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In Brief

Bernardes et al. explore COVID-19

disease trajectories by performing

longitudinal multi-omics analyses in

peripheral blood samples from

hospitalized patients. The analyses

identify increased numbers of

plasmablasts, interferon-activated

megakaryocytes, and erythroid cells as

hallmarks of severe disease and define

molecular signatures linked to a fatal

COVID-19 disease outcome.
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SUMMARY
Temporal resolution of cellular features associated with a severe COVID-19 disease trajectory is needed for
understanding skewed immune responses and defining predictors of outcome. Here, we performed a longi-
tudinal multi-omics study using a two-center cohort of 14 patients. We analyzed the bulk transcriptome, bulk
DNA methylome, and single-cell transcriptome (>358,000 cells, including BCR profiles) of peripheral blood
samples harvested from up to 5 time points. Validation was performed in two independent cohorts of
COVID-19 patients. Severe COVID-19 was characterized by an increase of proliferating, metabolically hyper-
active plasmablasts. Coinciding with critical illness, we also identified an expansion of interferon-activated
circulating megakaryocytes and increased erythropoiesis with features of hypoxic signaling. Megakaryo-
cyte- and erythroid-cell-derived co-expression modules were predictive of fatal disease outcome. The study
demonstrates broad cellular effects of SARS-CoV-2 infection beyond adaptive immune cells and provides an
entry point toward developing biomarkers and targeted treatments of patients with COVID-19.
1296 Immunity 53, 1296–1314, December 15, 2020 ª 2020 Elsevier Inc.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.immuni.2020.11.017&domain=pdf


Domagoj Schunk,21 Dirk Skowasch,22 Thomas Ulas,10,23,24 Klaus-Peter Wandinger,4 Michael Wittig,1

Johannes Zimmermann,3 Hauke Busch,9,27 Bimba F. Hoyer,5,27 Christoph Kaleta,3,27 Jan Heyckendorf,15,27

Matthijs Kox,10,27 Jan Rybniker,6,7,27 Stefan Schreiber,1,2,27 Joachim L. Schultze,10,23,24,27 and Philip Rosenstiel1,27,28,*
HCA Lung Biological Network, and the Deutsche COVID-19 Omics Initiative (DeCOI)
20Department of Infectious Diseases and Microbiology, University of L€ubeck, 23562 L€ubeck, Germany
21Department for Emergency Medicine, University Medical Center Schleswig-Holstein, 24105 Kiel, Germany
22Section of Pneumology, Department of Internal Medicine II, University Hospital Bonn, , 53127 Bonn, Germany
23Systems Medicine, German Center for Neurodegenerative Diseases (DZNE), 53127 Bonn, Germany
24German Center for Neurodegenerative Diseases (DZNE), PRECISE Platform for Genomics and Epigenomics at DZNE, and University of

Bonn, 53127 Bonn, Germany
25These authors contributed equally
26These authors contributed equally
27Senior author
28Lead Contact

*Correspondence: p.rosenstiel@mucosa.de
https://doi.org/10.1016/j.immuni.2020.11.017

ll
Article
INTRODUCTION

COVID-19 shows a heterogeneous clinical course, ranging

from asymptomatic cases to overwhelming inflammatory re-

sponses leading to organ failure and death. Severe, and ulti-

mately fatal, COVID-19 is associated with a dysfunctional im-

mune response. Critically ill COVID-19 patients show higher

blood plasma amounts of numerous cytokines and chemo-

kines (Chen et al., 2020; Giamarellos-Bourboulis et al., 2020;

Huang et al., 2020; Ong et al., 2020) than do less severe cases.

Patients with severe COVID-19 exhibit an impaired type I inter-

feron (IFN) response with low IFN production and heteroge-

neous regulation of IFN-stimulated genes (Blanco-Melo et al.,

2020; Hadjadj et al., 2020). Peripheral blood of patients with

severe COVID-19 exhibits high frequencies of interleukin-6

(IL-6)-secreting CD14hiCD16hi monocytes as well as a

decrease of non-classical (CD14loCD16hi) monocytes (Hadjadj

et al., 2020; Schulte-Schrepping et al., 2020). Hyperinflamma-

tory COVID-19 is associated with the appearance of prolifer-

ating, type-I-IFN-activated CD14+HLAlo suppressive mono-

cytes and emergency granulopoiesis with elevated pre-

neutrophil counts. T cell lymphopenia and exhaustion are sug-

gested as hallmarks of severe COVID-19 as well (Diao et al.,

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

Huang et al., 2020; Zheng et al., 2020). SARS-CoV-2 infection

can elicit specific T cell and B cell responses (Braun et al.,

2020; Grifoni et al., 2020; Long et al., 2020; Ni et al., 2020).

How these changes in immune cell populations and functions

are related to disease outcome lasting immunity are areas of

active investigation.

A significant disease burden is mounted by thrombotic com-

plications associated with COVID-19. Pulmonary embolism

and thrombosis are frequent clinical features of critically ill

COVID-19 cases (Deshpande, 2020), sometimes despite suffi-

cient anticoagulation. Alveolar capillary microthrombi are nine

times more prevalent in COVID-19 than in influenza autopsies

(Lax et al., 2020). Patients exhibit elevated D-dimer levels and

widespread thrombotic microvascular injury (De Voeght et al.,

2020; Rapkiewicz et al., 2020). Several studies suggest altered

platelet immune cell interactions (Leppkes et al., 2020, Manne

et al., 2020) and the presence of megakaryocytes (MKs) in

affected lungs (Meyerholz and McCray, 2020).
Longitudinal analyses on the dynamics of circulating immune

cells in COVID-19 so far have mostly investigated one informa-

tion layer (e.g., fluorescence-activated cell sorting [FACS]) at a

time. Here, we aimed to provide a comprehensive, longitudinal

view of cellular features by using an integrated multi-omics

approach. We analyzed up to five peripheral blood samples

from hospitalized COVID-19 patients throughout their disease

course by single-cell RNA sequencing (scRNA-seq), transcrip-

tome and DNA methylome profiling, multi-color flow cytometry,

as well as multiplex cytokine ELISA. In addition to complex

changes of immune cells, our study linked circulating MKs and

responses of erythroid cells to COVID-19 clinical outcome.

RESULTS

Study Design
We applied a multi-omics approach using up to 5 longitudinal pe-

ripheral blood samples of 13 hospitalized COVID-19 patients and

1 additional recovery control from 2 University hospitals in Ger-

many (Cologne and Kiel). We employed parallel scRNA-seq (10x

Genomics), single-cell B cell receptor (BCR) profiling, bulk

mRNA sequencing (RNA-seq), BCR amplicon sequencing, and

multicolor flow cytometry. Array-based DNA methylation profiling

and multiplex cytokine ELISA analysis was performed in a subset

of seven patients (Figure 1A). All patients were recruited at admis-

sion and samples were taken at days 0, 2, 7, 10, 13 and/or at

discharge. Three patients were diagnosed with Acute Respiratory

Distress Syndrome (ARDS), two of which had a fatal disease

course. Five patients received remdesivir after inclusion into this

study. Patient demographics and clinical characteristics are

described in Table S1. Fourteen age- and gender-matched

healthy controls were processed in parallel. To describe the heter-

ogenous disease trajectories over time, we used a modifiedWHO

ordinal scale (WHO, 2020), which also considers several inflam-

matory markers (serum c-reactive protein [CRP], serum IL-6,

and ferritin) (Table S2). The score was used to classify patients

along their disease course (Figures 1B and 1C).

scRNA-seq Analysis Identifies Cellular Changes along
the COVID-19 Disease Trajectory
We first analyzed scRNA-seq data from 358,930 cells with

10,900 cells on average per sample (Figure 2A). Up to four
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