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Analysis of patients with mild and severe
COVID-19 reveals the presence of
dysfunctional neutrophils in the latter that
is linked to emergency myelopoiesis.
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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-blood mononuclear cells to determine
changes in immune cell composition and activation in mild versus severe COVID-19 (242 samples from 109
individuals) over time. HLA-DRPCD11ch 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-DR'® 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 deterioration with respiratory failure and acute respiratory distress

syndrome (ARDS) typically develops in the second week of disease.
Clinical presentations of COVID-19 are highly variable, and while  This kinetic may suggest a role for secondary immune responses in
the majority of patients experiences mild to moderate symptoms, the development of severe COVID-19 (Ong et al., 2020). However,
10%-20% of patients develop pneumonia and severe disease the exact mechanisms that govern the pathophysiology of the
(Huang et al., 2020a; Wang et al., 2020; Zhou et al., 2020a). Clinical ~ different disease courses of COVID-19 remain ill-defined.
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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; Ong etal., 2020), whereas interferon (IFN) responses appear
blunted, as shown by whole blood transcriptomics (Hadjadj et al.,
2020) and plasma profiling (Trouillet-Assant et al., 2020). A number
of studies and regular clinical observations indicate an increase of
neutrophils and a decrease of non-classical (CD14'°CD16")
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 a major 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 and prevention of se-
vere COVID-19 (Dimopoulos et al., 2020; Jamilloux et al., 2020). In
support of this view, a recent multicenter study reported that dexa-
methasone treatment significantly reduced mortality in hospital-
ized patients with COVID-19, particularly in patients on mechanical
ventilation (Horby et al., 2020). Previous studies of peripheral blood
mononuclear cell (PBMC) transcriptomes in a small number of pa-
tients with COVID-19 revealed changes in several cellular com-
partments, including monocytes, 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 clinical manifestations 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-DRNCD11c"CD14+ 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
PLACS8) 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-
gency myelopoiesis, 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
etal., 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 24 million 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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(A) Pipeline for control and COVID-19 blood samples of the two cohorts (see also ). Whole blood samples were subjected to red blood cell (RBC) lysis and

processed for CyTOF mass cytometry (two antibody panels), multi-color ow cytometry (MCFC), or scRNA-seq (BD Rhapsody). PBMCs were isolated by dens ity
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 techn ique.
(B) Number of samples per technique summarized across cohorts, divided by disease severity according to WHO ordinal scale and by the time after onseto f rst
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, ). 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 and whisker (10-90 percentile) plots of major cell lineage composition in whole blood from FLI (n = 8), COVID-19 patients with mild (n = 8) or severe disease

(n=9), age-matched controls measured by mass cytometry (ctrl CyTOF, n =9) or by ow cytometry (ctrl ow, n=19) ( ). 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 and
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