 0.10.0 in Python 3.8.2. Pseudotime inference was 
performed using Monocle2 and Monocle 3. Vector generalized additive models were fit using the VGAM 1.1-2 package. 
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Due to potential risk of de-identification of pseudonymized RNA sequencing data the raw data is available under controlled access in the EGA repository,  
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size We recruited all COVID-19 patients that were hospitalized in Charité or the University Hospital Leipzig from 11 March 2020 to 07 May 2020 
that were willing to participate in this study. Controls were individuals hospitalized for orthopaedic/aesthetic surgery, tested negative for 
SARS-CoV-2 without common cold symptoms. All participants signed the informed consent. In total, we performed single cell RNA sequencing 
of 19 COVID-19 patients and five controls.

Data exclusions We excluded data points with less than 20 Secretory or Ciliated cells in Fig. 3a, as the percentage of ACE2 expression could not robustly be 
identified in these samples. The threshold was chosen so the lower limit of detection would be 5%, but was not defined before the study was 
conducted. Any data exclusion is mentioned in the corresponding figure legend and/or methods section. 

Replication Epidemiological replication/validation: In this study, we included all COVID-19 patients hospitalized at two university hospitals in Germany 
between 11 March 2020 to 07 May 2020, who were willing to participate in this study and signed the informed consent. For replication 
purposes an additional validation cohort would have been desirable. However, due to the limited number of hospitalized patients  and 
restricted time-span of the COVID-19 pandemic in Germany, we were not able to recruit a sufficent number of patients as an independent 
replication cohort. 
Technical replication: We performed single-cell RNA sequencing experiments. In general, no replicates are needed. Note that we obtained 
high numbers of cells per patient and, in general, high quality sequencing libraries.

Randomization We investigated two major patient groups; a "control group " and a "COVID-19 group".  
Control group: Patients were tested negative for SARS-CoV-2 infection and showed no common cold symptoms (healthy controls).  
COVID-19 group: All patients were tested positive for SARS-CoV-2 infection and were admitted to hospital due to their COVID-19-related 
symptoms. The disease severity was classified based on WHO guidelines and is described in the methods section. Note that all COVID-19 
patients were admitted to the hospital, thus, we did not include mild cases or asymptomartic COVID-19 patients. 
 
The only covariate we used for adjusting the data was the variable "days post onset of symptoms".

Blinding Blinding was not relevant for our study.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
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Palaeontology

Animals and other organisms
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Clinical data

Methods
n/a Involved in the study

ChIP-seq
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MRI-based neuroimaging

Human research participants
Policy information about studies involving human research participants

Population characteristics A full description of the cohort is given in figure 1b, extended data table 1, and in the methods section. Overall, we investigated 
four female and 15 male COVID-19 patients, age range 21 to 76 years. Eleven patients were classified as critical COVID-19 cases, 
while eight patients were classified as moderate COVID-19 cases. We included five SARS-CoV-2 negative donors as controls.

Recruitment 1. All patients were informed about the study, willing to participate in this study and signed the respective informed consent 
2. COVID-19 group: The patients needed to be clinically tested positive for SARS-CoV-2 infection and were either admitted to 
Charité or the University Hospital Leipzig. As all patients were hospitalized due to their COVID-19-related symptoms and no 
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COVID-19 outpatients were recruited for this study, our study cohort is comprised of COVID-19 cases that showed rather strong 
infection-related symptoms (even the moderate cases). We were not able to investigate the cellular or transcriptional profiles of 
COVID-19 patients with only mild or no symptoms. 
3. Control group: All controls were tested negative for SARS-CoV-2 and did not have any common cold symptoms. 
4. We started sampling shortly after the pandemic reached Berlin/Leipzig with the first patients being hospitalized in Charité - 
Universitätsmedizin Berlin or University Hospital Leipzig, respectively. Patients were recruited from 11 March 2020 - 07 May 
2020 
6. All patients recruited in this study were >18 years old. We did not apply any restricitions regarding sex or medical history of 
the patients. 
7. As all patients were recruited exclusively for this COVID-19 study and only after virus infection and admission to the hospital, 
we do not have any information about the transcriptional landscape of the patients before the infection. In addition, due to 
logistical reasons, we were not able to sample the patients after their recovery and hospital discharge.  
8. Importantly, our cohort does not reflect the general patient distribution admitted to Charité or University Hospital Leipzig with 
regards to sex, age, or COVID-19 severity as the patients were randomly chosen based on their presence in the hospital and 
willingness to donate samples for this study. 

Ethics oversight This study was approved by the respective institutional ethics committee of either the Charité-Universitätsmedizin Berlin 
(EA2/066/20) or the University Hospital Leipzig (123/20-ek) and conducted in accordance with the Declaration of Helsinki.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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