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SUMMARY
Coronavirus disease 2019 (COVID-19) is a mild to moderate respiratory tract infection, however, a subset of
patients progress to severe disease and respiratory failure. The mechanism of protective immunity in mild
forms and the pathogenesis of severe COVID-19 associated with increased neutrophil counts and dysregu-
lated immune responses remain unclear. In a dual-center, two-cohort study, we combined single-cell RNA-
sequencing and single-cell proteomics of whole-blood and peripheral-bloodmononuclear cells to determine
changes in immune cell composition and activation in mild versus severe COVID-19 (242 samples from 109
individuals) over time. HLA-DRhiCD11chi inflammatory monocytes with an interferon-stimulated gene signa-
ture were elevated in mild COVID-19. Severe COVID-19 was marked by occurrence of neutrophil precursors,
as evidence of emergency myelopoiesis, dysfunctional mature neutrophils, and HLA-DRlo monocytes. Our
study provides detailed insights into the systemic immune response to SARS-CoV-2 infection and reveals
profound alterations in the myeloid cell compartment associated with severe COVID-19.
INTRODUCTION

Clinical presentations of COVID-19 are highly variable, and while

the majority of patients experiences mild to moderate symptoms,

10%–20% of patients develop pneumonia and severe disease

(Huang et al., 2020a;Wang et al., 2020; Zhou et al., 2020a). Clinical
C

deterioration with respiratory failure and acute respiratory distress

syndrome (ARDS) typicallydevelops in thesecondweekofdisease.

This kineticmay suggest a role for secondary immune responses in

the development of severe COVID-19 (Ong et al., 2020). However,

the exact mechanisms that govern the pathophysiology of the

different disease courses of COVID-19 remain ill-defined.
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Anna C. Aschenbrenner,1,11,23,24 Yang Li,4,11,23,24 Jacob Nattermann,5,20,23,24 Birgit Sawitzki,2,23,24

Antoine-Emmanuel Saliba,6,23,24 and Leif Erik Sander7,12,23,24 Deutsche COVID-19 OMICS Initiative (DeCOI)

15Berlin Institute of Health (BIH), Berlin, Germany
16Berlin Institute for Medical Systems Biology, Max-Delbrück-Center for Molecular Medicine in the Helmholtz Association, Berlin, Germany
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Single-cell studies of bronchoalveolar lavage samples have

suggested a complex dysregulation of the pulmonary immune

response in severe COVID-19 (Chua et al., 2020; Liao et al.,

2020). Overall, systemic inflammation is linked to an unfavorable

clinical course of disease and the development of severe

COVID-19 (Giamarellos-Bourboulis et al., 2020; Lucas et al.,

2020; Ong et al., 2020). SARS-CoV-2 infection induces specific

T cell and B cell responses, which is reflected by elevation of

SARS-CoV-2 peptide-specific T cells (Braun et al., 2020; Grifoni

et al., 2020) and the production of SARS-CoV-2-specific anti-

bodies (Long et al., 2020; Ni et al., 2020; Robbiani et al., 2020). Pa-

tients with severe COVID-19 have high systemic levels of inflam-

matory cytokines, particularly interleukin (IL)-6 and IL-1b (Chen

et al., 2020; Giamarellos-Bourboulis et al., 2020; Lucas et al.,

2020;Onget al., 2020),whereas interferon (IFN) responses appear

blunted, as shown by whole blood transcriptomics (Hadjadj et al.,

2020) andplasmaprofiling (Trouillet-Assant et al., 2020). A number

of studies and regular clinical observations indicate an increase of

neutrophils and a decrease of non-classical (CD14loCD16hi)

monocytes in severe COVID-19 (Hadjadj et al., 2020; Merad and

Martin, 2020; Sanchez-Cerrillo et al., 2020). Profound immune

dysregulation is commonly observed in severe infections and

sepsis, characterized by a progression from hyperinflammatory

states to immunosuppression (Remy et al., 2020; Ritchie and Sin-

ganayagam, 2020), and similar mechanisms have been proposed

for severe COVID-19 (Giamarellos-Bourboulis et al., 2020). Yet,

comprehensive insights into the immunopathology of severe

COVID-19 are still missing. Exacerbated immune responses

played amajor role in the pathophysiology of SARS, leading to se-

vere lung injury and respiratory failure (Perlman and Dandekar,

2005). Mitigation of immunodysregulation is therefore viewed as

amajor therapeutic avenue for the treatment andprevention of se-

vere COVID-19 (Dimopoulos et al., 2020; Jamilloux et al., 2020). In

support of this view, a recentmulticenter study reported that dexa-

methasone treatment significantly reduced mortality in hospital-

izedpatientswithCOVID-19,particularly inpatientsonmechanical

ventilation (Horbyetal., 2020).Previousstudiesofperipheralblood

mononuclear cell (PBMC) transcriptomes in a small number of pa-

tients with COVID-19 revealed changes in several cellular com-

partments, includingmonocytes, natural killer (NK) cells, dendritic

cells (DCs), and T cells (Lee et al., 2020; Wilk et al., 2020).
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The heterogeneity of clinicalmanifestations and the complexity

of immune responses to COVID-19 highlight the need for

detailed analyses using high-resolution techniques and well-

characterized clinical cohorts. We hypothesized that distinct re-

sponses, particularly within the innate immune system, underlie

the different clinical trajectories of COVID-19 patients (Chua

et al., 2020; Kuri-Cervantes et al., 2020; Mathew et al., 2020;

McKechnie and Blish, 2020). Here, we used single-cell transcrip-

tomics and single-cell proteomics to analyze immune responses

in blood samples in two independent cohorts of COVID-19

patients.

Activated HLA-DRhiCD11chiCD14+ monocytes were increased

in patients with mild COVID-19, similar to patients with SARS-

CoV-2 negative flu-like illness (‘‘FLI’’). In contrast, monocytes

characterized by low expression of HLA-DR, and marker genes

indicative of anti-inflammatory functions (e.g., CD163 and

PLAC8) appeared in patients with severe COVID-19. The granulo-

cyte compartment was profoundly altered in severe COVID-19,

marked by the appearance of neutrophil precursors due to emer-

gencymyelopoiesis, dysfunctional neutrophils expressing PD-L1,

and exhibiting an impaired oxidative burst response. Collectively,

our study links highly dysregulated myeloid cell responses to se-

vere COVID-19.

RESULTS

Dual Center Cohort Study to Assess Immunological
Alterations in COVID-19 Patients
In order to probe the divergent immune responses in mild versus

severe COVID-19, we analyzed blood samples collected from in-

dependent patient cohorts at two university medical centers in

Germany. Samples from the Berlin cohort (cohort 1) (Kurth

et al., 2020), were analyzed by mass cytometry (CyTOF) and sin-

gle-cell RNA-sequencing (scRNA-seq) using a droplet-based

single-cell platform (10x Chromium), while samples from the

Bonn cohort (cohort 2) were analyzed by multi-color flow cytom-

etry (MCFC) and on a microwell-based scRNA-seq system (BD

Rhapsody). We analyzed a total of 24million cells by their protein

markers and >328,000 cells by scRNA-seq in 242 samples from

53 COVID-19 patients and 56 controls, including 8 patients with

FLI (Figures 1A, 1B, and S1A; Table S1).
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Figure 1. Cohort Definition and Single-Cell Multi-omics Analysis Strategy

(A) Pipeline for control and COVID-19 blood samples of the two cohorts (see also Table S1). Whole blood samples were subjected to red blood cell (RBC) lysis and

processed for CyTOFmass cytometry (two antibody panels), multi-color flow cytometry (MCFC), or scRNA-seq (BD Rhapsody). PBMCs were isolated by density

centrifugation and processed directly or after frozen storage, labeled with cell hashing antibodies and loaded on droplet-based (10x) or microwell-based (BD

Rhapsody) scRNA-seq platforms. Box (bottom left): number of subjects in each cohort. Boxes (on the right): number of samples analyzed with each technique.

(B) Number of samples per technique summarized across cohorts, divided by disease severity according to WHO ordinal scale and by the time after onset of first

symptoms (early: days 0–10, late: >day 11).

(C) UMAP of CD45+ leukocytes, down-sampled to 70,000 cells, from mass cytometry using antibody panel 2 (30 markers, Table S2). Cells are colored according

to donor origin (blue, age-matched controls; gray, FLI; yellow, mild COVID-19; red, severe COVID-19) and major lineage subtypes.

(D) Box andwhisker (10–90 percentile) plots ofmajor cell lineage composition in whole blood from FLI (n = 8), COVID-19 patients withmild (n = 8) or severe disease

(n = 9), age-matched controls measured bymass cytometry (ctrl CyTOF, n = 9) or by flow cytometry (ctrl flow, n = 19) (Kverneland et al., 2016). Kruskal-Wallis and

Dunn’s multiple comparison test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n.a., not available.

See also Figure S1 and Table S3.
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We first characterized alterations of the major leukocyte line-

ages by mass cytometry on whole blood samples from 20

COVID-19 patients collected between day 4 and day 29 after

symptom onset and compared them to 10 age- and gender-

matched controls and 8 FLI patients. We designed two antibody

panels to specifically capture alterations in mononuclear leuko-

cytes (lymphocytes, monocytes, and DCs, panel 1), and in gran-

ulocytes (Table S2, panel 2). High-resolution SPADE analysis

was performed with 400 target nodes and individual nodes

were aggregated into cell subsets based on lineage-specific

markers, such as CD14 for monocytes and CD15 for neutrophils

(Figure S1B). Uniform manifold approximation and projection

(UMAP) analysis revealed distinct clustering of samples from

COVID-19 patients, FLI, and healthy controls, with marked

changes of the monocyte and granulocyte compartment (Fig-

ure 1C). Leukocyte lineages were compared in the earliest avail-

able samples in COVID-19 patients (days 4–13), FLI, and controls

(Figure 1D; Table S1). Because leukocyte counts were not avail-

able for all control samples, we compared the control samples

for CyTOF (‘‘ctrl CyTOF’’) to data from our recently published

healthy control cohorts (‘‘ctrl flow’’) (Kverneland et al., 2016; Sa-

witzki et al., 2020). The proportions of all major lineages were

highly similar, irrespective of the methodology (Figure 1D). Cell

counts of the published cohort could therefore be used as a

reference to report absolute cell counts for leukocyte lineages

in COVID-19 samples. In line with recent reports (Barnes et al.,

2020; Xia et al., 2020), we observed elevated leukocytes and

increased proportions of neutrophils in patients with severe

COVID-19 (Figure 1D), whereas only proportional increases in

neutrophils were evident in FLI and mild COVID-19 patients (Fig-

ure 1D). Total lymphocytes and T cells were strongly reduced in

all COVID-19 and FLI patients, whereas non-classical mono-

cytes were specifically depleted in COVID-19 (Figure 1D).

Increased neutrophils in severe COVID-19 and loss of non-clas-

sical monocytes in both mild and severe disease were validated

in cohort 2 by MCFC (Figure S1C; Tables S1 and S3).

Thus, SARS-CoV-2 infection is associated with lymphopenia

and profound alterations of the myeloid compartment.

Severity-Dependent Alterations of the Myeloid Cell
Compartment in COVID-19
Given the dramatic changes in various immune cell populations

(Figures 1C and 1D),we next assessed their composition and acti-

vation state by droplet-based scRNA-seq in 27 samples from 18

COVID-19 patients (8 mild and 10 severe, cohort 1, Table S1)
Figure 2. scRNA-Seq of PBMC from Patients of the Two Independent

(A) UMAP visualization of scRNA-seq profiles (10x, cohort 1) of 99,049 PBMC fro

samples colored according to cell type classification (Louvain clustering), referen

(B) UMAP shown in (A) colored according to disease severity (yellow, mild COVI

(C) Dot plots of the intersection of the top 20 marker genes sorted by average lo

datasets of both cohorts.

(D) UMAP visualization of scRNA-seq profiles (BD Rhapsody, cohort 2) of 139,848

different time points), coloring as in (A) (see also Figure S2A and Table S4).

(E) Box and whisker plots (25–75 percentile) of percentages of cell subsets of tota

according to the respective cohort of the sample. Dirichlet-multinomial regres

***p < 0.001.

See also Table S1.
collected between day 3 and day 20 after symptom onset. A total

of 48,266 single-cell transcriptomes of PBMCs were analyzed

together with 50,783 PBMCs from publicly available control data-

sets (21 control donors, Table S1). UMAP and high-resolution cell

type classification identified all cell types expected in themononu-

clear compartment of blood with a high granularity in the mono-

cytes, identifying five distinct clusters (clusters 0–4) (Figures 2A

and S2A; Table S4). Monocytes in clusters 0–3 expressed

CD14, and cluster 4 comprised the non-classical monocytes

marked by FCGR3A (encoding CD16a) and low expression of

CD14. Separate visualization of cells in mild and severe cases re-

vealed highly disease severity-specific clusters (Figure 2B). A

distinct subset ofCD14+monocytes (cluster 1) (Figure 2A)marked

by high expression of HLA-DRA, HLA-DRB1, and co-stimulatory

molecule CD83 (Figure S2D), the engagement of which has

been linked to prolonged expansion of antigen-specific T cells

(Hirano et al., 2006), was selectively detected in mild COVID-19

(Figure 2C). In addition, we identified another closely related

CD14+HLA-DRhi monocyte population (cluster 2), which was

characterized by high expression of IFN-stimulated genes

(ISGs). However, upon closer analysis, this cluster was found to

originate from a single donor with mild COVID-19 (Figures 2A–

2C and S2D). Both cluster 1 and cluster 2 expressed high levels

of ISGs IFI6 and ISG15 (Figure S2D). In patients with severe

COVID-19, monocytes showed low expression of HLA-DR and

high expression of alarmins S100A8/9/12 (cluster 3, Figures 2A–

2C and S2D). The most prominent change in severe COVID-19

was the appearance of two distinct cell populations (cluster

5+6), absent in PBMCs of patients with mild COVID-19 and con-

trol donors (Figure 2A). Published markers (Kwok et al., 2020;

Ng et al., 2019) identified clusters 5 and 6 as neutrophils and

immature neutrophils, respectively (Figures 2A and 2B). Immature

neutrophils (cluster 6) expressed CD24, PGLYRP1, DEFA3, and

DEFA4, whereas neutrophil cluster 5 expressed FCGR3B

(CD16b), CXCL8, and LCN2 (lipocalin 2) (Figures 2C and S2A).

Their migration within the PBMC fraction on a density gradient

marked these cells as low-density neutrophils (LDNs).

In the second cohort, PBMCs from 17 COVID-19 patients (8

mild, 9 severe, Table S1), sampled between 2 and 25 days after

symptom onset, and 13 controls, were collected for scRNA-seq

on a microwell-based platform (BD Rhapsody). High-quality sin-

gle-cell transcriptomes for 139,848 PBMCs were assessed and

their population structure was visualized using UMAP (Figure 2D;

Table S4). Data-driven cell-type classification (Aran et al., 2019)

and cluster-specific marker gene expression identified all cell
Cohorts

m 49 samples (8 mild, 10 severe patients, different time points) and 22 control

ce-based cell-type annotation, and marker gene expression (Table S4).

D-19; red, severe COVID-19).

g fold change determined for the indicated myeloid cell subsets in the PBMC

PBMCs (50 samples of 8 mild, 9 severe COVID-19; 14 samples of 13 controls;

l PBMC (per patient). Boxes are colored according to disease group and dots

sion adjusted with the Benjamini-Hochberg method, *p < 0.05, **p < 0.01,

Cell 182, 1419–1440, September 17, 2020 1423
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Figure 3. CD11clo and HLA-DRlo but CD226+CD69+ Monocytes in Severe COVID-19

(A) Heatmap of CyTOF data (antibody panel 1, cohort 1) coveringmonocytes andDCs.Main cell, as defined by the numbers 1 to 12, and individual cell clusters are

displayed in columns and marker identity is indicated in rows. MSI, marker staining intensity respective expression level, significance level for the following

comparisons: (1) controls (ctrl, n = 9) versus COVID-19 (mild and severe, n = 17, first row), (2) mild (n = 8) versus severe (n = 9, second row), (3) FLI (n = 8) versus

(legend continued on next page)
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types expected in the PBMC compartment and revealed addi-

tional clusters and substructures (Figures 2D and S2B). Similar

to cohort 1, monocytes exhibited significant plasticity and were

subclassified into 5 clusters (Figure 2D, clusters 0–4). Disease-

severity-associated changes seen in cohort 1 were validated in

cohort 2 (Figure 2E). Immature and mature neutrophil clusters

were detected in both cohorts (clusters 5–6) and showed near

identical marker gene expression (Figure 2C). Similar to cohort

1, a prominent shift in subpopulation occupancy was observed

in the monocyte clusters (Figures 2D and 2E).

Based on the union of the top 50 genes for monocyte and

neutrophil clusters, we found a high correlation between the

independently defined functional states within the monocyte

compartment, and mature and immature neutrophils in cohort

1 and cohort 2 (Figure S2C). Violin plot representation of impor-

tant marker genes illustrated distinct phenotypic states and un-

derscored the high similarity of the two cohorts (Figure S2D).

Disease-severity-dependent alterations of the monocyte

compartment and the appearance of two LDN populations

were detected in two cohorts of COVID-19 patients.

Predominance of HLA-DRhiCD11chi Inflammatory
Monocytes in Mild and HLA-DRloCD11cloCD226+CD69+

Monocytes in Severe COVID-19
The monocyte compartment is particularly affected by COVID-

19, indicated by a loss of CD14loCD16hi non-classical mono-

cytes (Figures 1C and 1D). Disease-severity-dependent shifts

in monocyte activation were identified by scRNA-seq (Figure 2).

We further explored the phenotypic alterations of the monocyte

compartment using mass cytometry (Table S2, panel 1) on

whole blood samples from COVID-19 patients with a mild or

severe disease (n = 8+9), patients with FLI (n = 8), and age-

and gender-matched controls (n = 9, all collected within cohort

1, Table S1). Unsupervised cluster analysis using 15 surface

antigens and the proliferation marker Ki67 separated the mono-

cyte and DC compartment into 12 main cell clusters (Figures 3A

and 3B). Classical CD14hiCD16� monocytes displayed high

heterogeneity and separated into seven main subclusters.

Most classical monocytes showed high expression of activa-

tion markers CD38, CD95, and CXCR3. The four most prevalent

clusters (1, 2, 5, and 6) varied according to CD62L, HLA-DR,
mild COVID-19 (n = 8, third row), as well as (4) controls (ctrl, n = 9) versus FLI (n =

heatmap). COVID-19 samples collected between days 4 and 13 post-symptom

generalized mixed effects models and multiple comparison adjustment using the

across all clusters/subsets and between-group comparisons.

(B) UMAP of monocytes and DCs, down-sampled to 70,000 cells, (39 markers, Ta

as defined in the table, donor origin (blue, controls; gray, FLI; yellow, mild COVID-1

and CD69.

(C) Box and whisker (10–90 percentile) plots of main monocyte clusters 1, 10

monocytes) determined bymass cytometry (whole blood, cohort 1): controls (n = 9

testing via R multcomp and lsmeans packages adjusted using the Benjamini-H

between-group comparisons.

(D) Box andwhisker (10–90 percentile) plots of CXCR3+, HLA-DRhiCD11chi, and C

controls (n = 9), FLI patients (n = 8), and COVID-19 patients (mild, n = 8; severe,

(E) Boxplot of HLA-DRhiCD11chi monocytes (cohort 2) measured by flow cytome

Unpaired t test.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Tables S1 and S3.
CD11c, and Ki67 expression, with CD62L and HLA-DR

showing a reverse expression pattern (Figure 3A). Cluster 1 dis-

played an activated inflammatory phenotype with high co-

expression of CD11c and HLA-DR (Bernardo et al., 2018; Ja-

nols et al., 2014). In addition, we observed classical monocyte

cell clusters (7, 9, and 10) with high CD226 and CD69 but low

HLA-DR expression and thus signs of altered or alternative

activation (Davison et al., 2017; Reymond et al., 2004; Vo

et al., 2016). Among the HLA-DRlo clusters, particularly cluster

7 showed high expression of CD34 indicative of a more imma-

ture phenotype. In contrast, the majority of CD14hiCD16+ inter-

mediate monocyte cell clusters showed high CD11c and HLA-

DR expression.

Monocytes from COVID-19 patients separated from those of

FLI patients and controls (Figure 3B), mainly based on elevated

CD226 and CD69 expression in COVID-19. Monocytes in mild

and severe COVID-19 clustered separately, and monocytes

from mild COVID-19 clustered closer to monocytes in FLI. FLI

patients and mild COVID-19 contained higher proportions of

HLA-DRhiCD11chi cells (clusters 3 and 11), and total HLA-

DRhiCD11chi monocytes were higher compared to controls and

severe COVID-19, reflecting blunted monocyte activation in se-

vere COVID-19, reminiscent of observations in sepsis (Janols

et al., 2014) (Figures 3A, 3C, and 3D). Increased levels of acti-

vated HLA-DRhiCD11chi monocytes in mild COVID-19 patients

were confirmed by MCFC in cohort 2 (Figure 3E). In severe

COVID-19, we detected increased expression of CD226 and

CD69 (cluster 10) and/or decreased expression of HLA-DR,

and total CD226+CD69+ monocytes were elevated compared

to controls. Cluster 10 expressed high levels of CD10, which is

induced during macrophage differentiation (Huang et al.,

2020b). Thus, an alternative activation pattern of classical mono-

cytes appeared to be COVID-19-specific and was associated

with severe disease. Besides activated lymphocytes, monocytes

also upregulate CD69 expression (Davison et al., 2017), which

promotes tissue infiltration and retention (Cibrián and Sánchez-

Madrid, 2017). Similarly, CD226 expression on alternatively acti-

vatedmonocytes might also promote diapedesis and tissue infil-

tration (Reymond et al., 2004). Together, this activation pattern

may contribute to the reduction of circulating monocytes in

COVID-19.
8) are indicated using a gray scale on top of the heatmap (p value scale next to

onset ( = first day of sample collection per patient). Abundance testing via

Benjamini-Hochberg procedure and a false discovery rate (FDR) cutoff of 5%

ble S2). Cells are colored according to main cell clusters (1 to 12, colors as in A)

9; red, severe COVID-19) and expression intensity of HLA-DR, CD11c, CD226,

(CD14hiCD16� classical monocytes), 11, and 3 (CD14hiCD16+ intermediate

), FLI patients (n = 8), COVID-19 patients (mild, n = 8; severe, n = 9). Abundance

ochberg procedure and an FDR-cutoff of 5% across all clusters/subsets and

D226+CD69+monocytesmeasured bymass cytometry (whole blood, cohort 1):

n = 9). Kruskal-Wallis and Dunn’s multiple comparison tests.

try: COVID-19 (mild, n = 3; severe, n = 7) and age-matched controls (n = 11).
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HLA-DRlo Monocytes Persist in Severe COVID-19
Next, we dissected COVID-19-associated phenotypic alter-

ations of monocytes by scRNA-seq. Marker genes of themono-

cyte clusters derived from Figure 2A showed that mild COVID-

19 associated clusters 1 and 2 were characterized by an ISG-

driven transcriptional program (Figure S3A), and gene ontology

enrichment analysis (GOEA) assigned these clusters to ‘‘type I

interferon signaling pathway’’ (Figure S3B). A monocyte cluster

marked by low expression of HLA-DR and high expression of

S100A12 and CXCL8 (cluster 3, HLA-DRloS100Ahi) was

strongly associated with severe COVID-19 (Figures 2B, S2D,

and S3A). For further in-depth analysis, we subclustered the

monocyte compartment of the PBMC dataset of cohort 2 (Fig-

ures 2D and S3C; Table S1) resulting in 7 subclusters (Fig-

ure 4A). Cluster 1 was marked by high expression of HLA-

DRA and HLA-DRB1 and co-stimulatory molecule CD83 and

was therefore designated HLA-DRhiCD83hi-activated inflam-

matory monocytes (Figures 4A, 4B, S3D, and S3E). We identi-

fied two major clusters (0 and 2) and a smaller cluster (6) with

low HLA-DR expression, which were associated with severe

COVID-19 (Figures 4B, S3D, and S3E). Low HLA-DR expres-

sion is an established surrogate marker of monocyte dysfunc-

tion (Venet et al., 2020) which results in reduced responsive-

ness to microbial stimuli (Veglia et al., 2018), suggesting that

clusters 0 and 6 are composed of dysfunctional monocytes.

Genes of the S100A family were expressed in both HLA-

DRlo clusters (Figure 4B), albeit to a higher degree in cluster

0 (HLA-DRloS100Ahi, e.g., S100A12) (Figures S2D and S3E;

Table S4). Cluster 2 monocytes expressed high levels of

SELL (CD62L) and CD163 (HLA-DRloCD163hi) (Figure 4B),

associated with anti-inflammatory macrophage functions

(Fischer-Riepe et al., 2020; MacParland et al., 2018), as well

as pre-maturation markers like MPO and PLAC8 (Figure 4B),

recently linked to immature monocyte states in sepsis patients

(Reyes et al., 2020). In line with these findings, clusters 0, 2,

and 6 were significantly enriched in a gene signature derived

from sepsis-associated monocytes (Figure 4C) (Reyes et al.,
Figure 4. Disease-Related Longitudinal Changes in Monocyte Transcr

(A) UMAP visualization of monocytes (43,772 cells; from Figure 2C, cohort 2); 46 s

colored according to the identified monocyte clusters (Louvain clustering, Table

(B) Visualization of scaled expression of selected genes (monocyte markers, Fig

monocytes in COVID-19 (HLA-DRloCD163hi, HLA-DRloS100Ahi, and HLA-DRhiCD

(C) AUCell-based enrichment of a gene signature from sepsis-associatedmonocy

scores. Horizontal lines: median of the respective AUC scores per cluster.

(D) Cytokine detection of IL-1b, tumor necrosis factor alpha (TNF)-a, and IL-12 in s

and severe, n = 3) after 8 h in vitro incubation with or without 1 ng/mL LPS. Mea

method, *p < 0.05.

(E) Mapping of monocytes derived from COVID-19 patients (mild early, mild la

monocyte cluster identity.

(F) Cluster occupancy over time for patients with longitudinal scRNA-seq data (m

points of sampling. Red bar, WHO ordinal scale; X, patient deceased. Patient IDs o

patients classified as mild at initial sampling developing severe disease over tim

(G) Time-dependent change of IFI6 and ISG15 expression (violin-plots) inmonocyt

5; severe [red], n = 7), and controls (cohort 1, n = 22, cohort 2, n = 6).

(H) Network representation of marker genes and their predicted upstream tran

transcriptional regulation. Transcription factors (TFs, inner circle) and predicted ta

the scaled expression level across all clusters. Selected TFs and genes labeled ba

defined in (A).

See also Figure S1 and Tables S1 and S4.
2020). Moreover, blood monocytes isolated from COVID-19

patients showed a blunted cytokine response to LPS stimula-

tion, particularly monocytes from patients with severe COVID-

19 (Figure 4D). Accordingly, HLA-DRlo monocyte clusters (0,

2, and 6) were detected almost exclusively in severe COVID-

19 (Figure 4E). We next analyzed time-dependent cluster oc-

cupancies per patient in cohort 2 (Figures 4E and 4F). Acti-

vated HLA-DRhiCD83hi monocytes (cluster 1) were found in

all cases of mild COVID-19, even at late time points (Figures

4E and 4F). In contrast, HLA-DRloCD163hi monocytes (cluster

2) were present mainly early in severe disease, while HLA-

DRloS100Ahi monocytes (cluster 0) dominated the late phase

of disease (Figures 4E and 4F). Violin plots of ISG (Figure S3D)

and visualization of marker genes (Figure S3E) indicated dif-

ferential expression patterns of IFN signature genes in individ-

ual monocyte clusters. To reveal the kinetics of ISG expres-

sion, we plotted the expression of ISG15 and IFI6 in the

complete monocyte population for all patients that had been

sampled at least twice (Figure 4G). Expression levels were

highest at early time points and consistently decreased over

time, clearly indicating that the IFN response in COVID-19 is

inversely linked to disease severity and time (Figures S3F

and S3G). In contrast, decreased expression of HLA-DRA

and HLA-DRB1 in severe COVID-19 is evident early on and

sustained over time.

Transcription factor prediction indicated a STAT signaling-

driven gene expression program in monocytes in COVID-19

(Figure 4H), with additional regulation by CEBPD and

CEBPE, which have been implicated in gene expression pro-

grams of sepsis-associated monocytes (Reyes et al., 2020).

STAT3 was predicted as a specific regulator of genes

enriched in HLA-DRloCD163hi and HLA-DRloS100Ahi mono-

cytes (clusters 2 and 0), in line with their immunosuppressive

phenotype.

Taken together, dynamic changes of monocyte phenotypes

were associated with COVID-19 disease severity and time after

onset of disease.
iptomes

amples from controls (n = 6) and COVID-19 (mild, n = 7; severe, n = 8). Cells are

S4).

ures 2 and S3E) using the UMAP defined in (A). Three main clusters defining

83hi monocytes) indicated by dashed areas.

tes (MS1 cells) (Reyes et al., 2020), violin plots of the area under the curve (AUC)

upernatants of purified monocytes (controls, ctrl, n = 3; COVID-19, mild, n = 3,

n ± standard deviation. Kruskal-Wallis test adjusted with Benjamini-Hochberg

te, severe early, and severe late) onto UMAP from (A), coloring according to

ild, n = 5; severe, n = 7), coloring according to (A). Vertical dashed lines: time

n the right side, grouping according to disease severity. Bold dotted line (right):

e.

es of cohort 1 (mild [yellow], n = 4; severe [red], n = 4), cohort 2 (mild [yellow], n =

scriptional regulators for monocyte clusters 0, 1, 2, and 3. Edges: predicted

rget genes (outer circle) represented as nodes sized and colored according to

sed on connectivity and literaturemining. Numbers in the center refer to clusters
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Low-Density Neutrophils Emerge in Severe COVID-19
Patients Indicative of Emergency Myelopoiesis
PBMCs derived from blood samples of patients with severe

COVID-19 contained two distinct clusters of LDNs (Figures 2A,

clusters 5 and 6, and 2D, clusters 5 and 6). LDNs were slightly

more frequent in cohort 1, and we analyzed these cells in more

detail. Subsampling of all LDNs (Figure 5A; Table S1) and re-

clustering the cells revealed 8 transcriptionally distinct cell clus-

ters (Figures 5A and 5B; Table S4). Based on published markers

for pro- and pre-neutrophils, andmature neutrophils (Kwok et al.,

2020; Ng et al., 2019; Scapini et al., 2016) we identified clusters 4

and 6 as CD81+SPN(CD43)+FUT4(CD15)+CD63+CEACAM8

(CD66b)+ pro-neutrophils, clusters 3 and 5 as ITGAM(CD11b)+

CEACAM8(CD66b)+CD101+/� pre-neutrophils, and the remain-

ing clusters as mature neutrophils (Figure S4A). Accordingly,

pro- and pre-neutrophils were enriched for transcriptional signa-

tures of neutrophil progenitors derived from published single-cell

data (Figure 4C) (Pellin et al., 2019; Popescu et al., 2019), and

pro-neutrophils in clusters 4 and 6 showed the highest propor-

tion of cells with a proliferative signature (Figure S4B). Clusters

0, 1, and 2 (originally in cluster 4 in Figure 2A) expressed mature

neutrophil markers FCGR3B (CD16) and MME (CD10)

(Figure S4A).

Differential gene expression analysis for each cluster re-

vealed extensive phenotypic heterogeneity within the LDN

compartment (Figure 5B). LDNsmainly arise under pathological

conditions, such as severe infection and sepsis in the context of

emergency myelopoiesis (Schultze et al., 2019), and they have

been associated with dysfunctional immune responses,

marked by combined immunosuppression and inflammation

(Silvestre-Roig et al., 2019). While LDN in cluster 1 expressed

numerous ISGs (ISG15, IFITM1/3, and RSAD2), cluster 4 (pro-

neutrophils) expressed genes (e.g., MPO, ELANE, and

PRTN3) that are involved in neutrophil extracellular trap forma-

tion (Stiel et al., 2018; Thomas et al., 2014; You et al., 2019)

among other functions and that have been associated with

sepsis (Ahmad et al., 2019; Carbon et al., 2019; Silvestre-

Roig et al., 2019). Both pre-neutrophil clusters expressed

PADI4, another co-factor in NETosis (Leshner et al., 2012) (Fig-

ure 5D). NETs have recently been implicated in the pathogen-

esis of COVID-19 (Barnes et al., 2020; Zuo et al., 2020). Both

pre-neutrophils (clusters 3 and 5) and pro-neutrophils ex-

pressed genes including CD24, OLFM4, LCN2, and BPI, previ-

ously associated with poor outcome in sepsis (Figures 5B and

S4A) (Kangelaris et al., 2015).

All LDNs also expressed high levels of alarmins S100A8 and

S100A9 (Figure 5D), whereas other S100 genes (e.g., S100A4

and S100A12) were strongly induced in selected neutrophil clus-

ters. Finally, known inhibitors of T cell activation, namely CD274

(PD-L1) andArginase 1 (ARG1) (Bronte et al., 2003; Li et al., 2018)

were highly expressed in neutrophils in COVID-19 patients (Fig-

ure 5E). ARG1+ neutrophils in sepsis patients were shown to

deplete arginine and constrain T cell function in septic shock

(Darcy et al., 2014) and were predictive of the development of

nosocomial infections (Uhel et al., 2017). Mature CD274(PD-

L1)+ neutrophils (cluster 0) have been attributed suppressive

functions in various conditions including HIV-1 infection (Bowers

et al., 2014), cancer (Chun et al., 2015) and in lymph nodes (Cas-
1428 Cell 182, 1419–1440, September 17, 2020
tell et al., 2019), spleen (Langereis et al., 2017), and blood after

LPS exposure (de Kleijn et al., 2013). ARG1+ cells were mainly

immature neutrophils (clusters 3–6) and did not overlap with

CD274 (PD-L1) expressing cells, indicating different populations

of dysfunctional and potentially suppressive neutrophils in se-

vere COVID-19.

LDNs recovered from PBMC fractions of COVID-19 patients

revealed the presence of dysfunctional neutrophils and pointed

toward multiple potentially deleterious pathways activated in se-

vere COVID-19.

Persistent Increase of Activated Neutrophil Precursors
and PD-L1+ Neutrophils in Severe COVID-19
Alterations of the neutrophil compartment were further interro-

gated by mass cytometry of whole blood samples of COVID-19

patients (n = 8 mild + 9 severe, cohort 1), FLI patients (n = 8),

and age- and gender-matched controls (n = 9) (Table S1), using

a panel designed to detect myeloid cell maturation and activa-

tion states as well as markers of immunosuppression or

dysfunction (Table S2). Unsupervised clustering analysis of all

neutrophils in all samples revealed 10 major clusters (Figure 6A)

of immature (clusters 2, 5, 6, and 7), mature (clusters 1, 3, and

4), and remaining clusters of low abundancy (clusters 8, 9, and

10). Based on their differential expression of CD11b, CD16,

CD24, CD34, and CD38, clusters 5 and 6 were identified as

pro-neutrophils and cluster 2 as pre-neutrophils (Kwok et al.,

2020; Ng et al., 2019). The fourth immature cell cluster (7)

showed very low expression of CD11b and CD16, reminiscent

of pro-neutrophils, but lacking CD34, CD38, and CD24 (Fig-

ure 6A), suggesting a hitherto unappreciated pro-neutrophil-

like population. The mature neutrophils segregated into non-

activated (cluster 1), partially activated (cluster 3), and highly

activated cells (cluster 4), based on the loss of CD62L and up-

regulation of CD64, as well as signs of proliferative activity

(Ki67+) (Figure 6A).

Neutrophils from COVID-19 patients clearly separated from

those of controls and also FLI patients in UMAP analysis (Fig-

ure 6B), and neutrophils in patients with severe COVID-19

were distinct from those of patients withmild disease (Figure 6B).

Cells from control donors accumulated in areas enriched for

mature non-activated cells (cluster 1) and immature pre-neutro-

phil-like cells (cluster 2). In contrast, neutrophils from FLI patients

were mainly mature non-activated (cluster 1) and mature highly

activated (cluster 4) cells. Neutrophils from COVID-19, particu-

larly frompatients with severe disease, primarily occupied imma-

ture pre- and pro-neutrophil-like clusters. Plotting cell cluster-

specific surface marker expression onto the UMAPs (Figure 6C)

as well as statistical analyses of cell cluster distribution and sur-

face marker expression among different patient groups sup-

ported these observations (Figures 6D and 6E). Samples from

FLI patients contain a high proportion of highly activated mature

neutrophils, but barely any immature neutrophils. In contrast, se-

vere COVID-19 is associated with the appearance of immature

pre- and pro-neutrophils (Figures 6D and 6E). Interestingly,

immature cell clusters in severe COVID-19 showed signs of

recent activation like upregulation of CD64 (Mortaz et al.,

2018), RANK, and RANKL (Riegel et al., 2012), aswell as reduced

CD62L expression (Mortaz et al., 2018). In addition to loss of








































































