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Zusammenfassung

Seit Beginn der COVID-19-Pandemie stellt sich die Frage, inwiefern sekundére Immun-
prozesse den Lungenfunktionsverlust bei COVID-19 aggravieren. Makrophagen und de-
ren potenzielle Vorlaufer, die Monozyten, sind wichtiger Bestandteil der antiviralen Im-
munabwehr und Wachter der Gewebshomoostase. In den Arbeiten, die dieser Promotion
zugrunde liegen, wurden daher Assoziationen von Makrophagen- und Monozyten-Pha-
notypen mit der Krankheitsschwere von COVID-19 analysiert. Beide Studien umfassten
jeweils eine Hypothesen-generierende Phase gefolgt von einer Validierungsphase in je-
weils zwei separaten Kohorten und erfolgten im ersten Jahr der Pandemie in Deutsch-

land.

In Publikation B dieser Dissertation wurden humane Leukozyten in insgesamt 242 Blut-
proben von 109 Spendern mit COVID-19 untersucht. Mithilfe multiparametrischer Metho-
den, wie der Einzelzell-RNA-Sequenzierung (scRNA-seq) und Zytometrie-mittels-Flug-
zeitmessung (CyTOF), konnten deutliche Unterschiede in den Monozyten-Phanotypen
zwischen schweren und milden Krankheitsauspragungen detektiert werden. Milde CO-
VID-19-Erkrankungen waren durch CD14*/HLA-DR"CD83"-Monozyten gekennzeichnet,
die Monozyten einer Vergleichsgruppe mit grippalen Infekten ahnelten. Im Gegensatz
hierzu besal3en Monozyten bei schweren Verlaufen pradominierend einen CD14*/HLA-
DR°/Calgranulin®-Phanotyp mit verminderter Expression antiviraler und inflammatori-

scher Gene. Monozyten von COVID-19-Patienten exprimierten mehr CD163.

In Publikation A wurde die Genexpression pulmonaler Makrophagen von 47 Spendern
mit akutem COVID-19 Atemnotsyndrom (ARDS) mithilfe von scRNA-seq, massenspekt-
rometrischer Proteomik sowie multiparametrischer Mikroskopie untersucht. Die Anzahl
CD163-positiver Makrophagen war im Lungengewebe verstorbener COVID-19-Patienten
signifikant erhoht. Ebenfalls war in frihen Krankheitsstadien ein CD163/LGMN-positiver
Phanotyp der Makrophagen (Mo) in broncho-alveolaren Lavagen pradominant. Auffallig
war, dass CD163/LGMN-M¢ weniger durch Expression von antiviralen oder inflammato-
rischen Genen gekennzeichnet waren, jedoch durch Expression von Fibrose-assoziierten
Gensignaturen. Ausgepragte Ahnlichkeiten zwischen publizierten Makrophagen-Phano-

typen bei pulmonaler Fibrose im Vergleich zu CD163/LGMN-M¢g, waren wesentlich auf
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die Genexpression von LGMN und SPP1 zurtickzufihren und - trotz hoher Expression -

weniger auf CD163.

Bemerkenswerterweise wurden diese Fibrose-assoziierten Signaturen gleichermal3en in
vitro in primaren humanen Monozyten durch SARS-CoV-2 (D614G Indexstamm) indu-
ziert. Dieser Phanotyp unterschied sich deutlich von jenem nach Stimulation mit Influenza
A Viren beziehungsweise nach Stimulation inflammatorischer beziehungsweise antivira-

ler Immunrezeptoren.

Zusammenfassend waren Makrophagen- und Monozyten-Phanotypen bei schwerem
COVID-19 fruher Varianten nicht durch Expression prototypischer antiviraler Gene ge-
kennzeichnet, jedoch durch Expression von Calgranulin beziehungsweise Fibrose-asso-

ziierten Genmodulen.

Abstract

Macrophages and monocytes are integral in the initiation and resolution of antiviral pro-
cesses and controllers of tissue homeostasis. While SARS-CoV-2 can impede pulmonary
tissue function merely by infection, secondary immune events likely aggravate COVID-
19. Both publications underlying this dissertation investigated disease severity-related re-
sponses of macrophages or monocytes to SARS-CoV-2 to gain an understanding of det-
rimental host factors following infection with the newly emerged virus. Both studies fol-
lowed a dual-cohort hypothesis-generating and validation framework.

In the first study of this dissertation, we investigated a total of 242 peripheral blood
samples of 109 donors with mild or severe COVID-19, flu-like disease, or from healthy
controls. Multiparametric technologies such as single-cell RNA sequencing (sScCRNA-seq)
and Cytometry by time of flight (CyTOF) revealed monocyte responses distinctly differ-
entiating severe and mild cases. While CD14*/HLADRM/CD83" monocytes marked flu-
like disease and mild COVID-19, severe COVID-19 monocytes exhibited a CD14*/HLA-
DR°/Calgranulin™ phenotype. Hence, peripheral CD14* monocytes in severe COVID-19

exhibited lower levels of hallmarks of antigen presentation, antiviral response, and cyto-
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kine-mediated inflammation. Additionally, we measured higher CD163 expression in se-
vere and mild COVID-19 in comparison to controls and flu-like iliness, which has been
used as a marker for so-called “alternative” macrophage activation.

In the main study of this dissertation, we investigated pulmonary macrophage responses
in 47 donors with COVID-19 acute respiratory distress syndrome (ARDS). CD163* mac-
rophage numbers were increased in lung tissues of deceased COVID-19 patients, and
broncho-alveolar lavage macrophage composition was dominated by CD163* macro-
phages that co-expressed LGMN macrophages (CD163/LGMN-M@) at early time points
of the disease. Strikingly, CD163/LGMN-M¢ differentially expressed gene signatures of
macrophage polarizations found in pulmonary fibrotic diseases, such as idiopathic pul-
monary fibrosis (IPF). Accordingly, we found radiological, histological, and lung mechan-
ical evidence of COVID-19-triggered pulmonary fibrosis. Here, we show that amongst
other genes, LGMN and SPP1, but not CD163 activation, are central to fibrosis-associ-
ated gene signature enrichment.

We conducted in-vitro experiments to analyze the direct response of monocytes to
SARS-CoV-2 (D614G index strain), employing functional single-cell transcriptomics and
mass spectroscopic proteomics. SARS-CoV-2, but not Influenza A, induced the expres-
sion of the same fibrosis-associated gene sets. Furthermore, these monocyte responses
differed from those after stimulation of inflammatory and antiviral immune receptors.

In summary, monocyte and macrophage phenotypes in severe COVID-19 of early vari-
ants were not characterized by the expression of prototypical antiviral genes, but by cal-

granulin and fibrosis-associated gene modules, respectively.
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1 Introduction

The high lethality of Coronavirus Disease 2019 (COVID-19) during the 2020 pandemic
waves brought the threat of infectious diseases to the broader public’s attention. This
dissertation aims to better understand COVID-19 pathology by analyzing monocyte and
macrophage gene expression states.

In the healthy alveolus, the center stage of COVID-19 pneumonia, macrophages
are the most abundant immune celll. Moreover, monocyte-derived macrophages are
rapid responders to infectious damage to tissue integrity?. Because of their general role
as specialized tissue caretakers, macrophages express a particularly large variety of mi-
croenvironmental sensors®. Activation of these sensors induces downstream gene ex-
pression changes. Therefore, macrophage gene expression reflects the overall tissue
processes surrounding these cells.

Moreover, inadequate polarization of macrophages has been widely attributed to
aberrant or overshooting defense and repair processes®. In a first approximation, mono-
cytes can be viewed as precursors of macrophages found in the blood. Accordingly, mon-
ocytes are easily accessible for lowly invasive diagnostics®. Therefore, the work underly-
ing this dissertation aimed to describe how monocyte and macrophage gene expression
states are associated with disease severity to gain a deeper understanding of COVID-19
lethality.

This dissertation presents multidimensional data published in two papers. In paper
B of this dissertation, which was published first, we studied human monocyte phenotypes
in the peripheral blood of mild and severe COVID-19 patients at single-cell resolution®.
CD14* HLA-DR" monocytes were elevated in mild COVID-19 and expressed higher lev-
els of inflammatory and antiviral genes. Conversely, CD14* HLA-DR'® monocytes were
elevated in severe COVID-19 and expressed the highest levels of calgranulin
(S100A8/9/12). Both mild and severe COVID-19 cases expressed significantly higher lev-
els of CD163 than controls.

In paper A of this dissertation, we investigated pulmonary macrophage-related im-
mune responses in severe COVID-19 using scRNA-seq, single-nuclei RNA sequencing,
and multiparametric microscopy. Furthermore, we investigated responses of primary
monocytes to Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV-2) infec-
tion with scRNA-seq and mass-spectrometry (MS) based proteomics. We found fibrosis-

associated macrophage signatures highly similar to fibrotic diseases such as idiopathic


https://paperpile.com/c/hLrqKb/homg3
https://paperpile.com/c/hLrqKb/JISHf
https://paperpile.com/c/hLrqKb/YY6d8
https://paperpile.com/c/hLrqKb/e9e9U
https://paperpile.com/c/hLrqKb/yRIeB
https://paperpile.com/c/hLrqKb/hH19w
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pulmonary fibrosis. Remarkably, these phenotypes were directly inducible through the
exposure of healthy primary human monocytes to SARS-CoV-2 in vitro. The studies un-
derlying this synopsis generated detailed data on monocyte and macrophage responses
to COVID-19. The results suggest a role of aberrant macrophage responses in COVID-

19 pathology.

1.1 COVID-19 acute respiratory distress syndrome (ARDS)

In most patients, SARS-CoV-2 incites only mild to moderate respiratory disease. More
than 5 % of hospitalized patients in Western demography, however, developed severe
forms of disease with Acute Respiratory Distress Syndrome (ARDS) during the first wave
of the pandemic "~1°, As defined by the criteria of the Berlin definition, ARDS is a clinical
syndrome of acute respiratory insufficiency. These criteria are: first, hypoxemia occurs
within seven days after a known clinical insult or after the onset of new respiratory symp-
toms; second, respiratory failure is not fully explained by cardiac failure or volume over-
load; third, bilateral opacities are present in pulmonary radiography that are not entirely
explainable by effusions, atelectasis, or nodules??.

Pathologists approximate ARDS progression into two to three phases: A primary
exudative stage characterized histopathologically by diffuse alveolar damage (DAD), fol-
lowed by a fibroproliferative stage. Some patients progress to a third fibrotic stage.
Fibrosis is a pathological remodeling of tissues resulting in the non-functional replace-
ment of functional tissue by connective tissue. Paper A of this dissertation was one of the
first studies to describe fibrotic pulmonary disease induced by SARS-CoV-2 infection.

The remarkable efforts of the Recovery trial proved that aberrant immune re-
sponses are detrimental in severe COVID-19'2. The glucocorticoid Dexamethasone, as
well as the anti-inflammatory agents Tocilizumab, an anti-IL-6-antibody, and the JAK1/2-
inhibitor Baricitinib, were shown to reduce the mortality of severe COVID-19'3-16, How-
ever, anti-inflammatory therapy may not be specifically effective in ARDS caused by
SARS-CoV-2. Dexamethasone has long been suggested as a potential therapeutic agent
in ARDS of various causes. However, study sizes so far have been too small for suffi-
ciently powered results'”8, Due to their central role in many pathological processes,
macrophages could be involved in the efficacy of anti-inflammatory treatments for
COVID-19 ARDS.


https://paperpile.com/c/hLrqKb/myvry+ZEANX+49cOB+FfAJp
https://paperpile.com/c/hLrqKb/xZr6w
https://paperpile.com/c/hLrqKb/UvNbS
https://paperpile.com/c/hLrqKb/spFjF+1rLqM+0UdUd+zW861
https://paperpile.com/c/hLrqKb/qkRIi+aeygJ
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1.2 SARS-CoV-2

SARS-CoV-2 is a Betacoronavirus with approximately 80% sequence homology to
SARS-CoV and correspondingly shares substantial proportions of protein sequences -
including T cell epitopes - with endemic alpha and beta coronaviruses that are common
causes of respiratory infections 1°. As previously shown, this similarity to HCoV-229E, -
NL63, -OC43, and -HKUL1 led to varying degrees of pre-pandemic cross-reactive T cell
memory?°. Nonetheless, the structure of the receptor-binding S1 region of the SARS-
CoV-2 S protein is significantly altered compared to its endemic relatives. Therefore, pre-
existing protective immunity of the adaptive immune system was minute at the population
levelt, Accordingly, SARS-CoV-2 met a world population with little specific immunity,

leaving the initial anti-viral defense to innate immune cells such as macrophages??.

1.3 Macrophages

Macrophages are innate immune cells, specialized as professional sentinels of tissue
malfunction and pathogen-associated molecular patterns (PAMPS)?3. Furthermore, they
carry out supporting processes essential for many primary tissue functions?. For these
tasks, they express a multitude of homeostatic receptors such as fatty acid sensing
through PPARYy, hypoxia sensing through HIF-1/2, or sensing of fragmented extracellular
matrix (ECM) components after injury?+-27.

Loss of GM-CSF-guided alveolar macrophage differentiation results in alveolar
proteinosis by accumulation of surfactant proteins in alveoli, exemplifying their critical role

in pulmonary function?8,

1.3.1 Macrophage-induced pathology

Given their importance in many tissue and defense functions, it is not surprising that mac-
rophages are involved in diverse pathologies. In viral pneumonia, for instance, the adop-
tive transfer of long-lived monocyte-derived macrophages of mice that had experienced
influenza infection leads to increased lung damage after ensuing influenza infection in the
recipient mice 2°. Furthermore, specific macrophage functions are involved in fibrosis pro-

gression. They induce TGFB1 activity, fibroblast proliferation, extracellular matrix (ECM)


https://paperpile.com/c/hLrqKb/O4REb
https://paperpile.com/c/hLrqKb/kTxIc
https://paperpile.com/c/hLrqKb/nDqJt
https://paperpile.com/c/hLrqKb/zx5r5
https://paperpile.com/c/hLrqKb/8hWyi
https://paperpile.com/c/hLrqKb/YY6d8
https://paperpile.com/c/hLrqKb/UxCE9+oJ0eW+DeCDf+QVPFo
https://paperpile.com/c/hLrqKb/fToYX
https://paperpile.com/c/hLrqKb/1g4Vq
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accumulation, epithelial-mesenchymal transition, and promote vascular remodeling and

angiogenesis30-32,

1.3.2 Monocytes and macrophages in inflammation

Blood monocytes, in the spotlight of paper B of this dissertation, differentiate into mono-
cyte-derived macrophages or dendritic cells (mo-DC) after diapedesis into tissues33. Pro-
totypically, CCL2 and CCL7 guide monocytes along their concentration gradients toward
activated tissues by binding CCR2 - one of the most specific monocyte/macrophage
markers3+3°,

After severe tissue infection, monocytes are promptly recruited in massive
amounts into the bloodstream, typically from their bone marrow pool of storage and dif-
ferentiation 36:37, Cytokines such as IL-1B, G-CSF, and Interferon vy, released at sites of
inflammation, alter the differentiation fate of multipotent progenitor cells towards a pro-
pensity for myeloid differentiation3’. Exceptionally high cytokine levels during acute in-
flammation cause a massive increase in monocyte recruitment 38:3°, Hence, monocytosis
is a long-established clinical indicator of systemic inflammation 4°.

However, the diagnostic and prognostic value of detailed monocyte phenotypes
for specific pathology, such as active viral defense, wound healing, fibroproliferation, and
hyperinflammation, are likely underutilized. One of the aims of this dissertation was to

contribute to deciphering such cellular states.

1.4 Relatedness of monocytes and pulmonary macrophages

Two long-standing macrophage and monocyte research paradigms were improved in the
last decade. Firstly, this was the concept that tissue macrophages are replenished solely
by bone marrow resident precursors, with monocytes being the necessary intermediate.
Van Furth and colleagues first stated this model in 1968, and it remained the dominant
perception of the relatedness of monocytes and macrophages for the following dec-
ades®*!, More recently, however, ample evidence has accumulated that tissue macro-
phages replenish in situ to varying degrees depending on inflammatory signaling and

organ-specific factors*1-44,


https://paperpile.com/c/hLrqKb/sCITm+NjLYb+FipHt
https://paperpile.com/c/hLrqKb/U2aFT
https://paperpile.com/c/hLrqKb/O90br+9aKjR
https://paperpile.com/c/hLrqKb/p4EmT+lAcaw
https://paperpile.com/c/hLrqKb/lAcaw
https://paperpile.com/c/hLrqKb/14k0C+SL0sr
https://paperpile.com/c/hLrqKb/3uA6z
https://paperpile.com/c/hLrqKb/yRIeB+6Vshq
https://paperpile.com/c/hLrqKb/p2vRQ+eo1QK+OVjcW+6Vshq
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The second central paradigm stated that macrophage phenotypes can be deline-
ated by a handful of markers, directly allowing an inference of phenotypic function into
either type 1 or type 2 (M1/M2) macrophages. This is now often viewed as having limited
utility in explaining complex tissue processes?34°47, The concept was adopted in analogy
to T helper cell 1 and 2 subsets. However, in contrast to T helper cells, macrophage
subset delineation is overlapping and diverse, especially in humans#>48, It is reasonable,
however, to hypothesize that in health-promoting processes, some functions of macro-
phages, such as wound healing and tissue-destructing defense mechanisms, should not
be active simultaneously®48. Whether this is the case in human macrophages remains to
be shown conclusively.

As a result of these paradigm shifts, monocyte/macrophage phenotypes can be
understood as composites induced by specific microenvironmental requirements, cell-
intrinsic functional programs, cell-cell interaction modules, and possibly stable differenti-
ation states dependent on cellular ancestry®4%%, Here, we aimed to support the effort of
more complex descriptions of macrophage states and to uncover associations of mono-

cyte and macrophage phenotypes to disease severity and fibrotic disease progression.


https://paperpile.com/c/hLrqKb/qVfYk+YkERE+rBLlq+8hWyi
https://paperpile.com/c/hLrqKb/qVfYk+YkERE
https://paperpile.com/c/hLrqKb/6hBIT+YY6d8
https://paperpile.com/c/hLrqKb/YY6d8+64ReL+aOIMU
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2 Methods

2.1 Publication B

2.1.1 Study design of publication B

To investigate differences in systemic immune responses, leukocytes of blood samples
from COVID-19 patients were analyzed to delineate differences in mild and severe dis-
ease. Specimens of a total of 24 donors with mild (WHO ordinal scale 2-4) and 29 donors
with severe COVID-19 (WHO ordinal scale 2-4) and 56 controls were analyzed by mass
cytometry (CyTOF) droplet-based or microwell-based scRNA-seq and multi-color flow cy-

tometry. The analytical focus was set on myeloid cells.

2.1.2 Cohort 1 - Berlin cohort

Heparinized whole blood was drawn, and processing started within 4 hours. PBMCs were
isolated from whole blood using density gradient centrifugation with 1,077 g/ml Pancoll.
Erythrocytes were removed by negative selection with CD235a magnetic beads separa-
tion (BD). PBMC patient samples were hashtagged with TotalSeq-A antibodies (Bio-
Legend), following the manufacturer's protocol for use with 10x Single Cell 30 Reagent
Kit v3.1.

2.1.3 Cohort 2 - Bonn cohort

Please refer to the original publication for a thorough method description of cohort 2. In
the Bonn cohort, sScRNA-seq was performed on EDTA or heparin fresh whole blood, fresh
PBMC, and frozen PBMC. Analysis methods included scRNA-seq (BD Rhapsody, 10x
Chromium) and multi-color flow cytometry (MCFC).

2.1.4 Single-cell library generation and sequencing

The cell suspension was super-loaded into the Chromium Controller at 50,000 cells/ml
concentration. Reverse transcription, cDNA amplification, and library construction were

conducted following the protocol provided by 10x Genomics with the single cell 3’ reagent
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kit v3.1. The hashtag libraries were prepared according to the cell hashing protocol for
10x Single Cell 30 Reagent Kit v3.1 from BioLegend, using the specified primers and
reagents. The libraries were quantified using a QubitTM 2.0 Fluorometer from Ther-
moFisher and checked for quality with an Agilent 2100 Bioanalyzer and High Sensitivity
DNA kit. The libraries were sequenced in paired-end mode on an lllumina NovaSeq 6000

sequencer with S1 and S2 flow cells, using 50 cycles.

2.1.5 Data preprocessing

The scRNA-seq data from the 10x Genomics Chromium platform were pre-processed
using CellRanger v3.1.0. A digital gene expression (DGE) matrix was created for each
sample by mapping the reads to a reference genome that included both the GRCh38
genome and the SARS-CoV-2 genome. The number of unique molecular identifiers

(UMls) for each gene in each cell was recorded in the DGE matrix.

CellRanger output was analyzed in R 3.6.2 using the Seurat package version 3.1.4.
The UMI count matrices were demultiplexed using the HTODemux function in Seurat.
Quality control measures were applied, excluding cells with 25% mitochondrial reads,
more than 25% HBA/HBB gene reads, fewer than 250 or more than 5,000 expressed
genes, and fewer than 500 detected transcripts. Genes that were expressed in fewer than
five cells were also excluded from the analysis. After log-normalization and scaling, prin-
cipal component analysis (PCA) was performed on the 2,000 most variable features (vst,
Seurat). The first 20 PCs were integrated with publicly available scRNA-seq data from
healthy controls using the harmony algorithm®. Control data was taken from Reyes et
al.,2020%, 10x v3.1 PBMC benchmarking data from healthy controls, and 10x v3.1
scRNA-seq data from the first cohort and filtered using the quality criteria described
above.

2.1.6 Cluster analysis

Two-dimensional UMAP based on the 20 first dimensions of the harmony data Louvain
clustering algorithm with a resolution of 0.4 was employed for data segregation. Cell-level

DEG was aided by the Wilcoxon Rank Sum test, and genes with log-fold changes greater
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than 0.25, at least 25% expressed in the tested groups, and Bonferroni-corrected p-val-
ues less than 0.05 were considered DEGs. Cluster marker genes represent testing of the

respective cluster versus all other clusters.

2.2 Publication A

2.2.1 Study design of publication A

Bronchoalveolar lavage and tissue samples were obtained from 47 patients suffering from
COVID-19 ARDS. Specimens were analyzed using single-cell RNA-Sequencing (SCRNA-
seq) and single-nucleus RNA-sequencing (ShnRNA-seq), immunofluorescence (IF) mi-
croscopy, multi-epitope ligand cartography (MELC), immunohistochemistry (IHC), RNA-
fluorescence in situ hybridization (RNA-FISH), and transmission electron microscopy
(EM). Clinical data included lung mechanics and computed tomography (CT) imaging.
While outcomes were either hospital discharge or death, time courses were diverse, rang-

ing from death five days to 223 days after symptom onset.

2.2.2 Cohort 1 - Berlin, ICU cohort

Patients with COVID-19-associated ARDS treated at a single intensive care unit (ICU)
between March 17, 2020, and March 17, 2021 were included. These patients were part
of the Pa-COVID-19 study, a pathophysiology and clinical characteristics research project
of COVID-19 patients at Charité Universitadtsmedizin Berlin. The study was approved by
the Institutional Review Board of Charité, and written informed consent was obtained from
all patients or their legal representatives. The patients included in the assessment of CT
images and pulmonary gas exchange required veno-venous extracorporeal membrane
oxygenation (vwwvECMO) treatment. Out of 18 identified patients, two were excluded from
the analysis due to death within 36 hours of vwwECMO initiation. Information on the age,
seXx, medication, comorbidities, and outcome of these patients is provided in Wendisch,...
et al., 2021.
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2.2.3 Cohort 1 - Berlin, pathology cohort

The autopsy study was approved by the Ethics Committee of the Charité Universi-
tatsmedizin Berlin and was conducted according to the Declaration of Helsinki. For this
study, we analyzed cryopreserved lung tissue from deceased patients with COVID-19.
The patients included in this study were selected from an autopsy cohort at Charité and
met the inclusion criteria of having cryopreserved material and detectable levels of SARS-
CoV-2 RNA in the lung tissue. Patients with detectable tumor infiltration or a graft-versus-
host reaction after stem cell therapy were excluded from the analysis. Information on the

age, sex, medication, and comorbidities of these patients is listed in paper A, Table S1.

2.2.4 Cohort 2 — Aachen

The Aachen cohort includes 15 consecutive autopsies of COVID-19, SARS-Cov-2 posi-
tive patients between March 9, 2020 and January 1, 2021. The study was approved by
the local ethics committee. All patients were tested positively for SARS-CoV-2 with at
least one PCR test from respiratory samples in a clinical setting before the autopsy. Con-
sent for the autopsy was obtained from the legal representatives of the deceased patients.
The autopsy protocol was developed for increased employee safety and optimization of
sample acquisition as part of the German Registry of COVID-19 autopsies (DeReg-
COVID). Five non-COVID clinical autopsy lung tissues sampled between 2013 and 2015
were included as controls in this cohort. Additionally, one clinical biopsy tissue sample
from a COVID-19-positive patient and two non-autopsy biopsy samples of lung tissues

from non-COVID-19 surgical patients were incorporated into the histological survey.

2.2.5 Additional datasets for data integration

Additional datasets were incorporated to perform data integration. The BAL scRNA-seq
macrophage data from this study were combined with data from three previously pub-
lished datasets. For Pulmonary fibrosis: Adams et al. (GSE136831), Morse et al.
(GSE128033); for a COVID-19 Bharat et al. (GSE158127)%3-%. The fibrosis studies are
outlined in Table 1. Detailed cohort descriptions can be found in the original publications.
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2.2.6 Histological analysis

For histological analysis, paraffin-embedded tissue samples were cut into 1mm thick sec-
tions, deparaffinized, rehydrated, and stained with hematoxylin-eosin (H&E). The sam-
ples were taken from the central and peripheral parts of each lobe and were fixed in 4%
formaldehyde. The staining was automated (Tissue-Tek Prisma Plus & Tissue-Tek Film)
according to the provided protocols. For immunohistochemistry (collagens 1, I, IV,
CD68), 1 mm thin FFPE sections were stained according to a previously published de-

tailed protocol®®.

Macrophage subtypes were analyzed with the VECTRA automated quantitative

pathology imaging system according to the pre-established protocol®®.

Ashcroft scoring was applied to samples of cohort 2. Fields of the tissue that were pre-
dominantly occupied by large bronchi or vessels or by malignant tumor deposits were not
included in the scoring. The scores were determined independently by two experienced
pathologists, and the mean value of the two scores is reported. Briefly, RNA-FISH was
conducted on 1 mm thin FFPE sections with the RNAscope Multiplex Fluorescent Rea-
gent Kit v2 assay (Advanced CellDiagnostics, Inc., Hayward, USA). Wilcoxon Rank-Sum

Test at the significance level of 0.05 is indicated.

2.2.7 Multi-epitope ligand cartography

Multi-epitope ligand cartography (MELC) image acquisition was performed as previously
described®”:%8. The multiplexed histology data was generated using a modified Toponome
Image Cycler MM3 (TIC, MelTe). MELC runs consist of a series of cycles, each of which
includes the following four steps: staining with a fluorescence-coupled antibody and
washing; auto-focused image acquisition of a fluorescence image 3D stack; photo-
bleaching; and lastly, a second auto-focused z-stack image acquisition. Each staining

included a combination of PE, FITC fluorophores, and DAPI.

The images were automatically overlaid by cross-correlation with the reference
phase contrast image. Background and illumination were corrected by reference to the
bleached images after each cycle®. To account for slice thickness, an 'Extended Depth
of Field" algorithm was applied to the 3D fluorescence stack in each cycle (Pertuz et al.,

2013). Normalization was conducted with Fiji®°. After rolling ball algorithm background
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estimation and edge removal, fluorescence intensities were adjusted to the full image bit
range. Segmentation and subsequent analysis of the obtained 2D images was conducted
with CellProfiler 3.1.8.

The mean fluorescence of individual cells was hyperbolic arcsine transformed and
imported into R version 3.6.3. The entire panel contained 22 markers. Normalized and
scaled values were used to compute a 2D UMAP embedding with the R package “uwot”®*.
All CD45-expressing cells were selected for Louvain clustering. Cells were identified by

literature-informed standard markers.

2.2.8 Clinical investigation

The clinical investigation included the measurement of inspiratory vital capacity (VCin)
and CT scans. VCin was measured using an automated inspiratory/expiratory pressure-
volume curve on a ventilator (S1, Hamilton Medical). The pressure was increased in 2
mbar/second increments from 0 to 45 mbar followed by release back to 0 mbar. The
volume of the lungs at 45 mbar was interpreted as VCin. All measurements were per-
formed while the patients were under deep sedation in a supine position to prevent spon-
taneous breathing. For patients with available VCin measurements, five individuals, the
highest VCin during the early phase of vwvECMO support and the lowest during the later
phase (> seven days of wECMO support) were compared.

CT scans were performed in the supine position. When clinically feasible, one CT
scan was acquired within seven days after ICU admission and around the time of

vWECMO initiation. Lastly, the last available scan was included.

2.2.9 BAL macrophage scRNA-seq cell library generation

BAL samples were collected from mechanically ventilated COVID-19 patients. After eryth-
rocytes lysis with red blood cell lysis buffer (BioLegend), a total of 16,500 cells were
loaded into the 10x Genomics Chromium controller. Libraries were processed separately
according to the reagent kit v3.1 by 10x Genomics. The libraries were quantified and
quality-checked using the QubitTM 2.0 Fluorometer (ThermoFisher) and the 2100 Bioan-
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alyzer with the High Sensitivity DNA kit (Agilent). Paired-end mode sequencing was per-
formed with S1 and S2 flow cells (2 3 50 cycles kit) on the NovaSeq 6000 sequencer

(Nlumina).

2.2.10 BAL data analysis

CellRanger output files were imported into R, and low-quality transcriptomes were filtered
out. Data was processed with the R library Seurat®?. Data was normalized and scaled. A
dimensional reduction was computed using the RunPCA function based on the highly
variable genes, and the FastMNN algorithm was applied to account for the batch effect
observed by sample®3. UMAP was used to visualize the resulting data in two dimensions.
Clustering was performed using the Louvain algorithm with a resolution of 0.4. Clusters
were annotated with cell types using literature-based markers. For analysis of the mono-
cyte/macrophage compartment, cells in the relevant clusters were subsetted and basic
steps such as normalization, scaling, and dimensional reduction were repeated, along
with Louvain clustering with a resolution of 1.5. The resulting clusters were annotated as
monocyte/macrophage subtypes based on previously identified markers. Cell-level DGE
analysis was aided by the one-sided Wilcoxon rank sum test. The "block" argument was

used for patients in the BAL dataset.

Using the gene sets indicated in Table 1, we calculated module scores per cell.
Cell-level Wilcoxon rank sum test with blocking for sample factor was used to aid in the
identification of differences. Here, a population-level analysis is amended. Module scores
were added for all cells in each donor-cluster group. Effect size was determined by Co-
hen's d relating mean differences (sample vs. rest) to group and total variance. Signifi-
cance was determined by T-test at a 0.05 significance level with Benjamini Hochberg
correction incorporating the first and second highest scored groups. Indicated genes are

ranked by calculating the largest influence on effect size in a leave-one-out method.

2.2.11 Data integration and proximity metric

The number of cells from Adams was downsampled to balance the number of cells in
each category (IPF, control, and COPD). Single-cell variational inference (scVI) was used

to integrate pulmonary single-cell transcriptomes from three previous studies (Adams et
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al., Morse et al., and Bharat et al.) using patient and sample identifiers as batch covari-
ates53-55. The resulting latent representation was used to compute k-nearest neighbor
and UMAP graphs using SCANPY®4,

The 15 nearest neighbors to a cell were determined by Euclidean distance in the
integrated gene space, followed by a majority voting by neighbor origin (fibrosis/healthy
control) to assess the proximity of cells of the different conditions. We repeated this pro-
cedure with each COVID-19 dataset separately to ensure the independence of these
analyses. Statistical significance of proximity ratios was determined for each cell type by

Fisher's exact test with Benjamini Hochberg correction at a 0.05 significance level.

2.2.12 Viral stocks

A passage 0 SARS-CoV-2 sample (BetaCoV/Munich/BavPat1/2020 EPI_ISL_406862
strain, (GISAID accession: EPI_ISL_406862) was incubated at 37°C and 5% CO2 on
approximately 1x10e6 VeroE6 cells. After three days, the virus-containing supernatant
was filtered with centrifugal filters (Vivaspin 100 kDa MWCO, GE Healthcare). Im-
portantly, the absence of any second-site mutations was confirmed by next-generation

sequencing.

Influenza A/Panama/2007/1999 virus (IAV) was cultured in MDCKII at a multiplicity
of infection (MOI) of 0.01. The virus-containing supernatant was then centrifuged for 5
minutes at 3500 rpm. Virus titers were determined using standard plaque titration assay
with VeroE6 (SARS-CoV-2) or MDCKII cells (IAV) with Avicel overlay. Virus stocks were
stored at -80°C."

2.2.13 Monocyte Isolation and in-vitro stimulation

PBMCs of healthy donors were isolated from fresh EDTA blood or buffy coats using gra-
dient centrifugation (1.077 g/ml Pancoll, PAN Biotech). The pellet was then subjected to
immunomagnetic depletion of cells expressing CD3, CD19, CD20, CD56, or CD235a us-
ing biotinylated antibodies (Biolegend) coupled to MagniSort Streptavidin Negative Se-
lection Beads (Invitrogen). Classical monocytes were sorted with a BD FACS Aria SORP
cell sorter (BD Biosciences) as HLA-DR+/CD14+ and negative or low for CD3, CD19,
CD20, CD56, CD16, CD141, CD304 and CD1c.
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For scRNA-seq experiments, 1x10e5 cells per well were plated in a 96-well format,
while for proteomics experiments, 1x10e6 cells/well were given into a 12-well plate. Cells
were rested for one hour at 37°C and 5% CO2. For scRNA-seq experiments, the concen-
trated SARS-CoV-2 isolate was added at a multiplicity of infection (MOI)) of 5, and the
total volume was adjusted to 100 ul. For proteomic experiments, SARS-CoV-2 and Influ-
enza A were added at MOI of 30 and 10, respectively, in a total volume of 1.5 ml. For
SCRNA-seq experiments, R848 (InvivoGen) and pre-complexed 3p-hpRNA (LyoVec)
were added at a final concentration of 1.2 ug/ml and 16 ng/ml, respectively, to separate
wells. After incubation, cells were detached carefully with ice-cold 10mM EDTA in PBS at
16 hours for the scRNA-seq experiments or 1 hour, 3 hours, and 18 hours in the MS

proteomics experiments.

2.2.14 Analysis of in-vitro scRNA-seq data

Library preparation and data preprocessing were conducted as stated above with thresh-
olds and filter variations as in paper A, table S3. Donors were demultiplexed by donor
polymorphisms using the Souporcell algorithm®. Marker genes were selected by cell-
level Wilcoxon rank sum test p-value and fold change blocked for donors. Module scores

were calculated as in the BAL data with the same reference gene sets.

2.2.15 Proteomic analysis of in-vitro stimulated monocytes

Proteomics samples were prepared using a method adapted from Mertins et al.% In brief,
the samples were pre-treated with LysC and digested with trypsin. Peptides were ran-
domly assigned to TMTpro channels and labeled with TMTpro reagents. For total prote-
ome analysis, the MS was set to data-dependent acquisition mode. The 20 most intense
precursor ion peaks with charges from +2 to +6 were selected for fragmentation unless
present in the dynamic exclusion list. RAW files were analyzed with MaxQuant
v1.6.10.4367. TMTpro was manually set as a fixed modification/quantification method.
An ANOVA test was used to identify significant differences, and the results were corrected
for multiple comparisons using the Benjamini-Hochberg method. Proteins that showed
significant differences were then clustered using fuzzy-c-means clustering and analyzed

for enrichment of gene sets using the GSEA suite and the MSigDB database. P values
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(one-sided Wilcoxon signed-rank test) are reported for the enrichment of the indicated

reference gene sets calculated by eCDF.
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3 Results

3.1 Analysis of peripheral blood monocytes in severe and mild COVID-19 - Pub-

lication B

To gain insight into disease severity-related immune responses, we comparatively inves-
tigated peripheral immune cell activation and composition of patients with mild and severe
COVID-19. In a two-cohort study, we employed scRNA-seq and CyTOF on 242 peripheral
leukocyte or PBMC specimens of 109 individuals (Fig. 1A/B). The two-cohort design
served as a discovery and validation framework. Differences between mild and severe
COVID-19 were most prominent in myeloid cells. Here, a summary of the results of the

monocyte compartment with a focus on cohort 1 is presented.
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Figure 1: Study design publication B [Schulte-Schrepping,..., Wendisch et al.].

(A) Sampling overview of control and COVID-19 peripheral leukocyte samples of the two cohorts. Data from Cohort 1 that is elaborated
in this synopsis is indicated by purple identifiers. Peripheral Blood Mononuclear Cells (PBMC) were pelleted from EDTA-treated pe-
ripheral blood with density gradient centrifugation before library preparation with the 10x Chromium protocol or CyTOF mass cytom-
etry. Whole blood after red blood cell lysis was analyzed with multi-color flow cytometry (MCFC) and or scRNA-seq (BD Rhapsody).
[modified from Schulte-Schrepping,..., Wendisch et al. 2020] (B) Number of samples according to disease severity and time point
analyzed with each technique of A. [modified from Schulte-Schrepping,..., Wendisch et al. 2020]
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3.1.1 Identification of monocyte phenotypes associated with disease severity

Deploying CyTOF and FACS, we detected, on average, a neutrophil-dominated leukocy-
tosis in patients with severe COVID-19. Non-classical monocyte frequencies were signif-
icantly diminished in COVID-19 versus control but not in Flu-like iliness. Overall monocyte
counts in COVID-19 samples were more varied without a significantly altered central ten-
dency (Fig. 2A). Hierarchical clustering of CyTOF intensities of 39 markers in monocytes
and dendritic cells revealed high expression of CD226" and CD69" concomitant with a
HLADR'"/CD11c" phenotype in monocytes, particularly in severe COVID-19 (Fig. 2B/C).
CD69 is a cell surface lectin that is induced by TGF-beta in a SMAD3-dependent man-
ner%, Physiologically, TGF-beta restricts excessive immune responsiveness and induces
tissue regeneration®. CD226 facilitates monocyte transendothelial migration. Hence, this
monocyte population may constitute an extravasation-ready macrophage precursor with
immune-curtailing functions™.

For a higher cell-level resolution, we conducted scRNA-seq on PBMC samples.
Starting with the very first COVID-19 patients of our center, we sampled 27 specimens
from 18 COVID-19 patients (8 mild,10 severe) between day three and day 20 after symp-
tom onset. Next to CD4 T cells, myeloid cells showed the most prominent segregation in
Louvain clustering and UMAP projection between mild and severe COVID-19 (paper B,
Fig. 2A, 2B, 2D; Fig. 2D/E).

We investigated the monocyte clusters in further detail and identified 4 clusters
with attributable biological relevance. A fifth cluster was almost exclusively composed of
cells of a single sample and is left out here for a more conservative analysis. The differ-
ential gene expression of CD14 in clusters 0,1 and 3, as well as CD16 (FCGR3A) and
CX3CR3 in cluster 4, allowed us to identify these clusters as classical and non-classical
monocytes, respectively (Fig. 2D/G). Predominantly, cells of mild COVID-19 samples
segregated from inactivated classical monocytes and were marked by high expression of
CD83 (cluster 1), a salient co-stimulatory molecule for inflammatory antigen presentation
(Fig. 2E/F). These cells also exhibited high levels of interferon-inducible transcripts (e.g.
IF127, IFI44L) and central mediators of inflammation such as Interleukin 1 beta (IL1B) and
interferon regulatory factor 1 (IRF1). A separate cluster with maximum counts of calgran-
ulin transcripts (S100A8/A9/A12) expressed comparatively faint levels of MHC Il tran-
scripts (e.g. HLA-DRA/HLA-DRB1) (cluster 3). This cluster was vastly dominated by sam-
ples from severe cases (Fig. 2E/F). Reassuringly, data from cohort 2 supported these
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results. Monocytes of both COVID-19 groups exhibited higher levels of CD163 with ex-

cess zeros typical of ScRNA-seq data™. CD163" monocytes clustered separately in co-

hort 2. CD163 is a hem/haptoglobin complex scavenger receptor. (Fig. 2H)>™. A low

expression of markers of inflammation, antigen-presentation and viral defense character-

ized, all in all, monocytes in severe COVID-19.
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Figure 2: Differences in monocyte polarization between mild and severe COVID-19.

(A) Box and whisker plots illustrating cell lineage composition measured with CyTOF from whole blood of COVID-19 patients with mild
(n = 8) or severe disease (n = 9), Flu-like illness (n = 8), and age-matched controls with additional FACS controls (ctrl CyTOF, n = 9,
ctrl; flow, n = 19, Kverneland et al. (2016)). Kruskal-Wallis and Dunn’s test gave the result of significant group differences (xp < 0.05,
*xp < 0.01, **xp < 0.001, *+++p < 0.0001). Not available data is indicated by "n.a.". [adapted from Schulte-Schrepping,..., Wendisch
et al., 2020] (B) Heatmap of CyTOF data of cohort 1 monocytes and DCs of whole blood samples from mild (n = 8) and severe (n=9)
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COVID-19, controls (n=9), and Flu-like iliness (n=8). Columns depict hierarchical clusters of cell-wise intensity measurements of 39
markers. Rows depict the most discriminatory markers. Partial cluster tree for clusters with closest Euclidean distance to cluster 10.
The expression of relative marker intensities for cluster 10 is color-coded. Abundance testing via generalized mixed effects models
and multiple comparison adjustments using the Benjamini-Hochberg procedure and a false discovery rate (FDR) cutoff of 5% across
all clusters/subsets and between-group comparisons. [modified from Schulte-Schrepping,..., Wendisch et al., 2020] (C) Box and
whisker plots (quartiles 2 & 3, 10-90 percentile) of monocyte clusters 10 from (A). Abundance testing via generalized mixed effects
models and multiple comparison adjustment using the Benjamini-Hochberg procedure counting clusters/subsets and between-group
comparisons (*p < 0.05, #*p < 0.01, **xp < 0.001, ****p < 0.0001). [from Schulte-Schrepping,..., Wendisch et al., 2020] (D) Integrated
scRNA-seq UMAP of 99,049 Leukocytes from 49 samples (8 mild, 10 severe patients) and 22 control. Colors according to Louvain
clustering cell type classification. [modified from Schulte-Schrepping,..., Wendisch et al., 2020 ] (E) Integrated scRNA-seq UMAP of
multi-donor monocyte clusters from (D)(48,266 monocytes) colored according to Louvian cluster classification based on marker-gene-
guided reference-based annotation (left). Density distribution is depicted by density lines of cells from samples according to disease
severity (right). For clarity, a cluster mainly consisting of a single specimen was excluded from the depiction due to a high probability
of it being an artifact and of limited informative value. [original figure with data from Schulte-Schrepping,..., Wendisch et al.,2020] (F)
Box (quartile 2&3) and whisker plots of per-patient frequencies of PBMC subsets. Color coding of boxes according to disease severity;
data points color according to cohort. Joint differential abundance testing with Dirichlet-multinomial regression adjusted with the Ben-
jamini-Hochberg method, *p < 0.05, **p < 0.01, ***p < 0.001. [adapted from Schulte-Schrepping,..., Wendisch et al., 2020] (G) Dot
plot of selected highly significant (cell-level) literature informed marker genes indicating monocyte subset differences. [original figure
with data from Schulte-Schrepping,..., Wendisch et al., 2020] (H) Area-scaled density of CD163 normalized cell counts by disease
groups (Gaussian kernel) [original figure with data from Schulte-Schrepping,..., Wendisch et al.,2020]

3.2 Analysis of pulmonary macrophages in severe COVID-19 and monocyte re-
sponses to SARS-CoV-2 - Publication B

In the main study of this dissertation, we sought to characterize macrophage-related pro-
cesses that occur in the lungs of patients with severe COVID-19. To this end, we collected
tissue samples and bronchoalveolar lavage cell samples from 47 patients diagnosed with
COVID-19 ARDS. These samples were subjected to multiple analytical techniques, in-
cluding scRNA-seq, MELC, immunofluorescence microscopy, immunohistochemistry,
RNA-fluorescence in situ hybridization, and transmission electron microscopy focusing
on macrophages. In addition, we investigated patients clinically with lung mechanics as-
sessments and CT imaging (Fig. 3).
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Figure 3: Study outline of publication A (2021).

[adapted from Wendisch et al.,2021], CT, computed tomography; BAL, bronchoalveolar lavage; scRNA-seq, single-cell RNA sequenc-
ing; snRNA-seq,single-nucleus RNA sequencing; IHC, immunohistochemistry; IF, immunofluorescence microscopy; MELC, multi-
epitope ligand cartography; EM, electron; microscopy; VCin, inspiratory vital capacity; PBMC, peripheral blood mononuclear cells;
IAV, Influenza A virus.

3.2.1 Multiepitope immunofluorescence of autopsy lung tissue sections unveils an accu-
mulation of CD163* macrophages

Next, we analyzed lung autopsy tissue samples of nine donors who died of COVID-19,
with MELC employing a panel of 22 markers. Three fields of view (FOV) per donor were
scanned, of which 22 passed quality thresholds (Fig. 4A/B/C). Following automated cell
segregation, mean per-cell marker fluorescence was determined. Monocytes and macro-
phages could be delineated by UMAP dimensionality reduction and Louvain clustering
(Fig. 4C). Notable was a large percentage of macrophages expressing high levels of
CD163 (Fig. 4D). Conventional immunofluorescence microscopy of samples confirmed
an increased fraction of CD163- macrophages and a higher density of total macrophages
in COVID-19 samples compared to healthy controls (Fig. 4E/F).
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Figure 4: COVID-19 lung tissue samples reveal an accumulation of CD163+ macrophages

(A) Exemplary immunofluorescence field of view of autopsy lung tissue underlying the multi-epitope ligand cartography with 22 mark-
ers. Accumulation of Collagen IV (Cyan), CD163 (yellow), nuclear DNA stained with DAPI (magenta). [original figure with data from
Wendisch et al.,2021] (B) Processed image data of (A) showing only the center of mass of macrophages after cell segregation and
grey-scale Collagen IV staining. CD163-expressing macrophages marked by purple color. [original figure with data from Wendisch et
al.,2021] (C) UMAP embedding and Louvain clustering of Multi-epitope Ligand Cartography imaging data of 9,684 CD45" cells from
lung autopsy samples of 9 COVID-19 patients. 22 markers and 22 fields of view, cohort 1. [apopted from Wendisch et al., 2021] (D)
Cell type proportions of total CD45+ cells per fields of view for cells from (A) with annotated mean cell numbers. [adapted from
Wendisch et al., 2021] (E) Immunofluorescence microscopy derived CD68+ macrophage density in lung autopsy samples from fifteen
donors from cohort 1. Mann-Whitney u-test; *p < 0.05. [adapted from Wendisch et al.,2021] (F) Percentage of CD163+ Macrophages
amongst all macrophages of (E). Mann-Whitney u-test; *p < 0.05. [adapted from Wendisch et al.,2021]

3.2.2 Single-cell transcriptome analysis of BAL macrophages

To gain deeper insight into the active processes of lung macrophages of patients with
severe COVID-19, we analyzed BAL cells of samples from 12 donors with COVID-19
ARDS from day 7 to day 98 after symptom onset, with scRNA-seq. Macrophages were
present at high percentages, albeit with transcriptomic differences to steady-state alveo-
lar macrophages (paper A Fig.2A/S2E). To investigate this heterogeneity further, we in-
tegrated monocyte and macrophage transcriptomes separately by mutual nearest neigh-
bor correction (Fig. 5A)%:.

We identified three neighboring clusters as subgroups of FABP4-positive conven-
tional alveolar macrophages (AM), defined as AM1, AM2, and proliferating AM (Fig.
5A/5C).

Differential expression of monocyte markers such as CD14, Ficolin-1 and very high
expression of S100 family proteins (S100A8, S100A9, S100A1) was seen in the cluster


https://paperpile.com/c/hLrqKb/wmEOx

Results 25

on the far pole of the embedding, which we named FCN-1-Monocytes (FCN1-Mono) (Fig.
5A/D). Cells characterized by high gene expression of CD163 and the asparaginyl endo-
peptidase Legumain (LGMN) clustered on a third pole of the UMAP embedding
(LGMN/CD163-Me) (Fig. 5A/5C). An intermediate cluster expressed an overlap of mac-
rophage and monocyte markers (Mono/M@). LGMN/CD163-M¢@ were upregulated during
the peak of infection, although an inflammatory profile did not characterize this cluster. In
contrast, LGMN/CD163-M¢ showed a predominant expression of tissue damage repair
and proliferative transcripts (Fig. 5C). Conventional AM signatures were prominent at
later time points (Fig. 5B).

Transcription Factor Target Over-representation Analysis, with the chromatin im-
munoprecipitation-X Enrichment Analysis 3 (CHEAS3) tool, based on differentially ex-
pressed genes of the identified clusters predicted, PPARYy, a regulator of fatty-acid me-
tabolization, as one of the most highly differentially expressed TFs in conventional AMs.
Interestingly, transcription factors GLMP and TFEC, which are understudied in macro-
phages, were predicted to regulate the CD163/LGMN phenotype (Fig. 5C).

In conclusion, scRNA-seq of BAL macrophages unveiled an accumulation of
LGMN/CD163-Mg in the first weeks of severe COVID-19, characterized by genes asso-

ciated with tissue remodeling.
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Figure 5: BAL macrophage single cell transcriptomes of COVID-19 ARDS patients.

(A) UMAP embedding of the first 15 multiple nearest neighbor integrated principle components of scRNA-seq of BAL macrophages
from cohort 1 [adapted from Wendisch,... et al., 2021] (B) Proportions of clusters indicated in (A) by time after symptom onset [adapted
from Wendisch,... et al., 2021] (C) Top two predicted transcription factors per cluster. Transcription factor target over-representation
analysis based on differentially expressed genes of the clusters. The mean rank of ChIP-X Enrichment Analysis 3 (CHEA3)*-predic-
tion based on Chip-Seq data displayed by the color gradient. Rank 1 refers to the highest prediction score. [modified from Wendisch,...
et al., 2021] (D) Dotplot indicating z-score of average normalized gene counts respective to BAL macrophage cluster and percentage
of cells per cluster in which the gene was measured. Literature informed the grouping of genes indicated by color. [adapted from
Wendisch,... et al., 2021 (Mp:Macrophage)

3.2.3 Evidence of fibroproliferative disease in COVID-19

Due to accumulating anecdotal evidence of fibrotic disease progression of COVID-19, we
systematically compared the first and last available chest CT scans of 14 patients with
COVID-19 ARDS (Paper A Fig. S5C, Fig. 6A). At early time points during the first two
weeks after symptom onset, according to the Berlin definition of ARDS, multilocular bilat-
eral ground glass opacities were present in all available CT scans. Later scans revealed
progressive consolidation and reticulations indicative of fibroproliferative disease with an
accumulation of cases suffering from pronounced fibrosis, as exemplified in Figure 6A.

Fibrotic processes lead to reduced tissue compliance, which causes restrictive pulmonary
disease. The radiological findings, therefore, prompted us to assess lung-mechanical al-
terations. To this end, we analyzed the inspiratory vital capacity (VCin) at 45 mBar venti-
latory pressure in a cohort of 16 patients suffering from COVID-19 ARDS requiring veno-

venous ECMO treatment. All patients received lung-protective mechanical ventilation.
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Median trough VCin during ECMO treatment was significantly reduced compared to val-
ues at ECMO initiation, indicating a restrictive pulmonary deficiency compatible with fi-
broproliferative disease (Fig. 6B).

To assess fibrotic processes at the tissue level, we analyzed 14 autopsy samples
and one biopsy from 15 patients with COVID-19 ARDS and seven non-COVID-19 con-
trols from five autopsies and two biopsies. Histopathological evaluation indicated wide-
spread tissue remodeling with excessive collagen deposition and loss of primary tissue
structures (Fig. 6C). Histological assessment by two independent, experienced
pathologists using the Ashcroft fibrosis score yielded significant fibrotic tissue alterations
in COVID-19 tissues compared to controls (Fig 6D). In conclusion, we found ventilatory,
radiological, and histological evidence of fibroproliferative pulmonary processes in pa-
tients with COVID-19 ARDS.
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Figure 6: Evidence of fibrotic remodeling in pulmonary tissues in severe COVID-19.

(A) Exemplary CT scans of a COVID-19 ARDS patient with progressing fibrosis during hospitalization despite lung protective ventila-
tion. Apical and basal lung crosssections are shown in the upper and lower row, respectively. Days post-symptom onset are indicated
in the upper left corners. [adapted from Wendisch,... et al., 2021 (B) Inspiratory vital capacity of 16 COVID-19 ARDS patients at
initiation of veno-venous ECMO and trough values during ECMO. [adapted from Wendisch,... et al., 2021 (C.) Exemplary H&E and
Collagen | stained pulmonary tissue sections of fibrotic areas in COVID-19. [adapted from Wendisch,... et al., 2021 (D) Ashcroft
scores, indicating fibrotic histological features, in 14 autopsy samples and one biopsy from 15 patients with COVID-19 ARDS and
seven non-COVID-19 controls from five non-COVID-19 autopsies and 2 biopsies. The mean value of 2 independent assessments by
experienced pathologists. [adapted from Wendisch,... et al., 2021
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3.2.4 Gene set similarity of lung macrophages in COVID-19 ARDS and pulmonary fibro-
sis

Due to clinical observation of fibrosis and prominent expression of genes implicated in
tissue remodeling in BAL macrophages, we aimed to assess the transcriptional similarity
of pulmonary macrophages in COVID-19 to macrophages found in fibrotic lung disease.
We therefore collected genesets of three published scRNA-seq studies of pulmonary fi-
brosis and controls (Table 1). In these studies, three gene sets were most specific for
clusters of macrophages found in pulmonary fibrosis. In contrast, one geneset consisted
of differentially expressed genes between fibrosis and controls across all macrophages
and represents an average of different macrophage states. The fibrosis-associated gene
sets from the three independent studies had 5 genes in common (LGMN, SDC2, CD84,
GPNMB, and SPP1) and a pairwise intersection of 2 (LILRB4 and CTZ), 2 (APOE and
MMP9), and 4 genes (CCL2, CHIT1, CD14, and FNIP2) (Fig. 7A).

We computed module scores per cell, which approximate average logarithmic fold
changes of the tested gene sets in comparison to a control group of genes randomly
chosen from bins with similar average expression as the tested gene set. According to
our hypothesis, gene sets of fibrosis-expanded macrophages were significantly and spe-
cifically enriched in the LGMN/CD163-M¢ cluster (Fig. 7B/C). Interestingly, the effect
sizes from all shared genes of the published data sets were even larger (Fig. 7C/B).
Interestingly, LGMN and SPP1, but not CD163, contributed strongly to an increase in

effect sizes of module score enrichment (Fig. 7B/C).



Results 29
A Morse et al B B Reyfman et al. B Module Scores of gene set:
SPP1-Mg Mg cluster 1 "Ayaub et al.: IPFe M"
(IPF vs. Control) /41 genes 39 genes, (~90% fibrosis) a-
!
( bt
- overlap of 3 fibrosis gene sets 3 1=
w
16 genes shared by all
Ayaub et al. raclnelld
IPF expandend Mg -2 0 2 -
% of exp. cells
C ‘eee
0 50 100
Prolif. AMg- cohen's d MMPT = .

AMp2-

AMo1-

CD163/LGMN-Me¢p-

adj. p-value

Mono/My-

2008

genes ranked by contribution to

Clusters of Covid-19
BAL Macrophages (Paper A)

® <005

FCN1-Mono-

é‘& -,Q \N {'? :" ‘:b S & @s & '}\ published gene sets
Ul e PSS e
& F & TS I A > Ayaub et al,
Q\g') S QQ F o .8 «\@ ;§ (g 3“ r&ﬁ Reyfman et al.
S & N § & 5 Morse et al.
& < R
&
@

published gene sets

effect size (Cohen's d)

CTsK-

sDCz-
cCL18-
FMN1 -
cDs4 -
SPP1 -
LGMN =
GPNMB-

Clusters of Covid-19
BAL Macrophages (Paper A)

Figure 7: Genes characteristic of fibrosis-associated macrophages are enriched in LGMN/CD163 BAL macrophage.

(A) Venn diagram of gene sets of clusters most specific for fibrosis-associated macrophages from three published scRNA-seq studies
of pulmonary fibrosis. [own figure with data from Wendisch... et al., 2021] (B) Top: Violin plot of cell-wise module scores of gene set
of IPF-expanded macrophages from Ayaub et al. 2021 in BAL clusters of publication A. Bottom: Dotplot of the 15 genes with the
strongest positive influence on effect size (Cohen's d) of the comparison: module score in LGMN/CD163-M¢ versus cells from all
other clusters. Genes are ranked by reduction of module score effect size when the particular gene is left out. The dot color reflects
the z-score of average gene expression in clusters according to the color scale. Module score effect sizes are calculated with each
donor cluster as a data point. Gene names are colored as in (A). [own figure and figure modified with data from Wendisch,... et al.,
2021] (C) Heat map of effect sizes of the comparison of gene set module scores of each BAL cluster on the y-axis versus all other
BAL clusters measured by Cohen's d. Grey dots indicate Benjamini-Hochberg adjusted p-values <0.05 in the T-test of all top 2 effect
sizes in each geneset. Gene sets as described in Table 1, and gene set names are colored-coded according to original publica-
tion. Genesets from (A) are highlighted in yellow. The gene set of name (B) “IPF expanded Macrophages” is marked with an additional

grey box. [own figure with data from Wendisch,... et al., 2021]
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Table 1: Published scRNA-seq gene sets of pulmonary fibrosis lung macrophages.

Dataset | Dataset description Geneset Cluster description
refer- name
ence
Reyfman et | 8 healthy lung transplant donors,eight recipients with pul- | Mg Cluster 0 ~50 % cells of fibrosis donors.
al. (2019)”® | monary fibrosis and one IPF cryo biopsy.
Fibrosis = 4 IPF, 1HP, 2 SSC-ILD, 1 PM-ILD, 1 cryo bi-
opsy IPF, no difference in clustering of different causes of
fibrosis. Mo Cluster 1 | ~90 % fibrosis cells of fibrosis
donors
Me cluster 2 100% fibrosis donors, just 5 of the
top 10 genes are immunoglobulin
related, likely clustering due to
contamination
Me cluster 3 ~40% cells of fibrosis donors,
small cluster
Fibrosis gene Not cluster specific, DE genes fi-
set brosis/donor over all macro-
phages, no adjustment for donor
or sample cell number, top 50 DE
genes by Ifold change
Morse et 3 healthy lung explant donors, lower and upper lobe sam- | FAP4-Mo Mostly control and upper lobe IPF
al. (2019)% | ples of 3 IPF patients. Lower lobes showed markedly
more extensive fibrosis. Statistical procedure: Bonferroni
adjusted pseudo-p-values from Wilcoxon ranked sum test
cell-wise comparisons without blocking. SPP1-Mg Approximately equal numbers of
ctrl, upper, and lower lobe IPF
SPP11PF Differentially expressed genes
in SPP1 subset IPF vs. ctrl
FCN1-Mono/M¢ | Controle > upper lobe IPF > lower
lobe IPF
Ayaub et Data from Adams et al. sScRNA-seq of explanted lungs; IPF expanded Differentially expressed genes
al.” 32 IPF, 28 smoker and nonsmoker controls, and 18 Mo IPF expanded macrophages vs.
chronic obstructive pulmonary disease (COPD) lungs. monocytes and FABP4+ macro-
Statistical procedure: DE genes versus two other macro- phages.
phage groups. Differential gene testing of average gene
expressions over donors and cell group using MAST?".
Three macrophage groups were delineated by PHATE
embedding”®

Fibrosis-associated macrophage gene sets are marked with bold font. [original table summarizing the gene sets in the indi-
cated publications] (Mg: Macrophage)
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3.2.5 Transcriptome proximity analysis of lung macrophages in COVID-19 and pulmo-

nary fibrosis

To verify the validity of our results, we next integrated our BAL macrophage transcriptome
in a joint embedding with other scRNA-seq data of lung macrophages in COVID-19 and
pulmonary fibrosis using the scVI method (Fig. 8A). This data was obtained from one
study of whole explanted fibrotic lungs after Covid-19 and two further studies of pulmo-
nary fibrosis, mainly idiopathic pulmonary fibrosis, that included controls of donors with
non-diseased lung tissue>3-%°. Interestingly, LGMN expression was enriched in locations
of the integrated gene space of high density of macrophages from pulmonary fibrosis
(Fig. 8B/C). Cells of the LGMN/CD163-M¢ cluster and a macrophage cluster from an-
other COVID-19 study (Bharat et al.; MoM3) were mainly embedded in this area (Fig.
8D).

We devised a proximity score in which a reference cell was counted as related to
a cell subset if the majority of its k-nearest neighbors in the integrated gene space be-
longed to the respective subset. Confirming our previous results, a significant fraction of
LGMN/CD163-Mg, as well as MoM3, were of high proximity to macrophages of pulmo-
nary fibrosis datasets compared to control cells (Fig. 8E/F). Next to proliferating AM, no
other cell cluster showed evidence for non-random proximity to fibrosis macrophages
(Fig. 8E/F). All in all, next to the enrichment of published fibrosis-associated macrophage
gene set, transcriptome integration of fibrosis and COVID-19 scRNA-seq data unveiled
transcriptional similarity of LGMN/CD163-M¢ of COVID-19 BALs to lung macrophages

found in pulmonary fibrosis.
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Figure 8: Proximity of transcriptomes of Covid-19 BAL LGMN/CD163-macrophages and lung macrophages from do-
nors with pulmonary fibrosis.

(A) Diagram of integration strategy of our BAL macrophage dataset, a second COVID-19 macrophage dataset, and two large pulmo-
nary fibrosis datasets. [adapted from Wendisch,... et al., 2021] (B) Density of cells of control and pulmonary fibrosis datasets as in (A)
in the scVI-integrated gene space. [adapted from Wendisch,... et al., 2021] (C) LGMN counts of cells of the integrated gene space of
(B). [adapted from Wendisch,... et al. 2021] (D) Density cells of LGMN/CD163-M¢g from our BAL dataset and the similar cluster from
Bharat et al., 2021 as in (A) in the scVI integrated gene space. [adapted from Wendisch,... et al. 2021] (E) Proximity analysis of BAL
macrophages grouped into separate clusters to macrophages from publications of fibrotic lung disease (mainly IPF) or controls of
unaffected lung tissue. [adapted from Wendisch,... et al. 2021] (F) As in (E) with macrophage data of Bharat et al., 2020=. [adapted
from Wendisch,... et al. 2021]

3.2.6 SARS-CoV-2 stimulation of human primary monocytes in vitro induces a profibrotic

gene program.

Next, we asked if the interaction of SARS-CoV-2 and macrophages might directly trigger
the observed fibrosis-associated signatures. To this end, we conducted a scRNA-seq in-
vitro stimulation experiment with human, primary FACS-sorted CD14+*CD16'° Monocytes.
Monocytes were stimulated with high titers of authentic SARS-CoV-2 virus for 18 hours.
As controls, we added the RIG-I agonist 5’ triphosphate hairpin RNA (3p-hpRNA) and the
Toll-like receptor (TLR)-7/-8 agonist R848, which activate prototypical pathways of anti-
viral and inflammatory responses (Fig. 9A). All conditions were separable in UMAP em-
beddings; however, SARS-CoV-2 showed partial overlap with 3p-hpRNA stimulation that
resulted in type-I interferon (IFN) inducible gene signatures (Fig. 9B/D).

Transcription factor target over-representation analysis predicted the same top TF
genes for SARS-CoV-2 stimulated genes as were predicted for DE genes in
LGMN/CD163-M¢ of the BAL of COVID-19 ARDS patients (Fig. 9C/5C). Interestingly,
multiple genes that were found significantly upregulated in lung macrophages of COVID-
19 and pulmonary fibrosis, such as CD163, MERTK, and LGMN were differentially acti-
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vated upon exposure to SARS-CoV-2 (Fig. 9D). In contrast to R848, SARS-CoV-2 stim-
ulation induced only limited or no expression of inflammatory hallmarks such as interleu-
kin 1-beta (IL1B) and interleukin 6 (IL6) (Fig. 9D).

This prompted us to test if SARS-CoV-2 may directly induce the previously found
fibrosis-associated signatures in lung LGMN/CD163-Mgs of COVID-19 patients. Indeed,
module scores of published fibrosis-associated macrophage gene sets were enriched in
SARS-CoV-2 stimulated monocytes compared to the other conditions (Fig. 9E, paper A
Fig. 6E).

For orthogonal validation at the protein level, we stimulated human CD14*CD16'"
monocytes with SARS-CoV-2 or Influenza A virus (IAV) for 3, 5, or 18 hours and meas-
ured sequence-specific protein abundance with quantitative mass spectroscopic prote-
omics (Fig. 9A). In 2 replicates from 4 donors we quantified 6,951 proteins and 5,299
phosphorylation sites. SARS-CoV-2 and IAV induced divergent changes in the macro-
phage proteome, particularly at 18 hours post-infection (Fig. 7C). Similar to the scRNA-
seq data, fibrosis-associated macrophage signatures were highly enriched in monocytes
stimulated with SARS-CoV-2 for 18 hours. Interestingly, this was not detected in IAV-
infected cells (Fig. 9F). Notably, gene set enrichment analysis of protein intensity ratios
of SARS-CoV-2 over IAV infection showed highly significant enrichment for extracellular
matrix assembly (Fig. 9G).

Lastly, we evaluated whether the observed responses of monocytes to SARS-
COV-2 stimulation could result from a productive infection. Over 18 hours, IAV-infected
monocytes showed a significant production of IAV proteins. However, SARS-COV-2 stim-
ulated monocytes showed no significant viral protein accumulation (Fig. 9H).

We concluded that SARS-CoV-2, but not 1AV, directly triggers monocyte polarization to-
wards fibrosis-associated signatures, excluding productive infection as a cause.
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Figure 9: SARS-CoV-2 directly constitutes a trigger for monocytes to express fibrosis-associated gene signatures.

(A) Graphical representation of the experimental setup of in-vitro stimulation of primary human monocytes and read out via sScCRNA-
seqg and mass spectrometry. [adapted from Wendisch,... et al., 2021] (B) UMAP of scRNA-seq data of sorted human peripheral blood
monocytes after 18 hours of stimulation with SARS-COV-2, 5'-triphosphate-hairpin RNA, a RIG-1 agonist, and the Toll-like receptor
agonist R848. [adapted from Wendisch,... et al., 2021] (C) Top two predicted transcription factors per condition. GLMP and TFEC
were likewise the most highly predicted transcription factors in BAL CD163/LGMN macrophages. Transcription factor target over-
representation analysis based on differentially expressed genes of the clusters. The color gradient displays the mean rank of ChIP-X
Enrichment Analysis 3 (CHEA3)74-prediction based on Chip-Seq data. Rank 1 refers to the highest prediction score. [modified from
Wendisch,... et al., 2021] (D) Dot plot of differentially expressed genes in scRNA-seq in each stimulated condition depicted in B. Gene
categories or functions are color-coded.[adapted from Wendisch,... et al., 2021] (E) Module scores of gene signatures of IPF-expanded
macrophages from Ayaub et al. 2021. UMAP embedding as in (B). Violin plots and cell-level Wilcoxon rank sum test derived p val-
ues.[adapted from Wendisch,... et al., 2021] (F) Heatmap representation of mass spectrometric protein quantification of the genes in
the genesets indicated on the y-axis. P-values from a one-sided Wilcoxon signed-rank test indicating gene signature enrichment in a
cumulative distribution function [adapted from Wendisch,... et al., 2021] (G) Gene set enrichment analysis of fibrosis-related gene
ontology (GO) and Reactome terms. Comparing SARS-CoV-2 versus Influenza A virus stimulated monocyte protein quantification via
mass spectrometry. (NES=normalized enrichment score). [adapted from Wendisch,... et al., 2021] (H) Log, fold changes of protein
abundance of Influenza A and SARS-CoV-2 viral proteins (blue, red) in the respective conditions versus unstimulated controls. Host
proteins are plotted in gray. [adapted from Wendisch,... et al., 2021]
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4 Discussion

4.1 Brief Summary

This dissertation encompasses two dual-cohort studies identifying disease severity-spe-
cific macrophage and monocyte responses to early SARS-CoV-2 lineages assessed with
diverse multiparametric methods®=6.

In Paper B, we found disparate peripheral blood monocyte activation statuses in
mild and severe COVID-19. Among the genes expressed at lower levels in severe
COVID-19 monocytes were genes related to inflammatory antigen presentation, namely
MHC Il transcripts (HLA-DRA/DRB) and the costimulatory molecule CD83, as well as
genes central to inflammatory processes (IL1B, IRF1) and antiviral responses (IFl44L,
IFI27).
In paper A, we investigated macrophage responses to severe COVID-19 in affected lung
tissues and expanded our findings with in vitro monocyte stimulation. Remarkably, we
found macrophage the gene signatures associated with fibrotic pulmonary disease, such
as IPF, in BAL-macrophages also in monocytes stimulated in vitro with SARS-COV-2.
Furthermore, we provide evidence of fibroproliferative disease courses in severe COVID-
19.

4.2 Interpretation of results

4.2.1 Publication B

Here, we report decreased expression of core effector molecules of antigen-presentation
and inflammatory co-signaling such as HLA-DR, CD83, and IL-13 in peripheral mono-
cytes of severe COVID-19 compared to mild cases. (Fig. 2E/F/G). MHC Il molecules such
as HLA-DR present antigens to T cells, thereby initiating an adaptive immune response’.
A low expression may, therefore, compromise the ability of the immune system to recog-
nize and respond to pathogens®°.

HLA-DR'® monocytes have previously been associated with adverse outcomes in
infectious diseases and immunosuppression in sepsis®-83. CD83 is a co-stimulatory mol-
ecule to MHC Il binding for ensuing T-cell activation™. Signaling through CD83 binding

initiates both regulatory and inflammatory T-cell responses; therefore, the results of the
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relative absence of CD83 may be diverse®*. Nevertheless, CD83 expression is in line with
increased antigen-presentation.

IL-1B is a pro-inflammatory cytokine. Low expression of IL-1f in monocytes may result in
reduced inflammatory responses, potentially impairing the ability of the immune system
to mount effective defense mechanisms dependent on NF-kB regulated genes®. None-
theless, immune responses have to be balanced for effect and harm to secure adequate
function of the organism?. Therefore, the lower levels of inflammatory mediators detected
in COVID-19 monocytes may also reflect physiological processes aiming at the tolerability
of the yet ongoing immune responses®

Monocytes in severe COVID-19 concurrently expressed higher levels of calgranu-
lins (S100A8/9/12) (Fig. 2E/F/G). High calgranulin levels are reported in sepsis and are
involved in proinflammatory processes®. Calgranulins can be secreted in large amounts
and are sensed as danger-associated molecular patterns (DAMP). They have antibacte-
rial capacity through iron and manganese sequestration, and they have been implicated
in prolonged post-infectious inflammation, serving, for example, as a biomarker for active
inflammatory bowel disease®#8° Here, we identified concomitant low HLA-DR expres-
sion with high levels of S100A8/9/12, which may suggest a need to particularize the phe-
notyping of supposedly immunoparalysis-promoting monocytes in critical disease®',
Dysfunctional innate antiviral activity in severe COVID-19 may be at play considering the
lower expression of mediators of innate antiviral response like the transcription factors
IRF1 and interferon response genes like IFI144L and IFI27(Fig. 2G)*.

Initially intriguing were high levels of CD163 in peripheral monocytes of both mild
and severe COVID-19 (Fig. 2G/H). The heme-haptoglobin complex scavenger receptor
CD163 has been brought into relation with tissue repair properties of macrophages, as-
sociated with fibrosis and so-called “alternative” activation®-°°. While removing toxic, free
hem prevents oxidative tissue damage, no direct mechanisms of CD163 being central to
active tissue reconstitution are evident®. While macrophage CD163-expression correlates
with restorative and profibrotic conditions, its expression may be independently regulated
by heme through local bleeding and erythrocytolysis®*®4%, This aligns with its induction
by diverse signals such as the proinflammatory IL-6 and IFN-y and inflammation-sup-

pressing glucocorticoids, likely reflecting a complex sensory circuitry®.
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4.2.2 Publication A

Intriguingly, CD163 expression was also increased in macrophages in pulmonary tissue
of COVID-19 autopsy samples in the main study of this dissertation (Fig. 4C/D/F).
ScRNA-seq of BAL macrophages allowed us further to assess pulmonary macrophages
without the preselection of markers. Overall, macrophage clusters were not segregated,
indicating gradual and overlapping differences in macrophage polarization (Fig. 5A). This
aligns with a multidimensional and overlapping view of macrophage functions as opposed
to the overcome dichotomous M1/M2 model3#2%°,

We could identify three poles of significant differentiation. Namely FCN1* mono-

cytic cells, FABP4* conventional alveolar macrophage, and LGMN/CD163-M¢o cluster
(Fig. 5A). LGMN, an asparaginyl endopeptidase, was highly differentially expressed in
this last cluster (Fig. 5D). Amongst its many substrates, LGMN can activate Matrix-
Metallo-Proteases (MMP) 2 & 9, which in turn can activate TGF- and VEGF, which act
as key inducers of tissue proliferation and regeneration®®8, Although LGMN has been
associated with profibrotic function, it has also been ascribed to fibrosis resolution’2°,
Furthermore, LGMN has been associated with both hypothetic macrophage types in dif-
ferent settings’21%, highlighting another example of the reduced utility of the M1/ M2 con-
cept.
Among transcripts enriched in LGMN/CD163-M¢ was osteopontin (SPP1), a matricellular
protein and ligand to class alpha integrins implied in tissue remodeling processes (Fig.
5D). SPP1+ macrophages have previously been associated with pulmonary fibrosis and
named profibrotic macrophages®>1°11%2, However, in the light of the vast amount of func-
tions attributed to osteopontin and the fact that SPP1 knock-out does not result in a ces-
sation of fibrosis but rather histological alteration, the causality implied by the syllable
“pro-" (Greek/Latin: “before”) may be an overstatement in relation to SPP1 expression
alone®104 Nevertheless, LGMN and SPP1 were among a core signature of 5 genes of
fibrosis-associated macrophages in 3 publications on pulmonary fibrosis (Table 1). By
utilizing different computational methods, we show that BAL-macrophages in the early
phase of COVID-19 ARDS share this fibrosis-associated gene signature (Fig. 6/7/8). Un-
like LGMN and SPP1, here we show that despite its concomitant upregulation in COVID-
19 and pulmonary fibrosis, CD163 is not strongly discriminatory for a fibrosis-associated
macrophage phenotype (Figure 7A/B). This highlights modern “omics” technologies'
strength by not having to rely on marker genes for classification.
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Furthermore, we demonstrated that in-vitro exposure of primary human monocytes to
SARS-CoV-2, but not 1AV, also induces these fibrosis-associated gene signatures (Fig.
9D-F). Predicted transcription factor activity in COVID-19 BAL LGMN/CD163-M@ and in
in-vitro SARS-CoV-2 stimulated monocytes was identical for the top two results (TFEC
and GLMP) (Fig. 5C/9C). However, this prediction's in-vivo accuracy remains to be
shown in future experiments. Although in vivo alternative causes could be present, SARS-
CoV-2 may, therefore, directly influence in-vivo macrophage states. In line with this, long-
lasting profibrotic pathology triggered by strong initial impulses has been previously de-
scribed*®.

LGMN/CD163-M@ as well as SARS-CoV-2 stimulated monocytes were enriched
for NRP1, a co-receptor for multiple growth factors, such as TGF- and VEGF-A and also
involved in (fibro-)proliferative processes(Fig. 5C, 9D)¢17, Notably, NRP1 is also a co-
receptor for SARS-CoV-2 through the bindings of the 3‘ end of S1, which is freed by
cleavage of the S-Protein at the furin cleavage site (FCS)'1%° While we did not find
evidence for productive infection, this could be a potential mechanism of interaction be-
tween macrophages and SARS-CoV-2 (Fig. 9H). The in vitro experiments reported here
were conducted with early SARS-CoV-2 isolates without mutations at the FCS. However,
the PRRAR amino acid motif that binds to NRP1 is mutated in all variants of concern (e.g.
P681H), which is predicted to result in lower affinity to NRP1%, To assess this hypothe-
sized mechanism of interaction, future studies could compare the effects of furin cleavage
site mutants on NRP1-expressing macrophages, with a possible cessation of the fibrosis-

associated macrophage polarization reported here.

4.3 Strengths and weaknesses

Both underlying studies consisted of dual cohorts of patients suffering from COVID-19.
Due to the unforeseen onset of the COVID-19 pandemic, the studies were initiated with
a hypothesis-generating intent with a subcohort of the PA-COVID-19 study, a prospective
observational cohort study at the Berlin University Hospital Charité. Inclusion in this study
resulted from a combination of biomaterial availability, ethical soundness of the proce-
dures in individual cases, and patient consent. The findings were validated in separated
cohorts. Therefore, although decisive care was taken to minimize investigator biases,

these cannot be excluded to the extent of a fully blinded study with preset endpoints.
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Furthermore, scRNA-seq is a relatively young field in which even basic analytical meth-
ods are still evolving and have not reached widespread consensus. For example, even
the most fundamental methods, such as differential gene expression testing, are still be-
ing improved, and suggested methods are not sufficiently benchmarked!°. Here, the most
prominent changes are reported, which are unlikely to be affected by method selection.
All “omic’-data is made available online, allowing future discovery with newly developed
techniques.

While we demonstrate the direct effects of SARS-CoV-2 on the induction of mac-
rophage programs in vitro, direct in-vivo virus-macrophage interactions are challenging
to determine in human studies. Furthermore, the molecular mechanisms underlying the
induction of fibrosis-associated genes by SARS-CoV-2 and the causes of the different
activation profile observed in monocytes in severe and mild COVID-19 remain to be elu-
cidated in greater detalil.

Due to the nonlinear nature of complex tissue processes like pulmonary fibrosis,
sophisticated modeling approaches of reciprocal cell interactions might pose the only sat-
isfactory approach towards predicting the outcome of tissue perturbations®. Through the
multidimensionality of the data presented in this dissertation, this work may form an in-

formative basis for complex modeling of such kind.

4.4 Conclusion

Dysregulated immune responses aggravate COVID-19*111-113 To identify predictive bi-
omarkers and therapeutic targets, detailed knowledge of the cellular processes differing
in mild and potentially fatal courses of COVID-19 is urgently needed. Macrophages are
key immune sentinels and orchestrators of pulmonary tissue homeostasis. To gain an
understanding of the host factors of the newly emerged viral disease, the work underlying
this dissertation investigated disease severity-related responses of macrophages and
monocytes to SARS-CoV-2.

We demonstrated reduced levels of markers of antigen-presentation, inflamma-
tion, and antiviral responses in monocytes of severe compared to mild COVID-19.
Furthermore, we revealed the similarity of COVID-19 BAL LGMN/CD163-M¢ to macro-
phages in pulmonary fibrotic disease, such as IPF, with two complementary techniques.

Enrichment of fibrosis-associated signatures in macrophages was consistent over three
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datasets and also found in a second COVID-19 BAL study, with shared genes being more
abundant than the individual gene sets. To our knowledge, this was the first study to
report on the commonality of pulmonary macrophage transcripts in pulmonary fibrosis
and viral ARDS.

It will be important to dissect the molecular mechanisms linking fibrosis-associated
macrophage polarization and fibrosis and the causes for the observed signature in severe

COVID-19, as these may provide new targets for therapeutic intervention.
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