
Proteomics approaches to study the novel SARS coronavirus

Dissertation

zur Erlangung des akademischen Grades

Doctor rerum naturalium

(Dr.rer.nat.)

im Fach Biologie/Molekularebiologie

eingereicht an der

Lebenswissenschaftlichen Fakultät der Humboldt-Universität zu Berlin

Von

Tommaso Mari, M.Sc.

Präsidentin der Humboldt-Universität zu Berlin

Prof. Peter A. Frensch

Dekan der Lebenswissenschaftlichen Fakultät

der Humboldt-Universität zu Berlin

Prof. Dr. Dr. Christian Ulrichs

Gutachter:

1. Matthias Selbach

2. Thomas Sommer

3. Markus Ralser

Tag der mündlichen Prüfung: 04.01.2022





To E.





Selbständigkeitserklärung 1

List of Figures 3

Abbreviations 4

ZUSAMMENFASSUNG 5

SUMMARY 6

INTRODUCTION 7

Proteomics to study complex diseases 7

Omics data and the transition from molecular to systems biology 7

Mass spectrometry-based proteomics 9

Proteomics to study systems biology and diseases 13

Severe Acute Respiratory Syndrome Coronavirus 2 15

SARS-CoV-2 virus-host interaction 16

Host immune response and COVID-19 18

MATERIAL AND METHODS 20

Lung cell lines culture 20

Viruses for lung cell lines infections 20

Infection of lung cell lines 20

Viruses preparations for monocytes infections 21

Monocyte isolation - timecourse experiment 21

Monocyte isolation - RLR investigation experiment 22

Sample preparation for TMT-labelling 22

Standard protocol 22

H1299 25

Calu-3 26

Monocytes - Timecourse 26

Monocytes - RLR investigation 26

TMT proteomics and phosphoproteomics data analysis 27



Calu-3 cell culture supernatants sample preparation 28

Data-independent acquisition MS analysis of supernatants 29

DIA data analysis 30

Phosphosite-to-kinase for PTMsea 30

RESULTS 32

SARS-CoV-2 infection and replication in lung-like cell lines 32

SARS-CoV and SARS-CoV-2 infection of H1299 cells 32

SARS-CoV-2 infection of Calu-3 cells 34

Response of monocyte macrophages to SARS-CoV-2 infection 39

Time-course of monocytes infected with SARS-CoV-2 and influenza A viruses

39

Proteomics analysis of RLR response to SARS-CoV-2 in macrophages 45

DISCUSSION 53

SARS-CoV-2-elicited proteome changes in lung cell lines 53

SARS-CoV-2-elicited profibrotic response in macrophages 59

Outlook and future perspectives 63

Supplemental Figures 66

REFERENCES 72

Publications 89

Acknowledgments 90



Selbständigkeitserklärung
Hiermit erkläre ich, die Dissertation selbständig und nur unter Verwendung der

angegebenen Hilfen und Hilfsmittel angefertigt zu haben.

Ich habe mich anderwärts nicht um einen Doktorgrad beworben und besitze keine

entsprechenden Doktorgrad.

Ich erkläre, dass ich die Dissertation oder Teile davon nicht bereits bei einer anderen

wissenschaftlichen Einrichtung eingereicht habe und dass sie dort weder angenommen

noch abgelehnt wurde.

Ich erkläre die Kenntnisnahme der dem Verfahrer zugrunde liegenden

Promotionsordnung der Lebenswissenschaftlichen Fakultät der Humboldt-Universität

zu Berlin vom 5 März 2015 .

Weiterhin erkläre ich, dass keine Zusammenarbeit mit gewerblichen

Promotionsbearbeiter*innen stattgefunden hat und dass die Grundsätze der

Humboldt-Universität zu Berlin zur Sicherung guter wissenschaftlicher Praxis

eingehalten wurden.

Berlin 05.07.2021

Tommaso Mari

1



2



List of Figures

Figure 1 Infection of H1299 cells reveals low viral replication 33

Figure 2
SARS-CoV-2 infection of Calu-3 cells triggers interferon
response 35

Figure 3 Phosphoproteome analysis of infected Calu-3 cells 37

Figure 4
Overview of infection of monocytes with SARS-CoV-2 or
IAV 40

Figure 5
SARS-CoV-2 infection triggers proinflammatory and
profibrotic responses 42

Figure 6 Investigation of RLR in response to SARS-CoV-2 46

Figure 7
Phosphoproteomics reveals specific signaling in
response to SARS-CoV-2 50

Figure 8
SARS-CoV-2 elicits a complex signal transduction

response, leading to profibrotic macrophage
polarization

51

Figure 9
Putative in vitro models to study SARS-CoV-2 replication
in host cells 55

Figure 10
Models for the mechanisms of SARS-CoV-2-induced
profibrotic response in macrophages 62

Figure 11
Extended investigation of profibrotic response elicited
by SARS-CoV-2 protein components 64

Supplemental Figure 1 Infection of H1299 cells 66

Supplemental Figure 2 Total proteome and secretome of infected Calu-3 cells 67

Supplemental Figure 3 Phosphoproteome analysis of infected Calu-3 cells 68

Supplemental Figure 4 Monocyte timecourse experiment 68

Supplemental Figure 5 Fibrotic response to SARS-CoV-2 69

Supplemental Figure 6 Referred to Figure 6 70

Supplemental Figure 7 Close-up of cluster 3 phosphosites 71

Supplemental Figure 8 Protein changes in subunits of the CK2 kinase 71

3



Abbreviations

AA Amino acid

COVID-19 Coronavirus disease 2019

DDA Data dependent acquisition

DIA Data independent acquisition

ECM Extracellular matrix

GSEA Gene set enrichment analysis

hpi hours post infection

hpRNA hairpin RNA

IAV Influenza-A virus

IFN Interferon

IPF Idiopathic pulmonary fibrosis

ISG Interferon-stimulated gene

LC-MS/MS Liquid chromatography coupled to tandem mass spectrometry

MAP Mitogen activated protein

MOI Multiplicity of infection

MS Mass spectrometry

MS/MS Tandem mass spectrometry

NEK NIMA-related kinase

PC Principal component

PLK Polo-like kinase

PTM Post translational modification

RLR RIG-I-like receptors

SARS-COV Severe Acute Respiratory Syndrome Coronavirus

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2

TLR Toll-like receptor

4



1. ZUSAMMENFASSUNG
Massenspektrometrie-basierte Proteomanalyse ist eine hochleistungsfähige

Technologie, um biologische Systeme zu untersuchen. Mit aktuellen Methoden können

Tausende von Proteinen und posttranslationalen Modifikationen in einer einzigen

massenspektrometrischen Messung identifiziert werden. Diese unvoreingenommene,

groß angelegte Sicht auf Proteine ermöglicht eine genaue und umfassende Analyse

biologischer Phänomene, da die Proteinmenge den biologischen Phänotypen viel

näher ist als zum Beispiel die RNA-Transkriptkonzentration. In der vorliegenden Arbeit

wurden modernste Multiplexing-Ansätze der quantitativen Proteomanalyse angewandt,

um das neuartige Virus SARS-CoV-2 zu untersuchen, den Erreger der globalen

COVID-19 Pandemie, die Ende 2019 begann. Trotz enormer internationaler

Anstrengungen zur Erforschung dieser Krankheit sind viele Aspekte der grundlegenden

Virusbiologie, Virus-Wirt-Interaktionen und der COVID-19-Pathophysiologie noch

immer unbekannt. Dies verhindert die Entwicklung gezielter Behandlungen,

insbesondere für COVID-19-Patienten mit schwerem Verlauf.

Im ersten Teil dieser Arbeit wurde die Infektionsdynamik in lungenähnlichen

Zelllinien untersucht. Der Vergleich von SARS-CoV mit SARS-CoV-2-Infektion in Zellen

mit niedriger ACE2 Expression ermöglichte es, die Rolle anderer Membranproteine   als

Virus Eintrittsfaktoren neu zu bewerten. In SARS-CoV-2 infizierten Calu-3-Zellen

konnten Reaktionen der Wirtszellen beobachtet werden, die die Interaktion zwischen

viralen Proteinen und Proteikinasen der Wirtszelle vermitteln.

Im nächsten Teil wurde die angeborene Immunantwort des Wirts auf das Virus

untersucht. Primäre, aus Blut isolierte Monozyten, die mit SARS-CoV-2 behandelt

wurden, wiesen eine spezifische Protein-Signatur auf, die auf eine Polarisierung der

Zellen zu einem profibrischen Makrophagen-Phänotyp hindeutet. Weitere Analysen

zeigten, dass dieser Prozess weitgehend unabhängig von bekannten antiviralen

Reaktionen und viraler RNA-Sensoren in Monozyten abläuft. Die durch das Virus

hervorgerufene Phosphoproteom-Signatur deutet an, dass die profibrotische

Polarisierung durch die kombinierte Wechselwirkung von viralen Proteinen und

Infektionsnebenprodukten mit Wirtsrezeptoren induziert wurde.

Zusammenfassend liefert diese Arbeit einen wertvollen Beitrag zur Aufklärung

von Mechanismen, die zu einem schweren COVID-19 Verlauf führen können und hebt

dabei die Bedeutung von Proteomanalysen in der Erforschung viraler Erkrankungen

hervor.
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2. SUMMARY
Mass spectrometry-based proteomics is a very powerful technology to study

biology on a systems level. With current technologies, thousands of proteins and

post-translational modifications can be identified in single mass spectrometric analysis.

This unbiased, large-scale view on proteins provides an accurate and comprehensive

view on biological phenomena, since protein abundances are much closer to biological

phenotypes than transcript levels. In this thesis, we used cutting-edge multiplexed

quantitative proteomics and phosphoproteomics approaches to study the virus

SARS-CoV-2. The newly emerged betacoronavirus is the causative agent of the global

pandemic of COVID-19 that began in late 2019. Despite the tremendous research effort

in studying this disease, many aspects of the basic viral biology, virus-host interactions

and COVID-19 pathophysiology still remain obscure. This prevents the development of

targeted treatments, especially for severe COVID-19 patients.

In the first part of this thesis, we studied infection dynamics in lung-like cell

lines. Comparison between SARS-CoV and SARS-CoV-2 infections in

low-ACE2-expressing cells allowed us to re-evaluate the role of other membrane

proteins as entry factors. In Calu-3 cells, we could observe host responses mediating

the interactions between viral proteins and host kinases.

Next, we focused on the innate immune response of the host to the virus. Ex

vivo monocytes treated with SARS-CoV-2 exhibited a specific proteomic signature

indicating a polarization toward a profibric macrophage phenotype. Further dissection

of this response revealed it to be largely independent from the viral RNA sensing and

antiviral response cellular mechanisms. Furthermore, the specific phosphoproteomics

signature induced by the virus indicated that the profibrotic polarization was induced by

the combined interaction between viral proteins and infection byproducts with host

receptors.

In summary, this thesis shows the power of mass spectrometry based

proteomics to study the complex dynamics between viruses and host cells.

Furthermore, we uncovered a potential mechanism contributing to the development of

severe COVID-19.
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3. INTRODUCTION
3.1. Proteomics to study complex diseases

3.1.1. Omics data and the transition from molecular to systems biology

Molecular biology, the study of the molecular basis of life, is a relatively young

scientific discipline. 80 years ago, Beadle and Tatum published their pioneering work

on the study of genes involved in the metabolism of Neurospora crassa (Beadle and

Tatum, 1941). This milestone experiment marked one of the first steps of molecular

biology, and as such had a large impact on the field in multiple aspects. One of the

most important advancements was methodological, as the approach of screening

libraries of mutated organisms to identify genes involved in a specific biological process

was later employed in other fundamental studies (Hartwell et al., 1970;

Nüsslein-Volhard and Wieschaus, 1980). In addition, Beadle and Tatum introduced the

“one gene-one enzyme” hypothesis, which states that each gene involved in

biosynthetic pathways controls the synthesis of a single enzyme (Horowitz, 1948,

1995). Interestingly, this simple notion was strongly challenged by Max Delbrück,

another one of the founders of molecular biology and name giver to the very institute

where this thesis was conducted. Delbrück criticized that if simple selection criteria

were used in the screening process (e.g. the lack of growth on poor media), only

simple enzyme functions would be found, thus ignoring mutations affecting multiple

processes (Horowitz, 1995). In addition, this simplistic model of the relationship

between (bio)chemistry and biology was in stark contrast with the “irreducibility of

biology to physics” view held by Delbrück and other influential scientists at the time,

including Niels Bohr (Bohr, 1933; Strauss, 2017). This concept broadly states that there

must be some fundamental law of physics that would only and specifically apply to

living beings, thus providing biological matter with special properties. While our current

knowledge of physics, chemistry and biology makes us firmly reject this hypothesis, an

interesting perspective is trying to understand what brought Delbrück to this conclusion

and what kind of biological phenomena in his eyes could only be explained by an

inherent special property of living organisms . In the lecture Delbrück held in 1949 in

front of The Connecticut Academy of Arts and Sciences (Delbrück, 1949), he focused

on his “impression of the intellectual uncertainties confronting a physicist entering

biology“ using three examples:

■ How “all other kinds of cells under proper conditions of stimulation will produce

a disproportionately large response to a relatively slight but rapid change in the

environment”, referring to these mechanisms in general and and more
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specifically to how sensory cells, motoneurons and muscle fibers interact to

sense a stimulus and react to it;

■ The complex mechanisms that regulate proliferation and heritability at the

molecular level, from the most simple organisms (e.g. viruses) to the more

intricate ones in eukaryotes;

■ The problem of what we would call today “regulation of gene expression” and

protein turnover, identifying “four factors involved in the production of any

particular enzyme“. The first factor is the presence of environmental and

metabolic factors supplying energy. “The second is a genetic control of the

following kind: one finds that a very specific and limited genetic change, a

mutation of a single gene, can be responsible for whether or not a cell can

manufacture a given enzyme”. “A third factor is the substrate upon which this

enzyme is supposed to act” and thus referring to end-product inhibition

mechanisms that regulate the production of enzymes based on the availability

of their substrates. The fourth factor he identified is regulation of enzyme

production and stability when cells are subjected to different and competing

metabolic or environmental stimuli.

The intrinsic complexity of biological phenomena is a common thread in these

examples, as well as the critique of Delbrück to the experiment of Beadle and Tatum.

This complexity is well acknowledged by Delbrück at the beginning of his talk: “The

meanest living cell becomes a magic puzzle box full of elaborate and changing

molecules (...). The complex accomplishment of any one living cell is (...) more an

historical than a physical event. These complex things do not rise every day by

spontaneous generation from the nonliving matter (...) No, any living cell carries with it

the experiences of a billion years of experimentation by its ancestors.”. Interestingly,

this concept echoes the ideas of Dobzhansky that “Nothing in Biology Makes Sense

Except in the Light of Evolution” (Dobzhansky, 1973).

From the perspective of biology in the 21st century, we can see a deep

acknowledgement and analysis of this intrinsic complexity, specifically converging on

one of the newest fields of biological sciences: systems biology. Systems biology has

been defined as “a science that aims to understand how biological function that is

absent from macromolecules in isolation, emerges when they are components in the

system” (Kolodkin, 2016; Westerhoff et al., 2009). This kind of understanding of

biological phenomena has proven crucial in the study of both physiological and
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pathological events (Hornberg et al., 2006; Kitano, 2002). We can also see the

emergence of new properties from the acquired complexity of biological systems as the

peculiar, or “special”, characteristic of biological matter, albeit entirely explainable within

the laws of chemistry and physics. While emergent properties are not a unique

characteristic of biology (Kivelson and Kivelson, 2016), the continuous addition of new

strategies, acquired through genetic mutations and filtered by natural selection to

increase organisms’ fitness toward an ever changing environment, makes biological

systems peculiar. This is quite different from physics, where “The materials and the

phenomena he (A/N: the physicist) works with are the same here and now as they

were at all times and as they are on the most distant stars” (Delbrück, 1949).

The theoretical understanding of the complexity of biological systems provided

by systems biology is deeply tied to the remarkable technological advancements in the

identification and quantitative measurement of biological molecules of recent years.

The Human Genome Project was the first step toward a systems view of biology

(Ideker et al., 2001) and it was made possible by the great technological innovations in

DNA sequencing. Today in many laboratories, RNA sequencing of samples from

different biological origins is a semi-routine procedure, used mostly to quantify all

expressed transcripts and identify differentially expressed genes between different

conditions (Stark et al., 2019). While the uniform chemistry and the possibility of

amplification make the large-scale study of nucleic acids particularly appealing, DNA

and RNA mostly are not the main effectors and agents in the cellular processes: this

role is fulfilled by proteins. Thus, the large-scale study of proteins, or proteomics,

represents a fundamental cornerstone of systems biology. Mass spectrometry-based

proteomics enables accurate identification and quantification of thousands of proteins

and protein post-translational modifications (PTMs) present in biological samples.

Connecting this quantitative information to cellular phenotypes is at the core of

understanding human disease (Aebersold and Mann, 2016).

3.1.2. Mass spectrometry-based proteomics

Mass spectrometry is a technique that allows the accurate determination of the

mass-over-charge (m/z) ratio of ionized molecules. Identification of proteins using mass

spectrometry has been used since the beginning of proteomics (Patterson and

Aebersold, 2003; Wilkins et al., 1996). When the most common method of separating

proteins in complex samples was 2 dimensional gel electrophoresis (2DE), single spots
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in 2D gels were excised and analyzed via mass spectrometry to measure the m/z of

the undelaying proteins. This methods initially analyzed intact proteins via

matrix-assisted laser desorption ionization (MALDI) (Karas and Hillenkamp, 1988)

coupled to time-of-flight mass analyzer, or electrospray ionization (ESI) (Fenn et al.,

1989) coupled to ion-traps or triple quadrupole mass analyzers. These kinds of

approaches suffered from two major limitations: first, the mass of intact proteins was

not sufficient information to provide a confident and unique identification. Second, 2DE

was a high-cost, labour-intensive, technically challenging, low-throughput methodology

to separate complex proteomes. Both these aspects could be addressed when

analyzing mixtures of peptides originated from enzymatic digestion of said intact

proteins. Firstly, analysis of these digestion products produced, in the mass

spectrometer, spectra with several m/z peaks corresponding to the various peptides.

These masses could then be matched to the ones obtained by in silico digestion of a

protein database in order to identify the original, intact protein (Henzel et al., 1993).

Secondly, the smaller peptides could be separated more easily than intact proteins:

instead of gels, samples could be separated on chromatographic systems directly prior

to injection in the mass spectrometer (Appella et al., 1995). This approach was first

used in the analysis of MHC-class peptides, (Hunt et al., 1992), and demonstrated the

capability of online liquid chromatography-coupled to mass spectrometry (LC-MS) to

resolve complex peptide mixtures. Enzymatic digestion of proteins to peptides followed

by LC-MS analysis was quickly adapted in generalized proteomics workflows (Yates et

al., 1997). Due to their smaller size, peptides show improved fragmentation behaviour

and the resulting m/z of fragment ions can be used to identify the peptide sequence by

comparison to in silico fragmented peptides from a protein database (Cox et al., 2011;

Steen and Mann, 2004). Since this strategy relies on two sequential m/z

measurements it was named tandem mass spectrometry (MS/MS) or liquid

chromatography-tandem mass spectrometry (LC-MS/MS). The mass spectrometric

analysis of proteolytically digested peptides to identify and quantify proteins is referred

to as“bottom-up proteomics”.

Since the establishment of this basic set-up, multiple improvements have

expanded the toolkit available to the proteomics researcher. Major advancements have

been achieved in: pre-fractionation methods, which allow reaching depths of proteome

coverage on par with RNA sequencing (Batth et al., 2014; Bekker-Jensen et al., 2017);

smaller mass detectors which reduced the time required for resolving ions (Kelstrup et

al., 2018); and particularly new quantification and acquisition methods. Quantification
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methods can either rely on the addition of chemical compounds labelled with stable

isotopes during sample preparation, or not, and thus the latter method is usually

referred to as label-free (Bantscheff et al., 2012). Label-free quantification (LFQ) relies

on integration of peptides extracted ion currents with complex algorithms to provide

normalized quantification at the protein level (Cox et al., 2014). LFQ analysis is very

appealing because it requires less sample handling than other methods, but it’s

inherently more variable and thus benefits from a larger number of replicates. Isotopic

labelling of samples can be metabolic, usually achieved in cell lines through the

addition of amino acids labeled with isotopically stable elements (Ong et al., 2002).

Since the same peptide containing different isotopically labelled amino acids can be

easily distinguished in the first MS scan due to their different m/z, differently labelled

samples can be combined during sample preparation and measured together, thus

reducing variability coming from handling and chromatographic separation. While

allowing for accurate quantification of very small differences, stable amino acid labeling

with amino acids in cell culture (SILAC) can only be used to compare up to three

samples at the same time and the labeling procedures are not always possible (e.g.

clinical samples). Isotope labels can also be introduced at the peptide level by using

specific reagents, or tags, that react with primary amines at the N-termini or unmodified

lysines of digested proteins (O’Brien et al., 2018; Ross et al., 2004). These tags have

very specific isotopic compositions and chemical structures that makes them isobaric

(meaning they have the same mass), but produce isotopically distinct ions after

fragmentation in the MS, thus allowing peptide identification and quantification from the

analysis of the second MS scan. In chemical labelling, samples are combined after

enzymatic digestion and labelling. Since the tags are isobaric, the intensities of

peptides coming from different samples are summed up during the first scan, thus

increasing the detection of low-abundant peptide species. Another advantage of using

isobaric tags, is the availability of an increased peptide input amount for enrichment of

PTMs such as phosphorylation (Mertins et al., 2018). The most recent implementation

of this method, namely Tandem-Mass-Tags pro or TMTpro (Li et al., 2020a), provides

16 distinct mass tags, allowing to combine up to 16 samples together in one TMTplex.

Typically, a common reference channel in each TMTplex is used for normalization

between different plexes and relative comparison of multiple samples.

In terms of acquisition strategies, these are broadly divided into data-dependent

acquisition (DDA) or data-independent acquisition (DIA). In DDA, the mass

spectrometer selects ions for fragmentation based on the intensities measured during
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the MS1 scan: either the N most intense peaks of a certain scan are selected, or the

instruments selects peaks until a certain maximum cycle time length is reached

(Kelstrup et al., 2018). To avoid the continuous fragmentation and measurement of the

same peaks, the instrument records the masses of previously selected precursor ions

and adds them to a dynamic exclusion list for a predetermined amount of time. With

DDA, the obtained MS/MS spectra of peptides have very low interference from other

co-eluting peptides, since the mass spectrometer can precisely select the m/z ranges

for fragmentation, and thus peptides can be easily identified via in silico fragmented

peptides of protein databases (Cox et al., 2011). This method is semi-stochastic:

selected masses are not predetermined, and a peptide can be selected or not based

on the specific co-elution context of the specific sample. When measuring multiple

samples, semi-stochasticity of DDA can lead to the presence of missing values,

meaning peptides or proteins are identified in one run but not in others. This specific

issue has been mildened by faster instruments that can measure many more peptides

in the same gradient length (Kelstrup et al., 2018), and also by chemical labelling,

where identification and quantification are both based on MS/MS scans (Brenes et al.,

2019). Since it requires no previous knowledge about the samples (except organisms

of origin) DDA is the preferred method for discovery proteomics (Aebersold and Mann,

2016).

DIA methods are based on the comprehensive scanning of the full MS1 mass

range to capture and fragment all the peptides eluting in a specific moment. The entire

mass range is divided in smaller overlapping windows and all the precursor ions falling

in a specific window are selected, fragmented and measured (Aebersold and Mann,

2016; Amodei et al., 2019; Gillet et al., 2012). DIA can virtually measure all precursor

ions in a sample but since more than one peptide will be measured in each MS2 scan

identification is more challenging than DDA methods. For this reason, DIA analysis

strongly benefits from the acquisition of reference peptide spectra that can be used for

identification (Tsou et al., 2015). The time and effort required to produce high-quality

spectral libraries makes DIA more suitable for the analysis of many, but similar, protein

samples (e.g. clinical samples of the same pathology). Recently, novel algorithms

based on deep learning have been employed to generate in silico spectral libraries with

lower but comparable performances, thus extending the range of applicability of DIA

(Bekker-Jensen et al., 2020; Demichev et al., 2020; Searle et al., 2020).
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3.1.3. Proteomics to study systems biology and diseases

Studying complex dynamics at a systems level relies on three core principles:

identifying the nodes of the network under study, how they are connected (topology)

and how information flows through the network. In systems biology, nodes usually

represent genes or complexes and edges the interactions between them (Ferrell,

2009).

Proteomics experiments can routinely identify thousands of proteins from

samples of different biological origin (Bekker-Jensen et al., 2017; Wang et al., 2019a)

and provide reproducible quantitative information which can be used to infer biological

pathway activity and explain cellular phenotypes. While the standard proteomics

experiment usually has a lower coverage than a transcriptome and RNA abundances

are very informative to study transcriptional activities, proteomes reflect more closely

the functional state of a cell or tissue (Buccitelli and Selbach, 2020). For example, a

recent study of the steady-state level proteomes of a large panel of cancer cell lines

found a coordinated expression of proteins belonging to the same pathways,

coordination that could not be observed at the RNA level (Nusinow et al., 2020).

Understanding the topology and functional relations between nodes in protein

networks can be explored with two complementary ways: identifying protein complexes

and physical interactions via interaction proteomics, or following the flow of information

from different cellular compartments via signal transduction pathways from the analysis

of changes in PTM levels (Aebersold and Mann, 2016). Since PTMs change the

specific mass or m/z of proteins and peptides, mass spectrometric analysis is well

suited for studying all kinds of PTMs, including phosphorylation, ubiquitination and

methylation (Doll and Burlingame, 2015; Elia et al., 2015; Mertins et al., 2016; Musiani

et al., 2019). Among these modifications, phosphorylation has been particularly studied

for its role in virtually every cellular process and especially in signal transduction events

(Ardito et al., 2017; Cohen, 2002). As such, huge effort went into mapping

phosphorylation sites involved in specific signaling pathways and differentiation events

(Emdal et al., 2015; Francavilla et al., 2016). Additionally, mutations affecting

phosphorylation are commonly the cause of disease (Lahiry et al., 2010) and

differential phosphorylation can be used as a classifier for tumor subtypes (Mertins et

al., 2016). Despite the focus of many studies on this specific PTM, the functional

significance of most phosphorylation sites remains uncharacterized (Needham et al.,

2019), thus the interpretation of phosphoproteomics data is often based on inference

(Beekhof et al., 2019).
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A particularly challenging field that can be studied via systems and proteomics

approaches is the biology of infectious diseases. While the first applications of mass

spectrometry in infection biology were aimed at the identification of intact pathogens

(Sinha et al., 1985), discovery proteomics is now used to study the broad range of

host-virus interactions. The interactions between hosts and pathogens have been

shaped by millions of years of evolutionary arms race (Koonin et al., 2006). Pathogens

are required to enter the host and to use the hosts’ resources to replicate and spread

further, while the host must recognize the ongoing infection and activate an appropriate

defensive strategy. In this perspective, viruses are pathogens of particular interest

since all their life cycle occurs only within host cells and have no biological activity

outside of this context. The first step host cells need to undertake to mount an

appropriate antiviral response is to detect the source of the ongoing infection. Upon

viral detection through toll-like receptors (TLRs) or RIG-I-like receptors (RLRs), host

cells activate an antiviral response strongly based on the expression of interferons

(IFNs) and interferon stimulated genes (ISGs) (Crosse et al., 2018). While this is a

general defence response mechanism, proteomics and transcriptomics approaches

have identified patterns of gene and protein expression specific to influenza A and

coronavirus infections that are also reflected by differential effects induced on

chromatin organization (Menachery et al., 2014). In addition, proteomic studies

identified upregulation of several interferons as a result of infection by other respiratory

viruses, like human respiratory syncytial virus, one of the causes of the common cold

(Dave et al., 2014; Norris et al., 2016). Viruses have evolved different mechanisms to

evade the cellular antiviral response (Grandvaux et al., 2002). One well studied

example is the NS1 protein of the influenza A virus. The NS1 protein has many

described functions, but inhibits host responses mainly by preventing the

polyadenylation of host mRNAs. Effect of NS1 on host cells was extensively

characterized using an integration of affinity purification coupled to mass spectrometry

and global proteome profiling (Wu et al., 2012), finding several host interactors and

strong effects on cell cycle progression. Integrated proteomics approaches have also

been used to analyze the biology of other viral infections, such as the one of the herpes

simplex virus (Kulej et al., 2017). Most recently, metabolic pulse labeling combined

with quantitative proteomics has been employed to uncover the most important factors

of the species barrier of the influenza A virus, identifying the viral M protein as

differentially spliced between human and avian variants and as a determinant of

infection efficiency (Bogdanow et al., 2019).
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3.2. Severe Acute Respiratory Syndrome Coronavirus 2
In December 2019, cases of pneumonia of unknown origin were reported in

Wuhan China, which were then connected to a newly emerged betacoronavirus, later

named severe acute respiratory syndrome coronavirus 2 or SARS-CoV-2 (Zhu et al.,

2020a). The virus quickly spread to every continent and in March 2020, the coronavirus

disease 2019 (COVID-19), of which SARS-CoV-2 is the causative agent, was declared

a global pandemic. As of May 2021, this disease has infected approximately 160

million individuals and caused over 3 million deaths worldwide, although recent

estimates suggest these figures could be severely underestimated (Modi et al., 2021).

SARS-CoV-2 is thus the third highly pathogenic coronavirus emerged in the human

population in the last 20 years, (Fehr and Perlman, 2015; V’kovski et al., 2021), albeit

the first one to have such a dramatic impact on the global healthcare system.

SARS-CoV-2 likely originates from the large reservoir of coronaviruses present in bats,

with possibly pangolins as intermediate hosts. RaTG13, a virus isolated from bats in

2013, shares over 93% similarity with the novel human coronavirus (Hu et al., 2021;

Irving et al., 2021). Interestingly, specific loci of SARS-CoV-2 genome share a stronger

sequence similarity with the coronavirus of the 2003 epidemic SARS-CoV. The specific

amino acids of the spike (S) protein that serves as point of contact with the ACE2

receptor are highly conserved between SARS-CoV and SARS-CoV-2 (Walls et al.,

2020), while only 1 in 6 is conserved with RaTG13 (Zhou et al., 2020). This likely

indicates both the presence of recombination events that favoured the emergence of

the novel coronavirus and the role of the S protein in determining species specificity of

coronaviruses.

Like other coronaviruses, SARS-CoV-2 is a positive-sense single-stranded

RNA virus with a genome of approximately 30 kilobases. At the 5’ end, two large open

reading frames (ORF1a and ORF1b) encode for two polyproteins which are co- and

post-translationally cleaved by the proteolytic function of NSP3 and NSP5, which are

also located on the polyproteins. One of the first proteins to be released from the

polyproteins is NSP1, which targets the host translational machinery and constitutes

one of the first steps the virus takes to impair the host antiviral response (Schubert et

al., 2020; Thoms et al., 2020). The other NSPs constitute or provide accessory factors

to the viral replication and translational complex (V’kovski et al., 2021). The last third of

SARS-CoV-2 genome contains ORFs encoding for the structural proteins: the S protein

which mediates viral entry, the nucleocapsid (N) protein that binds and packs the viral
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genome in the virion (de Haan and Rottier, 2005), as well as membrane (M) and

envelope (E) proteins which are both located in the membrane surrounding the virion

and participate in virion formation and structurally determine their shape (Neuman et

al., 2011; Schoeman and Fielding, 2019; Venkatagopalan et al., 2015). Interspacing the

structural proteins there are at least five ORFs encoding for accessory proteins,

although both the number and the role of these proteins is still debated (Kim et al.,

2020). While they are not necessary for viral replication in cell culture models (Masters,

2006; Perlman and Netland, 2009) they display a higher variability between different

species of coronaviruses and may play important roles in the infection of full

organisms. For example, ORF8 of SARS-CoV-2 is one of the most varying ORFs

compared to SARS-CoV and was found to bind the major histocompatibility complex

and mediate its degradation (Zhang et al., 2020b), while ORF3b was shown to interfere

with interferon production (Konno et al., 2020).

3.2.1. SARS-CoV-2 virus-host interaction

In order to replicate, viruses have first to enter host cells to then make use of

the intracellular machinery for translation and transcription of their genome. In

coronavirus infections, the entry is mediated by the interaction between the viral S

protein and a host receptor. Then, the S protein is proteolytically cleaved by a host

protease, priming the S protein to allow fusion with the plasma membrane (Gierer et

al., 2013; Matsuyama et al., 2010). As for SARS-CoV, SARS-CoV-2 entry is mediated

by the interaction with the surface receptor ACE2 and cleavage by the protease

TMPRSS2 (Hoffmann et al., 2020). One specific characteristic acquired by

SARS-CoV-2 is the presence of a polybasic cleavage site (amino acid sequence

PRRAR) which is recognized and cleaved by the proprotein convertase FURIN (Walls

et al., 2020). This mutation has been proposed to be one the the main evolutionary

events that characterize SARS-CoV-2, allowing for a more efficient proteolytic cleavage

and thus cell entry. Additionally, it likely allowed the virus to make use of NRP1, which

interacts with FURIN cleaved proteins, as an alternative receptor for entry

(Cantuti-Castelvetri et al., 2020; Daly et al., 2020). Intriguingly, interaction with NRP1

should allow SARS-CoV-2 to enter cell types with low ACE2 expression, thus extending

the range of infectivity of this virus. Upon entry, the viral genome is transcribed and the

necessary factors to initiate the replication of negative and positive strand genomic

RNA are produced: NSP3-6 in particular turn endosomal membranes into double

membrane vesicles that act as replication organelles (Knoops et al., 2008; Oudshoorn
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et al., 2017; Wolff et al., 2020). Many host factors interacting with SARS-CoV-2

involved in viral replication have been identified by affinity purification coupled to mass

spectrometry, with most involved in the replication of other coronaviruses and some

possible targets for antiviral therapies with FDA approved compounds (Gordon et al.,

2020).

Specific host proteins have specific roles in recognition and subsequent

defensive response to a viral infection. Once entered the cell, coronavirus genomic

RNA can be recognized by the cytosolic RNA sensors RIG-I (also DDX58) and MDA5,

which in turn associate and activate the mitochondrial protein MAVS (also VISA or

IPS-1) (Loo and Gale, 2011). These events cause the relocalization of several signaling

molecules to form a signalosome. Here, the protein kinase TBK1 is activated either via

phosphorylation by IKKβ or autophosphorylation (Clark et al., 2011), and then in turn

phosphorylates IRF3 and IRF7 (Loo and Gale, 2011). Once phosphorylated, these

transcription factors relocate to the nucleus and mediate transcription of type-I

interferon (IFN) genes and ISGs (Schneider et al., 2014; Schoggins, 2019). Many

SARS-CoV-2 factors act as antagonists of this signaling in many key nodes. For

example, ORF9b inhibits MAVS through the interaction with TOMM70 (Gordon et al.,

2020), and possibly also ORF3b acts on MAVS given its mitochondrial localization in

cell line models (Freundt et al., 2009; Kopecky-Bromberg et al., 2007; Sa Ribero et al.,

2020). In addition to targeted inhibition of specific host factors, SARS-CoV-2 depresses

host responses through a general translational inhibition via the action of the accessory

factor NSP1 (Schubert et al., 2020; Thoms et al., 2020). These mechanisms contribute

to the rise of the specific host transcriptional response to SARS-CoV-2, which is

characterized by a moderate IFNs and ISGs response and a more consistent

production of proinflammatory cytokines and chemokines (2020). In addition,

SARS-CoV-2 appears to directly promote cell death through the activation of the

master regulator of cell death pathways Caspase-8 by ORF3b (Li et al., 2020b; Ren et

al., 2020) The presence of cellular debris has been confirmed in tissues of

SARS-CoV-2-infected animal models and in human post-mortem tissues, especially in

severe COVID-19 cases (Hoagland et al., 2021; Li et al., 2020b). The release of

viruses, soluble factors and apoptotic/necroptotic cellular debris contribute to the

activation and modulation of the host immune response to the ongoing infection.
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3.2.2. Host immune response and COVID-19

COVID-19 presents itself in a wide range of forms, from asymptomatic to a very

severe disease with protracted course and high mortality (Barbaro et al., 2020; Hasan

et al., 2020; Henry and Lippi, 2020). In the most severe cases, acute respiratory

distress syndrome (ARDS) is induced by the virus but persists long after complete viral

clearance. This suggests that severe COVID-19 is caused by a dysregulated host

immune response that persists in time and becomes systemic, leading to multi-organ

failure (Berlin et al., 2020; Gandhi et al., 2020; Polak et al., 2020; Schultze and

Aschenbrenner, 2021). One emerging view on COVID-19 is thus that, one one hand it

induces hyperactivation of innate immune cells such as monocyte/macrophages and

neutrophils (McGonagle et al., 2020; Mehta et al., 2020; Moore and June, 2020)

leading to cytokine release syndrome (Mulchandani et al., 2021), and on the other

depresses T-cell mediated adaptive immunity (Chen et al., 2020; Diao et al., 2020; Qin

et al., 2020). The combination of these two processes has been named “severe

COVID-19 viral sepsis” (Riva et al., 2020) or more generically “complex viral sepsis”

(Schultze and Aschenbrenner, 2021).

Several experimental evidence challenge this model, especially in regard to the

role of the innate immune system. First, systematic analyses of cytokine levels and

especially IL-6 in severe COVID-19 have shown levels higher than healthy individuals

but much lower than non-COVID-19-ARDS (Leisman et al., 2020; Sinha et al., 2020).

While proteomics analysis of plasma samples from COVID-19 patients of different

severities have identified several factors connected to the IL-6 pathway (Messner et al.,

2020), clinical trials with the monoclonal antibody tocilizumab, which targets and

inhibits IL-6 receptors, have proven unsuccessful (Parr, 2021). These apparently

contradictory evidences suggest a more complex set of causes underlying severe

COVID-19. Indeed, a recent multi-omics study employing single-cell proteomics and

transcriptomics of whole blood and peripheral blood mononuclear cells identified a

complex dysregulation of the myeloid cell compartment (Schulte-Schrepping et al.,

2020). Similar results were also obtained by scRNAseq of bronchoalveolar lavage

samples of mild and severe COVID patients (Bost et al., 2020). Interestingly,

monocytes and neutrophils with proinflammatory signatures were prevalent in mild

COVID-19 cases. In contrast, severe COVID-19 was characterized by neutrophils with

immunosuppressive signatures and monocytes with anti-inflammatory functions, rather

than hyperactivation. The effects of this immunosuppressive signature were also
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tested, finding that monocytes of COVID-19 patients were severely under-responsive

compared to both septic and critically-ill-non-septic patients (Remy et al., 2020).

More in-depth understanding of of the interactions between SARS-CoV-2 and

the myeloid compartment is thus required, and more specifically in the activity of

monocyte/macrophages, given their pivotal role as front-line cells in the response to

viral infections, in orchestrating innate and adaptive immune responses as well as the

recovery from inflammation and tissue repair (Wynn and Vannella, 2016).
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4. MATERIAL AND METHODS
4.1. Lung cell lines culture
By Kirstin Mösbauer. Cells were cultured as previously described (Wyler et al.,

2021). Briefly, Calu-3 (ATCC HTB-55) and H1299 (ATCC CRL-5803) were cultivated in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated

fetal calf serum, 1% non-essential amino acids, 1% L-glutamine and 1% sodium

pyruvate in 5% CO2 at 37°C.

4.2. Viruses for lung cell lines infections
By Kirstin Mösbauer. SARS-CoV (Frankfurt strain, NCBI accession number

AY310120) and SARS-CoV-2 (Patient isolate,

BetaCoV/Munich/BavPat1/2020|EPI_ISL_406862) were grown in Vero E6 cells for virus

stock production. Vero E6 cells were grown in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% heat-inactivated fetal calf serum, 1% non-essential

amino acids, 1% L-glutamine and 1% sodium pyruvate in 5% CO2 at 37 degrees

Celsius. After virus harvesting, stocks were concentrated using Vivaspin® 20

concentrators (Sartorius Stedim Biotech) and diluted in OptiPro serum-free medium

supplemented with 0.5% gelatine and phosphate-bufferd saline. Titer was defined by

plaque titration assay. Cells inoculated with cell culture supernatants from uninfected

Vero cells mixed with OptiPro serum-free medium supplemented with 0.5% gelatine

and PBS, in accordance with virus stock preparation, serves as mock infected controls.

All infection experiments were carried out under biosafety level three conditions with

enhanced respiratory personal protection equipment.

4.3. Infection of lung cell lines
By Kirstin Mösbauer. For both Calu-3 and H1299 cells, cells were seeded at

6E10 cells/mL and 5E4 cells/mL respectively; after 24 hours cells were infected with

SARS-CoV, SARS-CoV-2 at an MOI of 0.3-0.5, or with Vero E6 medium as control.

Samples were harvested after 4, 12, 24 and 36 hours for H1299 cells with pre-warmed

trypsin for 3mins at 37 degrees Celsius, after removal of the cell culture media. Cells

were washed twice in PBS, removed at each passage via centrifugation (1000g, 5min

4℃) prior to lysis.

Calu-3 cells were harvested at 4, 8 and 12 hours post-infection. Cell culture

supernatant was saved for MS analysis and inactivated via addition of formaldehyde to

a final concentration of 5%. Cells were harvested as described above for H1299 cells.

20

https://paperpile.com/c/J1AvnP/v8rK
https://paperpile.com/c/J1AvnP/v8rK


4.4. Viruses preparations for monocytes infections
By Daniel Wendisch. Approximately 1E7 Vero E6 cells (ATCC No. CRL-1586)

were infected with BetaCoV/Munich/BavPat1/2020 strain (GISAID accession:

EPI_ISL_406862) passage 1 at an MOI of 0,01 in 12 ml Dulbecco modified Eagle

medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100

U/ml penicillin, 100 µg/ml streptomycin, 1x non-essential amino acids and 1 mM

sodium pyruvate and incubated at 37°C and 5 % CO2 for 48 h. Following centrifugation

at 3.500 rpm for 5 min. to remove cell debris, virus-containing supernatant was added

to Amicon Ultra Centrifugal Filters (100 kDa MWCO, Merck, Germany). Spin filters

were centrifuged at 4.000g for 15 min and subsequently culture medium was added to

the concentrated virus suspension to a final volume of 4 ml. Viral stocks were

re-sequenced after passaging to rule out cell culture adaptation mutations.

By Christin Mache. Influenza A virus stock was grown on MDCKII cells (ATCC No.

CRL-2936) in minimum essential medium (MEM) supplemented with 0,2% BSA, 2mM

L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin and 1 µg/ml TPCK‐treated

trypsin. Cells were infected at an MOI of 0,01 and incubated for 48h at 37°C and 5 %

CO2. Virus-containing supernatant was centrifuged for 5 min at 3.500 rpm. Virus titres

were determined by plaque assay on Vero E6 cells for SARS-CoV 2 and MDCKII cells

for Influenza A/Panama/2007/1999 using Avicel overlay as described previously

(Matthaei et al., 2013; Niemeyer et al., 2018).

4.5. Monocyte isolation - timecourse experiment
By Daniel Wendisch. Peripheral blood mononuclear cells were isolated by

gradient centrifugation (1.077 g/ml Pancoll™, PAN Biotech) from fresh EDTA blood or

buffy coats (German Red Cross Blood Transfusion Service, Berlin) of 3 healthy donors,

followed by immunomagnetic depletion of CD3+/CD19+/CD20+/CD56+/CD235a+ cells

using biotinylated antibodies (Biolegend) and MagniSort™ Streptavidin Negative

Selection Beads (Invitrogen) (Key Resources Tables). Subsequently monocyte subsets

were sorted using a BD FACSAria™ SORP cell sorter (BD Biosciences) starting with

HLA-DR+, CD3-/CD19-/CD20-/CD56- cells to select classical monocytes (CD14+,

CD16-). Cells were washed in RPMI 1640 (Gibco) supplemented with 10% (v/v) FCS

(Sigma), 1 % (v/v) non-essential amino acid solution (Sigma), 1% (v/v) HEPES

(Sigma), 1 % (v/v) Glutamine solution (Gibco) and 1 % (v/v) sodium pyruvate (Gibco).

Cells from different donors were then incubated with the viruses at an MOI of 10 for 1,

3 and 18 hours. After incubation, the cell culture supernatant was removed and cells
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were incubated with ice-cold PBS supplemented with 10mM EDTA for detachment.

PBS-EDTA was removed via centrifugation (1000g 10mins 4℃), and cells were

subsequently washed twice in PBS, also then removed via centrifugation. The different

donor cells were combined prior to lysis.

4.6. Monocyte isolation - RLR investigation experiment
By Daniel Wendisch. Peripheral blood mononuclear cells were isolated as

described above from 2 donors. Cells were then resuspended at 5E7 cells/mL target

concentration in or PBS containing 2% fetal bovine serum (FBS) and 1 mM EDTA.

CD14+ CD16- monocytes were isolated with theEasySep™ Human Monocyte Isolation

kit (StemCell Technologies), following the manufacturer's protocol. Isolated monocytes

were then treated similarly as described above: cells were incubated 16 hours with MOI

of 3 for IAV and 10 for SARS-CoV-2, with the addition of 100µM BX-759. Cells were

harvested as described above.

4.7. Sample preparation for TMT-labelling
In this thesis, the protocol for Tandem-Mass-Tags (TMT)-labelling was executed

4 times, each time with deviations from the standard protocol (Mertins et al., 2018) to

accommodate the needs of the specific set of samples. To keep an easier flow in the

“Material and Methods” section, first the standard protocol will be described, then there

will be sections with specific focus on the variations for the specific sets of samples.

4.7.1. Standard protocol

Cell pellets were lysed by resuspending them in Urea buffer (8M Urea, 150mM

NaCl, 50mM Tris pH 8.0, 1mM EDTA, 1 tab of cOmplete™, EDTA-free Protease

Inhibitor Cocktail (Roche) for every 10mL of buffer, 1:100 dilution of phosphatase

inhibitor cocktail 2 (Sigma-Aldrich), 1:100 dilution of phosphatase inhibitor cocktail 3

(Sigma-Aldrich) and subjecting them twice to a cycle of high-speed vortexing for

10secs and resting on ice for 15 mins, after which lysates were cleared of insoluble

material by high-speed centrifugation (20k g) for 10 minutes at 4℃. Protein

concentration of each sample and standards for calibration curve calibration curve

estimation were then measured with BCA Protein Assay Kit (Pierce): 10µL of samples

and standards were incubated with 200µL of a mixture of a 1:50 mixture of Reagent

A:Reagent B, and then incubated at 37℃ for 30mins. The absorbance at 562nm was

measured with a Multiskan plate reader (Thermo Fisher Scientific), and protein
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concentration was estimated using the calibration curve built using the protein

standards. Equal amounts of each sample were transferred to a fresh tube and brought

to the same concentration by dilution with Urea buffer. In order to convert disulfide

bonds between cysteines to free sulfhydryl groups, samples were incubated with 5mM

dithiothreitol for 1hr at room temperature. Then, to prevent cysteines to reform bonds,

samples were alkylated via treatment with iodoacetamide for 1hr at room temperature

protecting them from direct light. Protein samples were pre-digested for 2hr at room

temperature with the enzyme Endoproteinase LysC (Wako) at an enzyme-to-substrate

ratio of 1:50; then diluted to 2M Urea with Tris HCl pH 8 prior to digestion with

sequencing grade modified trypsin (Promega) for an overnight incubation at room

temperature. The tryptic digestion of proteins into peptides was stopped by acidifying

the samples with 98% formic acid (FA) to a final concentration of 1%. Samples were

then clarified from precipitated urea by centrifugation (15k g , 15mins). Prior to

TMT-labelling, amine-containing salts such as Tris were removed via Stop-And-Go

Extraction tips (or STAGE-tips) (Rappsilber et al., 2007). STAGE-tips were prepared by

inserting 2-3 disks of C18 resin (Empore) into a 200µL pipette tip; one STAGE-tip per

sample was packed. All the following washes of the matrix were done forcing the liquid

through the C18 matrix via centrifugation (3k g, 5mins). Specifically, the matrix was first

activated with 100% methanol, washed with a 50% acetonitrile (ACN) and 1% FA

solution and washed again with 1% FA. Samples were then loaded onto the acidified

C18 matrix also via centrifugation. Contaminants and sats were washed away from the

matrix via two washes with 0.1% trifluoroacetic acid (TFA), followed by one wash with

1% FA. Elution from the C18 matrix was achieved via applying a solution of 50%ACN

1%FA to the C18 matrix, that was forced through also via centrifugation. To remove the

ACN necessary for elution, samples were fully dried and resuspended in equal

volumes of 50mM HEPES-KOH pH 8.5. To ensure that an equal amount of peptides

was used for labelling, peptide concentration in each sample was again measured with

the BCA Protein Assay Kit (Pierce) as described above. Equal amounts of peptides for

each sample were transferred to a fresh tube and volumes were equalized with 50mM

HEPES-KOH pH 8.5. TMT-labelling was achieved using the TMT-pro reagents

(Thompson et al., 2019) following manufacturer’s protocols. Crucially, prior to labelling,

samples were randomly assigned to a TMT channel, in order to remove sources of

bias. For labelling, TMT reagents resuspended in ACN and equilibrated at room

temperature were incubated with the samples at a 1:4-1:8 peptide:reagent (w:w) ratio.

After 1hr incubation at room temperature, a small aliquot (0.5-1µL) of each sample was
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loaded on a STAGE-tip as previously described. Additionally, another aliquot (1-2µL) of

each sample was transferred to a tube containing an excess of 50mM TRIS-HCl pH8

solution, then acidified with FA to a final concentration of 1% and loaded on a

STAGE-tip as previously described. The rest of the labeling reactions were frozen.

These extracted aliquots were used to evaluate labeling efficiency, peptide

miss-cleavage rate and TMT-channels contribution. STAGE-tips loaded with labelling

and mixing controls were eluted and dried as described above and peptides were

resuspend in Buffer A (3% ACN, 1% FA). Mixing and labeling controls were

online-fractionated on a EASY-nLC 1200 and acquired on Q-Exactive HFx or Exploris

instruments on a profile-centroid mode. Peptides were separated on a fused silica,

25cm long column packed in-house with C18-AQ 1.9µm beads kept to a temperature of

45℃. Mobile phase A consisted of 0.1% FA and 3% ACN in water, while mobile phase

B consisted of 0.1% FA and 90% ACN. After quilibritrating the column with 5µl mobile

phase A, peptides were separated with a 250µl/min flow on a 45min gradient: mobile

phase B increased from 2% to 20% in the first 88 minutes, followed by an increase to

30% in the following 9 minutes and ramping up to 60% in B in 2mins. Lastly, the

gradient reached 90% for a total of 5min for the elution of the most hydrophobic

material. The MS was operated in data dependent acquisition, with MS1 scans from

350 to 1500 m/z acquired at a resolution of 60,000 (measured at 200m/z), maximum

injection time (IT) of 10ms and an automatic gain control (AGC) target value of 3 x 106.

The 20 most intense precursor ion peaks with charges from +2 to +6 were selected for

fragmentation, unless present in the dynamic exclusion list (30s). Precursor ions were

selected with an isolation window of 0.7 m/z, fragmented in an HCD cell with a

normalized collision energy of 30% and analyzed in the detector with a resolution of

45,000 m/z (measured at 200 m/z), AGC target value of 105, maximum injection time

of 86 ms. Details of how the labeling and mixing control data was analyzed will be

provided in the data analysis section of the material and methods. Briefly, samples

were considered fully labeled when having a labelling efficiency of over 95% and the

quantitative information of the mixing control was used to adjust channel loadings.

Before mixing the plexes, TMT labeling reactions were quenched via the addition of

10µL of 50mM Tris HCl pH8. Samples were then pooled and desalted via SepPak

columns (Waters), which use the same principle as STAGE-tips but have higher

loading capacity. Briefly, the columns were conditioned with MeOH followed by

50%ACN 1%FA solution, and washed 4 times with 0.1%TFA. Acidified samples (~ pH2)

were loaded onto the column via gravity flow, and the labeled peptides were
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subsequently washed 3 times with 0.1%TFA and once with 1%FA. Finally, desalted

peptides were eluted with a two-step elution with 50%ACN 0.1%FA, and then dried

down.

Peptides were resuspended in High pH buffer A (5mM ammonium formate, 2%

ACN) prior to offline High pH Reverse phase fractionation by HPLC on an Dionex 3000

(Thermo Fisher Scientific). The separation was performed on a XBridge Peptide BEH

C18 (130Å, 3.5µm; 2.1mm x 250mm) column (Waters) on a multi-step gradient from 0

to 60% High pH buffer B (5mM ammonium formate, 90% ACN) 96 minutes long and

collected in 96 fractions (1 fraction/min). The fractions were automatically pooled during

collections, where each xth fraction was combined with the x+25th, x+49th, x+73th

fraction for a total of 24 fractions. Of each pooled fraction approximately 1µg of peptide

was subjected to mass spectrometric (MS) analysis for total proteome measurement.

The remaining peptides were further pooled into 6 fractions and used as input for a

phosphopeptide enrichment via immobilized metal affinity chromatography (IMAC),

which was performed by the Bravo Automated Liquid Handling Platform (Agilent) with

AssayMAP Fe(III)-NTA cartridges. The flow-through of the first IMAC enrichment was

further pooled into 3 fractions and subjected to a second IMAC enrichment with the

same system.

Proteome and phosphoproteome fractions were analyzed on 110minutes

gradients structured as follows: mobile phase B increased from 4% to 30% in the first

88 minutes, followed by an increase to 60% in the following 10 minutes, to then reach

90% in one minute, which was held for 5 minutes. Other MS parameters were as

described above for the labeling and mixing controls, with the exception of the IT for

phosphoproteome analysis, which was set at 240ms.

4.7.2. H1299

Due to the low protein amounts available after lysis, the all 4 hours timepoints

were combined to form a carrier (or booster) channel, which was assigned the

134-TMT channel. The next two channels (133N and 133C) were left empty because

they would be too much influenced by the leakage of the carrier channel.

Pooled samples were separated on an Agilent 1290 Infinity II and fractions were

pooled manually into 29 fractions as follows: the first 12 fractions were pooled together,

while every other x fraction was pooled with x+28 and x+56. For the phosphoproteome,

samples were pooled into 5 fractions, and IMAC flow-through was pooled into 2

fractions.
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4.7.3. Calu-3

Sample were lysed in 2%SDS 50mM Tris HCl pH8 buffer and boiling them at

95℃ for 10mins, followed by 5minutes sonication to shear DNA; lysates were then

cleared via centrifugation (15 min 20,000 g). Removal of detergents and digestion was

performed using an in-house optimized version of the SP3 protocol (Hughes et al.,

2019). Briefly, samples were reduced and alkylated as previously described. After

alkylation, the excess IAA was quenched with 50mM DTT and the solutions were

checked for pH neutrality. Then, protein samples were mixed with a solution of

SeraMag beads A and B (1:1, final bead concentration 100µg/µL) at a 10:1

weight:weight bead-to-protein ratio with the proteins in the sample. Protein binding to

the hydrophilic beads was induced by adding 100%ACN to a final concentration of

>70%, followed by 20mins incubation. The samples were placed on a magnetic rack,

the solution removed and beads were cleaned twice with 80%EtOH. The beads were

then resuspended in 50mM HEPES pH8, and incubated overnight with Trypsin and

LysC at a 1:50 ratio. Digestion lasted approximately 16hrs. After digestion, the SN was

saved and combined with one bead washing step (also in 50mM HEPES). Peptides

were quantified and directly TMT labeled.

4.7.4. Monocytes - Timecourse

Pooled samples were separated on an Agilent 1290 Infinity II and fractions were

pooled manually into 29 fractions as follows: the first 12 fractions were pooled together,

while every other x fraction was pooled with x+28 and x+56. For the phosphoproteome,

samples were pooled into 5 fractions, and IMAC flow-through was pooled into 2

fractions.

4.7.5. Monocytes - RLR investigation

Proteins were lysed via SDS lysis and digested as described above for Calu-3

samples. After combining the TMT labeling reactions, peptide samples were desalted

via an in-house optimized version of the SP3 protocol (Hughes et al., 2019). The

advantage over C18 clean-up is the higher peptide recovery: recovery with C18 is

~65% while is ~80% for SP3 peptide clean-up. Briefly, peptides are incubated with a

mix of SeraMag beads A and B (1:1) at a 200:1 weight:weight beads-to-peptides ratio,

and binding is induced by adding 100%ACN to a final concentration of over 95% and

incubating 20mins. Beads are then washed with 100%ACN twice, and peptides can be
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immediately eluted with water. Desalted peptides were then dried down and

resuspended in buffer A prior to HpH fractionation.

4.8. TMT proteomics and phosphoproteomics data analysis
Baseline analysis of the RAW files was performed similarly for all experiments.

RAW files were analyzed using MaxQuant (Tyanova et al., 2016) v1.6.10.43, where

TMTpro was manually included as a fixed modification and quantitation method. Each

group of samples (H1299, Calu-3, Monocyte timecourse and Monocyte for RLR

investigation) were analyzed separately. Correction factors for each TMT channel were

added to account for channel spillage and minimum reporter precursor intensity fraction

was set to 0.5. The MS scans were searched against human, SARS-CoV-2 and/or

SARS-CoV and/or influenza A uniprot databases (Jan 2020, Apr 2020, April 2020 and

Mar 2020 respectively) using the Andromeda search engine. FDR was calculated

based on searches on a pseudo-reverse database and set to 0.05. The search

included as fixed modifications carbamidomethylation of cysteine and as variable

modifications methionine oxidation, N-terminal acetylation, and asparagine and

glutamine deamidation. Trypsin/P was set as protease for in-silico digestion. Total

proteome and IMAC-enriched phosphopeptides samples were analyzed in the same

MaxQuant run in separate parameter groups with the same settings, except for the

IMAC-enriched samples also Phospho (STY) was added as variable modification.

Contaminants, hits in the reverse database, only identified by modified site and

identified by less than two peptides of which one unique were removed from the

ProteinGroups result table. Phosphosites were filtered by hits in the reverse database,

potential contaminants and sites with localization probability lower than 50%. TMT

reporter ion intensities for each sample were then log-transformed and median-MAD

normalized.

All statistical analysis was done with the programming language R (Version

3.6.3 and 4.0.5). Statistical significance between two conditions was calculated using

Student t-tests. Significance cut-offs were either based on the correction of the t

statistic with an S0 value, (Tusher et al., 2001; Tyanova and Cox, 2018), or based on a

standard significance cut-off and an empirical fold-change cut-off. Specifically, for each

side of the distribution of fold-changes (higher or lower than zero), the function

describing the density of points on the x-axis was calculated. The cut-off was set based

on the x value for which for and for . In𝑑
𝑑𝑥 𝑓(𝑥) =  1 𝑥 ≥ 0 𝑑

𝑑𝑥 𝑓(𝑥) =  − 1 𝑥 <  0
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either case, p-values derived from standard or S0-corrected t-statistics were adjusted

with Benjamini-Hochberg corrections (Benjamini and Hochberg, 1995). Differences in

protein or phosphopeptide intensities across multiple samples were evaluated using an

ANOVA test and results were filtered for Benjamini-Hochberg adjusted p-values lower

than 5%. Proteins or sites passing this filtering were clustered via fuzzy-c-means

clustering (e1071 Package) on Z-score corrected intensities, and clusters were

assigned based on closest hard clustering criteria. For Calu-3 phosphosites, the sites

were clustered via tree-cut of hierarchical clustering with the dendextend package

(Galili, 2015) using the ratio against control of ANOVA significant sites. Gene Set

Enrichment Analysis was performed with the R GSEA suite of the Broad Institute using

the Molecular Signature Database (MSigDB, v7.0) with the ontology and immunologic

gene set collections. Prediction of kinase activity was also performed using the same

tool, and querying the data with an in-house developed database of

phosphosite-to-kinase associations (described in following paragraph). Gene ontology

(GO) enrichments were calculated using DAVID (Huang et al., 2009a, 2009b) selecting

the GOTERM_BP_DIRECT, GOTERM_MF_DIRECT, KEGG_PATHWAY,

REACTOME_PATHWAY categories. MS2 scans shown were extracted with rawDiag

(Trachsel et al., 2018) and re-annotated manually. Monocytes proteomic data was

mapped to three different gene signatures and analysed using the stat_ecdf function as

implemented in the stats R-package. The signatures we tested originated from: genes

identified as upregulated from scRNA-seq of macrophages in patients with pulmonary

fibrosis (listed with a FC>0) in supplementary_table_3_human_sc_de.xlsx table from

(Reyfman et al., 2019); SPP1-expressing macrophages identified in idiopathic

pulmonary fibrosis (Morse et al., 2019); genes associated with fibrosis in the manually

curated Comparative Toxicogenomics Database (CTDbase) (Davis et al., 2019). All

gene set distributions were tested for average upregulation for each timepoint

compared to all other quantified proteins using a one-sided wilcoxon rank sum test

using the wilcox.test function implemented in R (Version 3.6.3).

Transcriptomics profiles shown were derived from the Cancer Cell Line

Encyclopedia (CCLE) (Barretina et al., 2012).

4.9. Calu-3 cell culture supernatants sample preparation
200µL of formaldehyde-inactivated cell culture supernatants were cleared of

cells via high speed centrifugation (20000g, 10mins). Proteins were then isolated via

acetone-methanol precipitation. Briefly, samples were incubated with an ice-cold
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mixture 8:1 acetone:methanol, with 6 volumes of mixture per volume of sample. After

vortexing, samples were incubated at -80℃ for 4 hours, then pelleted via high speed

centrifugation (20000g, 30mins, 4℃ ). The supernatant was then discarded and protein

pellets were washed with ice-cold methanol and centrifuged again (20000g, 10mins,

4℃ ). The supernant was discarded and pellets were allowed to air dry. Samples were

then resuspended in LSD sample buffer (Invitrogen) and incubated at 95℃ for 30mins

for de-crosslinking. To remove the detergents and digest the samples, the SP3 protocol

was used. Briefly, samples were reduced and alkylated as previously described. After

alkylation, the excess IAA was quenched with 50mM DTT and the solutions were

checked for pH neutrality. Then, protein samples were mixed with a solution of

SeraMag beads A and B (1:1, final bead concentration 100µg/µL) at a 10:1

weight:weight bead-to-protein ratio with the proteins in the sample. Protein binding to

the hydrophilic beads was induced by adding 100%ACN to a final concentration of

>70%, followed by 20mins incubation. The samples were placed on a magnetic rack,

the solution removed and beads were cleaned twice with 80%EtOH. The beads were

then resuspended in 50mM ammonium bicarbonate, and incubated overnight with

Trypsin and LysC at a 1:50 ratio. Digestion lasted approximately 16hrs. After digestion,

the SN was saved and combined with one bead washing step (also in 50mM

ammonium bicarbonate). Peptide amounts in each sample were quantified via BCA as

described above. Samples were then dried and resuspended in buffer A (3%ACN,

1%FA) prior to MS analysis.

4.10. Data-independent acquisition MS analysis of supernatants
For each Calu-3 supernatant sample, approximately 1µg of peptides were

injected. Samples were online-fractionated on a EASY-nLC 1200 and acquired on

Q-Exactive HFx instrument on a profile mode. Peptides were separated on a fused

silica, 25cm long column packed in-house with C18-AQ 1.9µm beads kept to a

temperature of 45℃. Mobile phase A consisted of 0.1% FA and 3% ACN in water, while

mobile phase B consisted of 0.1% FA and 90% ACN. After quilibritrating the column

with 5µl mobile phase A, peptides were separated with a 250µl/min flow on a 45min

gradient: mobile phase B increased from 0 to 2% in the first minute, then from 2% to

20% in 19 minutes, followed by an increase to 30% in the following 9 minutes. Solvent

concentration was then increased to 60% buffer B concentration in 3 minutes. Lastly,

the gradient reached 90% for a total of 5min for the elution of the most hydrophobic

material. The MS was operated in data-independent acquisition mode. Each cycle
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consisted of a full MS scan from 350 to 1200 m/z at a resolution of 120000. AGC target

was set at 3E6 and maximum injection time at 60ms. The m/z range was then scanned

with 20 MS2 scans with an isolation window of size 45.7m/z, each overlapping with the

previous and following scan by 1.5 m/z. For each scan, the selected precursor ions

were fragmented with a stepped collision energy of 25.5, 27 and 30. Fragment ions

were then measured at a resolution of 30000. For these scans, the AGC target was set

at 3E6 and injection time was automatically evaluated by the instrument based on the

abundance of ions in the previous scans.

4.11. DIA data analysis
Raw data of DIA runs were analyzed via Spectronaut v11 (Biognosys) using the

DirectDIA feature, which allows the identification of peptides from DIA experiments

without the need for a spectral library. Peptide retention time prediction was performed

with an non-linear indexed retention time (iRT), with precision iRT feature enabled.

Identifications were automatically filtered based on a 1% q-value cut-off at feature and

protein level. Mass tolerance for matching precursor and fragment ions was set to

dynamic. Quantification was done on the MS2 level using the peaks extracted ions

chromatograms (XIC). As protein databases the human, SARS-CoV and SARS-CoV-2

uniprot databases were used.

The protein quantitation calculated by Spectronaut were log-transformed and

median-normalized prior to correlation analysis.

4.12. Phosphosite-to-kinase for PTMsea
Our database was build with data produced with in vitro phosphorylation assays

performed with recombinant protein kinases (Sugiyama et al., 2019). The RAW data

was downloaded from the ProteomeExchange repository and re-analyzed using

MaxQuant. Quantitation method was set as di-methil labelling, while the remaining

parameters were the ones described above for phosphoproteomics analysis.

From the resulting phosphosites, those matching in the reverse database,

originating from contaminant proteins and having localization probability lower than

0.75 were filtered out. For this analysis, only singly phosphorylated sites were

considered. Phosphopeptide intensities were log-transformed and corrected for the

peptide intensity in the controls. For each recombinant kinase, only sites with a

log-transformed ratio higher than 1.5 were assigned. Additionally, sites assigned to

more than 20 kinases were considered too redundant to provide reliable information
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and were removed. For kinases with more than 500 assigned sites, only the 500 with

highest treatment over control intensities were included in the database.

The database was turned into a GMT v3 file to be used in the GSEA suite of the Broad

Institute.
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5. RESULTS
The results section of the present thesis consist of two parts. First, we focused

on studying the effects of the replication of SARS-CoV-2 at the proteome and

phosphoproteome level in lung-like cell lines. While now it’s well established that

SARS-CoV-2 mostly replicates in the upper respiratory tract (Wölfel et al., 2020), at the

time the experimental conditions were set up we opted for lung-like cell line as model

system, based on the previous observations on the replication of the SARS-CoV virus

(Leung et al., 2004). We also included, in a subset of these experiments, infection with

both SARS-CoV and SARS-CoV-2 to compare the proteome changes induced by the

two viruses.

Second, we analyzed how the innate immune system, with a specific focus on

monocyte macrophages, responded to SARS-CoV-2 in comparison with the Influenza

A virus. We analysed a time course post-infection experiment as a broad view on the

effect of the virus, identifying a specific shift toward a reparative/profibrotic macrophage

phenotype. Then, the following experiments focused on gaining specific insight into the

molecular mechanisms of action that mediate the response of macrophages to

SARS-CoV-2 via a combination of stimuli, with or without the inhibition of the cellular

antiviral response.

5.1. SARS-CoV-2 infection and replication in lung-like cell lines
5.1.1. SARS-CoV and SARS-CoV-2 infection of H1299 cells

H1299 cells were infected with SARS-CoV or SARS-CoV-2 (MOI 0.3-0.5) and

sampled at 12, 24 and 36 hours post-infection (hpi), along with mock infected controls,

with all treatments and time points collected in 3 biological replicates. Protein amounts

obtained after lysis resulted highly variable and hpi-dependent (Supplemental Figure
1A), indicating that the cells kept replicating throughout the experiment despite the

ongoing infection. Since the obtained protein yield of a subset of samples was not

suitable for a standard TMT proteome and phosphoproteome set-up (Mertins et al.,

2018), we devised an alternative experimental design (Figure 1A): first, 12 and 24 hpi

samples for each virus were combined to a single sample. Second, after the removal of

enough protein amount for the subsequent analysis, the excess coming from all the

samples was combined into a single aliquot and further combined with all the 4hpi

samples. This super-mix of the samples comprised a so-called “TMT booster channel”

(Budnik et al., 2018), which was combined with the samples and exclusively used to

boost the signal-to-noise ratio in our analysis, to increase identifications and provide
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enough material for a phosphoproteomics enrichment. According to the most recent

indications regarding the influence of the booster channel in affecting the quantitation of

the remaining samples, we limited its contribution to approximately 30x the amount of

sample (Cheung et al., 2021). With this experimental set up, we could confidently

quantify over 8000 proteins and 5000 phosphosites. Neither SARS-CoV or

SARS-CoV-2 had a strong impact on either the proteome or the phosphoproteome of

H1299 cells (Supplemental Figure 1B), with no host protein or phosphosite

significantly (Benjamini-Hochberg adjusted p-value < 0.1, log2 Fold-change > 0.5 or <

-0.5) impacted by the presence of the virus even at any timepoint (Figure 1B). This is

in line with transcriptomics observations of the same cell line under the similar

conditions, which showed a low percentage of viral reads (<0.2% compared to the total

cell transcriptome) produced after infection in H1299 cells (Wyler et al., 2021). Most

likely, the low infective capability of SARS-CoV and SARS-CoV-2 on H1299 cells is due

to the low expression of the ACE2 receptor (Figure 1C), which constitutes the main

entry point for SARS-CoV and SARS-CoV-2 in host cells (Hoffmann et al., 2020).

Of the viral proteomes, we could identify the N protein of both SARS-CoV and

SARS-CoV-2. Both proteins showed an increased abundance post-infection, indicating

a productive infection, albeit with low efficiency. Using two peptides which sequence is

shared between the N proteins of the two coronaviruses, we could also observe that

SARS-CoV had a higher N protein expression compared to SARS-CoV-2 (Figure 1D),

in line with published data (Wyler et al., 2021). While SARS-CoV-2 entry can be also

occur by FURIN-mediated proteolytic cleavage of the Spike protein followed by

interaction of the Spike-S1 fragment with NRP1 (Cantuti-Castelvetri et al., 2020; Daly

et al., 2020), and despite both FURIN and NRP1 being expressed by H1299 cells

(Figure 1C), these did not caused an increased production of viral reads or viral

proteins of SARS-CoV-2 compared to SARS-CoV.

As a summary, these data suggest that SARS-CoV-2 can lead to a productive

infection also in cells that have a low expression of the main entry receptor for the

virus, and that, in this experimental set-up, SARS-CoV has a more efficient replication

that SARS-CoV-2.

5.1.2. SARS-CoV-2 infection of Calu-3 cells

Calu-3 cells were infected with SARS-CoV-2 (MOI 0.3-0.5) and sampled at 4, 8

and 12 hpi, along with mock-infected controls, and processed according to the

standard TMT protocol (Mertins et al., 2018) (Figure 2A), which yielded over 8000
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proteins and approximately 13000 phosphosites quantified in all samples. Compared to

the infection with H1299 cells, Calu-3 were more permissive to viral growth: in the

proteome dataset we could quantify 8 viral proteins, all showing a marked increase

throughout the infection (Figure 2B). The overall impact of the infection on both host

proteome and phosphoproteome was very contained, with the majority of the variance

explained by the time each sample was collected (PC1 proteome = 24.8%, PC1

phosphoproteome = 28.1%), followed than by the treatment (PC2 proteome = 20.5%,

PC2 phosphoproteome = 19%) (Supplemental Figure 2A and 3A). At the latest time

point, we could identify several host proteins significantly enriched or depleted

(Benjamini-Hochberg adjusted p-value < 0.1, empirical fold-change cut-offs), together

with all the identified viral proteins (Figure 2C, left). Among the enriched host proteins,

we identified several interferon-stimulated genes (ISGs), such as IRF7, IFIT1, IFIT2,
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IFIH1, OAS1 and MX2. All of these genes are well characterized for their antiviral

function (Crosse et al., 2018; Schoggins and Rice, 2011), also in the context of

SARS-CoV-2 infections (Sa Ribero et al., 2020; 2020; Wyler et al., 2021). Among the

downregulated proteins we identified ACE2, the receptor used by SARS-CoV-2 as

point of entry in host cells (Hoffmann et al., 2020). The reduced amount of cellular

ACE2 is in line with reports that observed a marked increase in circulating ACE2 in the

blood of COVID-19 patients, particularly those affected by severe COVID-19 (Patel et

al., 2021). This is possibly caused by excess shedding of the catically active site of

ACE2 into the medium due to the binding of the virus to the receptor. Among the

downregulated proteins, we could observe an enrichment of secreted proteins (Figure
2C, right), many of them involved in extracellular (ECM) disassembly (TIMP2, CTSV,

LAMC2, MMP7). ECM rearrangement processes are commonly found in fibrotic

diseases such as idiopathic pulmonary fibrosis (IPF) (Herrera et al., 2019) and have

also been described in COVID-19 (Wang et al., 2020).

While total proteome analysis gives valuable information on the changes of

proteins in the cells, phosphoproteomics analysis can give valuable insights into protein

activity and activation of specific signaling pathways (Needham et al., 2019). In our

phosphoproteome data, we could identify approximately 300 phosphosites up- or

downregulated upon infection in at least one of the sampled timepoints (Figure 3A,

top). To better understand the role of the differential phosphorylated proteins in the

ongoing infection, we clustered the phosphosites via hierarchical clustering and

analyzed each cluster for enrichment of gene ontology terms in a gene-centric fashion

(Figure 3A, bottom). We could identify several enrichment terms for all clusters with

the exception of cluster 6, probably due to its limited size. All other clusters showed

enrichment in genes related to transcriptional regulation, likely indicating the different

transcriptional bursts caused by the various phases of the infection. Cluster 1 (CL.1),

representing most sites upregulated upon infection, was enriched in proteins involved

in MAP kinases signaling and TNF signaling pathways, both pathways known to be

involved in the cellular response to many viruses (Kumar et al., 2018; Seo and

Webster, 2002), including SARS-CoV-2 (Wyler et al., 2021). These pathways have

been already suggested as potentially druggable targets (Grimes and Grimes, 2020;

Robinson et al., 2020). Interestingly, while proteins involved in Influenza A virus also

had upregulated phosphosites in cluster 1, proteins involved in host-virus interactions

were found in both upregulated (cluster 4) and downregulated (cluster 2) groupings.

For example, DDX3X phosphosites, necessary for the interaction with the kinase
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TBK1, were enriched at the latest time point (CL.4) (Soulat et al., 2008). Cluster 4 also

showed an enrichment of proteins involved in MAP Kinase activity, remarking the

importance of this pathway during infection. Downregulation of sites involved in cell

cycle (cluster 2) is in line with the slowing down of cell division upon SARS-CoV-2

infection (Bouhaddou et al., 2020).

While a gene-centric approach to investigate the biological significance of aggregated

phosphosite data can reveal biological insight into broad biological processes, it loses

the high-resolution information of exactly which phosphosite is up- or downregulated

provided by our MS-based proteomics approach. The availability of collections of

phosphosites functional annotation (e.g. function, disease association, upstream

kinases) is still quite limited (Hornbeck et al., 2015; Kandasamy et al., 2010; Slenter et

al., 2018) and their accuracy has been recently put into question (Ochoa et al., 2020).

To bridge this gap in knowledge, we compiled a collection of phosphosites obtained by

in vitro phosphorylation of a cell lysate with recombinant kinases (Sugiyama et al.,

2019) into a database of phosphosite-to-kinase associations. This database can be

queried using an adapted single sample Gene Set Enrichment Analysis (ssGSEA)

named PTM Set Enrichment Analysis (PTM-SEA) (Krug et al., 2019) to infer the activity

of specific kinases based on intensity (or ratio values) of phosphosites identified in a

phosphoproteomics dataset (details in Material & Methods). Analyzing the

phosphoproteomics data of SARS-CoV-2-infected Calu-3 cells (Figure 3B), we could

see a number of kinases increasing their activity upon viral infection, many of them

involved in response to viral infection such as MAP kinases (Kumar et al., 2018),

stress-activated kinases downstream of the MAP/ERK pathway such as RPS6KA1 and

RPS6KA2 (Dalby et al., 1998), and kinases upstream of certain nodes in the MAP/ERK

network, such as AKT1. Also the kinase TBK1 is predicted to be activated at the 12hpi.

This is well in accordance with the role of TBK1, as mediator of RLR signaling via

phosphorylation of the transcription factors IRF3/7 (Onomoto et al., 2021). The effects

of the activation of TBK1 could also be observed in our total proteome data, with the

induction of several ISGs (Figure 2C). Among the kinases predicted downregulated,

several are involved in cell cycle progression, such as PLKs and NEKs (Fry et al.,

2012; Lee et al., 2014), in line with the decreased proliferation induced by the infection.

Interestingly, our analysis predicted the downregulation of both subunits of casein

kinase 2 (CK2, composed by subunit alpha 1 CSNK2A1 and subunit alpha 2

CSNK2A2), which was found both as interacting with the N protein of SARS-CoV-2

(Gordon et al., 2020) and playing a role in the life cycle of other viruses (Meggio and
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Pinna, 2003). We then focused on the viral phosphoproteome to look for connections

between decreased activity of CK2 and the infection (Figure 2F). Among the viral

phosphopeptides we identified, one of those belonging to the N protein (Figure 2F,

marked in red) matched with the consensus sequence of CK2 S-X-X-E/D (Marin et al.,

1986). Interestingly, the relative abundance of this phosphopeptide peaks at 8hpi and

decreases at 12hpi and does not follow the same trend of steady increase of the N

protein (Figure 2B).

In addition to the dataset described above, we also acquired proteomics data of

cell culture supernatant of Calu-3 cells. Samples infected with SARS-CoV,

SARS-CoV-2 or mock infected were collected in biological triplicates or duplicates, and

the resulting peptides obtained by tryptic digestion of the cell culture supernatant were

measured using a Data Independent Acquisition (DIA) method. Hierarchical clustering

of the samples revealed poor correlation within replicates, with the major parameter for

the clustering being the timepoint after infection (Supplemental Figure 2C).

As a summary, our proteomics analysis of Calu-3 cells infected with

SARS-CoV-2 confirmed several observations already present in literature regarding the

initial response of epithelial cells to this virus. Additionally, our phosphoproteomics data

analysis potentially identified a specific viral target of the host kinase CK2.

5.2. Response of monocyte macrophages to SARS-CoV-2 infection
5.2.1. Time-course of monocytes infected with SARS-CoV-2 and

influenza A viruses

To investigate the effect of SARS-CoV-2 on monocyte macrophages, we

isolated peripheral blood mononuclear cells from 3 healthy donors and enriched them

for CD14+CD16- cells (classical monocytes). These cells were then treated with

SARS-CoV-2 or influenza A virus (IAV) at an MOI of approximately 30, and sampled at

1, 3 and 18 hours post-treatment, together with mock infected controls, in biological

duplicates. Samples were then processed according to the TMT sample preparation

workflow (Figure 4A), which yielded approximately 7000 proteins and 5000

phosphosites confidently quantified. First, we focused on the behaviour of the viral

proteomes, to evaluate the infectivity of monocytes to the two viruses. In IAV-treated

monocytes, we observed a steady increase of all the identified viral proteins over the

course of the infection, consistently with previous observations indicating that

monocytes can harbour productive influenza A virus infections (Cline et al., 2017)
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(Figure 4B, left panel). In contrast, the relative abundance of SARS-CoV-2 identified

proteins remained overall constant over time (Figure 4B, right panel) with the only

exception of the M protein (VME1), which showed a mild increase over the course of

the treatment. A closer inspection of the peptide spectra identified for this protein

confirmed this observation (Figure 4C). Interestingly, monocytes express low levels of

the receptors required for SARS-CoV-2 entry (Supplemental Figure 4A), but as we

also observed in H1299 cells (Figure 1B and 1D), low expression appears to be

enough to provide viral entry. SARS-CoV-2 genomic RNA has also been previously

detected also in subsets of macrophages in vivo (Bost et al., 2020; Chua et al., 2020)

and in in vitro differentiated monocytes and dendritic cells (Yang et al., 2020). Our ex
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vivo treatment of macrophages with SARS-CoV-2 confirms the capability of the virus to

infect these myeloid cells. The infection we observed appears to be abortive, albeit with

a mild translation of the viral genome might be present.

We then focused on how the two viruses affected the proteome and

phosphoproteome of the host monocytic cells. The variance in the phosphoproteome

dataset was mostly driven by the latest timepoint of IAV treatment, indicating the extent

of rewiring of the cellular signaling pathways by the productive infection of influenza A

virus (Supplemental Figure 4B). At the total proteome level, principal component

analysis (PCA) showed a net separation of the samples based on time-post-treatment

(PC1, 40% of explained variance) and type of viral treatment (PC2, 20% of explained

variance) (Figure 4D). When focusing on proteins differentially expressed in at least

one of the samples (ANOVA test, Benjamini-Hochberg adjusted p-value < 5%), we

could observe specific and differential protein responses elicited by the two viruses,

especially at the latest timepoint sampled (Figure 4E). Fuzzy-c-means clustering

applied to z-scored normalized intensities of the ~2500 differentially expressed proteins

revealed specific groupings: upregulated by SARS-CoV-2 (cluster 1) or IAV (cluster 2),

as well as downregulated by one of the two viruses (cluster 3 for CoV-2, cluster 4 for

IAV) or both (cluster 5). This analysis already reveals a strong and differential impact of

IAV and CoV-2 in ex vivo infected monocytes.

To better understand how SARS-CoV-2 and IAV differently influence the host

proteome of monocytes, we calculated the normalized intensity ratio of SARS-CoV-2

over IAV for each timepoint and for each gene, ranked them and searched for enriched

gene sets via gene set enrichment analysis (GSEA) (Subramanian et al., 2005) (Figure
5A). IAV-treated samples showed an enrichment of terms related to viral replication and

influenza virus infection, clearly confirming our observations at the viral proteome level.

In SARS-CoV-2 treated samples, a first group of enriched gene sets were related to the

antiviral response mounted by the host cells and likely activated by RIG-I-like

receptors. These are a family of proteins that can recognize RNAs with viral

characteristics, and activate a cascade of signal signals that ultimately induces the

expression of type-I interferons and other inflammatory, antiviral and immunity-related

genes (Rehwinkel and Gack, 2020). In a productive infection, SARS-CoV-2 would

produce factors to counteract the antiviral host response, such as the NSP1 viral

protein, which inhibits host transcription (Schubert et al., 2020), but as we shown

above, there is little evidence that the genome of SARS-CoV-2 is translated.
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IAV-treated samples, in contrast, have the host antiviral response inhibited by the

activity of the viral proteins like NS1 (Hale et al., 2008).

We also observed another group of gene sets enriched in SARS-CoV-2 treated

samples, related to regulation of extracellular matrix (ECM) components and

deposition, and regulation of fibroblast activity (Figure 5A). Such a functional

expression profile was reminiscent of the regulatory role that macrophages exert in

tissue repair and fibrosis (Wynn and Vannella, 2016). While macrophages have been

mostly studied for their role in mediators of inflammatory processes, they can also

induce tissue, and more specifically pulmonary (Gibbons et al., 2011), fibrosis: both

directly via the production of matrix-metalloproteinases (Madala et al., 2010) and

indirectly by orchestrating the local inflammatory response or by regulating the activity

of ECM-producing cells, such as myofibroblasts (Borthwick et al., 2016; Henderson et

al., 2008; Heymann et al., 2012; Kaviratne et al., 2004; Mitchell et al., 2009; Pradere et

al., 2013). To better test whether SARS-CoV-2 treatment induced a profibrotic

phenotype in monocyte-macrophages, we then tested if we could observe an

enrichment of fibrosis-related gene sets, namely:

● a manual curation of genes related to fibrosis from the comparative

toxicogenomic database (CTDbase) (Davis et al., 2019);

● genes upregulated in macrophages of patients with idiopathic pulmonary

fibrosis (IPF) compared to healthy controls (Reyfman et al., 2019);

● one macrophage population identified in the lower lobes of lungs of individuals

with IPF (Morse et al., 2019).

We could indeed observe a significant enrichment of these gene sets

(one-sided Wilcoxon-rank sum test), specifically at the latest timepoint of SARS-CoV-2

treated samples (Figure 5B, Supplemental Figure 5A). IAV-treated samples only

showed a milder enrichment of the CTDbase set only at 3hpi.

We could find another evidence of the polarization of SARS-CoV-2-treated

macrophages toward a profibrotic phenotype when focusing on the expression of

specific isoforms of the transcription factor CEBPB. This is one of the main members of

the CCAAT-enhancer binding proteins family, and has been shown to be active in the

alveolar macrophage population and to prime it toward a profibrotic phenotype by

single cell sequencing of bleomycin-induced fibrotic lungs of mice. (Aran et al., 2019).

In our data, we identified two of the isoforms of the CEBPB, the LAP*/LAP longer

isoform and the shorter LIP isoform, which lack the N-terminal transactivation domain

(Figure 5C). These isoforms are produced by the same transcript by alternative
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translation of the CEBPB mRNA and thus can only be detected at the protein level, by

the identification of the N-terminal acetylated LIP peptide (Descombes and Schibler,

1991). A higher ratio of LAP:LIP protein abundance has been previously linked to

macrophage differentiation (Calkhoven et al., 2000; Huber et al., 2012). By observing

the ratio of the single peptides, and particularly the comparison between the

LIP-specific peptide with the others, we could find an induction of LAP by SARS-CoV-2,

confirming our observations about SARS-CoV-2 induced differentiation.

Summarizing the proteomic response of monocytes to SARS-CoV-2 compared to

influenza A virus (Figure 5D), we observed both a stronger upregulation several

proteins involved in viral double stranded RNA detection, such as RIG-I, MDA5, their

ligand LGP2 and PKR. We could also observe an upregulation of transmembrane

proteins fundamental for the activity of alveolar macrophages such as LDLR, CD9 and

CD44 (Bourcier et al., 2010; Hollingsworth et al., 2007). We could also identify as

upregulated in SARS-CoV-2 samples other scavenger receptors such as MRC1, OLR1

and SCARF1, known for their role in macrophage polarization (Canton et al., 2013).

Internal and external receptors have their combined signals integrated in the nucleus of

the cell, where transcriptional responses are mounted to react to environmental stimuli.

Accordingly, we observed the upregulation of several transcription factors (TFs), either

with stronger involvement in proinflammatory responses, such as IRF7 and TFs of the

NFKB complex; or with more characterized roles in the regulation of differentiation. Of

particular interest is the identification of two of the isoforms of the TF CEBPB, the

LAP*/LAP longer isoform and the shorter LIP isoform, which lack the N-terminal

transactivation domain (Figure 5C). These isoforms are produced by the same

transcript by alternative translation of the CEBPB mRNA and thus can only be detected

at the protein level, by the identification of the N-terminal acetylated LIP peptide

(Descombes and Schibler, 1991). A higher ratio of LAP:LIP protein abundance has

been previously linked to macrophage differentiation (Calkhoven et al., 2000; Huber et

al., 2012). Strikingly, the pattern of LAP:LIP ratio in IAV-treated samples was exactly

reversed. Additionally, CEBPB has been shown to be active in the alveolar

macrophage population and to prime it toward a profibrotic phenotype by single cell

sequencing of bleomycin-induced fibrotic lungs of mice. (Aran et al., 2019). The same

study also identified MAFB as a marker of profibrotic macrophages, which was also

observed mildly upregulated upon SARS-CoV-2 treatment, and strongly downregulated

by IAV treatment.

TFs regulate the transcriptional bursts caused by events such as viral infection, which
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strongly influence the level of downstream effector proteins. As such, we could observe

the upregulation of several cytokines and chemokines upon SARS-CoV-2 treatment.

For example, we observed an upregulation of CCL8, which had been previously

described as characteristic of the response to SARS-CoV-2 (2020). CCL24, which has

been previously connected to regulate the activity of human lung fibroblast toward a

fibrotic phenotype (Baran et al., 2007). Finally, as observed also with two

macrophage-specific and one manually curated fibrosis signatures (Figure 5B,
Supplemental Figure 5A), we observed a number of factors that contribute to

pulmonary fibrosis and profibrotic phenotypes.

In summary, via ex vivo infection of monocytes with SARS-CoV-2 and influenza

A virus, we have shown that:

● Both viruses can enter monocytes, but while IAV has a productive infection,

SARS-CoV-2 protein levels do not increase overall;

● SARS-CoV-2 treated samples show a strong inflammatory, interferon-mediated

antiviral response, likely due to RIG-I-like receptors sensing the virus. Influenza

A virus inhibits this response, likely through the activity of the NS1 protein;

● SARS-CoV-2 also induces the macrophages to differentiate toward a profibrotic

phenotype.

5.2.2. Proteomics analysis of RLR response to SARS-CoV-2 in

macrophages

Pronounced scarring and varying levels of lung fibrosis have been extensively

described in a subset of COVID-19 patients with severe but also milder symptoms

(Combet et al., 2020; Pan et al., 2020; Schwensen et al., 2020; Spagnolo et al., 2020).

Our data on ex vivo infection of monocytes suggests that macrophages acquire a

profibrotic phenotype in response to SARS-CoV-2, and could thus be a driver of

SARS-CoV-2-induced lung fibrosis. Our data also showed a pronounced antiviral

response of monocytes in response to the virus, likely triggered by RIG-I-like

receptors-mediated dsRNA sensing. Given the experimental design of the experiment

described above, we could not determine if the profibrotic phenotype was directly

caused by RLRs sensing, or if SARS-CoV-2 induces such phenotype in monocytes

through other means.

Thus, we designed an experiment that would allow us to better address the role

of the cellular dsRNA sensing mechanisms (Figure 6A). Overall, we kept an
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experimental design similar to the one described above, but with key differences to

address specific questions that arose from the previous set-up:

● We focus only on a late timepoint of 16hpi, since in the previous set-up we

could not observe strong effects at the proteome level after 1 or 3 hours

post-treatment;
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● Together with SARS-CoV-2 and IAV, we also treated cells with 5’ triphosphate

hairpin RNA (hpRNA) generated via in-vitro transcription of H1N1 virus. This

construct is very specifically recognized by RIG-I and induces a type I interferon

response (Hornung et al., 2006) (Figure 6B).

● We decided to reduce the multiplicity of infection for both SARS-CoV-2 and IAV

to 10 and 3, respectively. In the case of SARS-CoV-2, we wanted to reduce the

RIG-I mediated response to understand if this was the trigger of the profibrotic

phenotype. In the case of IAV, we also wanted to account for the viral replication

happening during the course of the experiment.

● Samples were either treated exclusively with SARS-CoV-2, IAV or hpRNA, or in

combination with the compound BX-795 (Clark et al., 2009). This drug inhibits

the activity of the TANK-binding kinase 1 (TBK1), which integrates the signals

coming from RLRs by phosphorylating IRF3 and IRF7, directing them to the

nucleus were they act as TFs mediating pro-inflammatory and antiviral

responses (Figure 6B).

With this design, we aimed at verifying both the direct effects of RIG-I signaling

on macrophages by inhibiting them, and using as readout the changes at the proteome

and phosphoproteome level. We used a TMT-based strategy to multiplex, acquire and

quantify our samples. Given the low sample amounts available from ex vivo samples,

we optimized a variation on the standard TMT-workflow (Mertins et al., 2018) that

utilizes single-pot, solid-phase-enhanced sample preparation (SP3) (Hughes et al.,

2019) instead of C18 material to desalt samples, minimizing losses of protein and

peptide material (details in Material & Methods section). Thanks to this optimized

protocol, with very similar sample amounts compared to the previous experiment, we

obtained more than 7000 proteins and more than double (over 11000) phosphosites

fully quantified in all conditions. Principal component analysis of the proteome (Figure
6C, right) showed a strong separation of the IAV treated samples (PC1, 50% of

variance explained), while SARS-CoV-2 and hp-RNA treatments resulted in more

similar proteomes (PC2 separation accounting for 13% of variance). Interestingly,

samples treated with both RIG-I agonist and TBK1 inhibitor resulted similar to the

control samples, hinting that the combined treatments effectively blocked the antiviral

cellular response of monocytes at the proteome level. Also at the phosphoproteome

level, the main separation of the samples was due to treatment with Influenza A virus

compared to the other treatments (PC1), which explained the vast majority of the

variance between the samples. Interestingly, the second major source of variance was
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whether the samples were treated with BX-795 (PC2, 6% variance explained) (Figure
6C, left). To verify the effectiveness of the treatment with BX-795, we selected genes

with negative log-transformed UT/BX-795 ratios for SARS-CoV-2, IAV and hp-RNA

treatments, and genes in the lowest 2-percentile of UT/BX-795 ratio for mock treated

samples, and tested them for the enrichment of ontology terms (Supplemental Figure
6A). Given the proinflammatory activity of TBK1, the strong enrichment for genes

involved in response to viruses and response or production of interferons made us

confident of the effectiveness of the treatment.

The effects of the treatments can be well appreciated when observing the

expression of proinflammatory and profibrotic proteins (Figure 6D). Both IAV and R848

treatments induced a clear proinflammatory and antiviral response, strongly reduced in

samples also treated with BX-759. Interestingly, SARS-CoV-2 treated samples showed

an overall low expression of proinflammatory proteins, both when compared to the

other treatments and especially in our time course experiment (Supplemental Figure
6B). This reduced expression is likely due to the lower MOI used in these samples,

which strongly reduced the RIG-I-mediated expression of ISGs. Focusing on proteins

with profibrotic functions, we observed a strong induction by SARS-CoV-2 treatment,

while neither IAV nor the RIG-I agonist could elicit the expression of these proteins.

Strikingly, treatment with the TBK1 inhibitor had little effect in the expression of these

genes, especially when compared to the effect BX-795 had on the expression of

proinflammatory proteins. Finally, to test if macrophages had acquired a profibrotic

programming, we tested for the enrichment gene set tested previously (Davis et al.,

2019; Morse et al., 2019; Reyfman et al., 2019) (Figure 6E). The manually curated

CTDbase and the IPF-associated macrophage signatures showed significant

enrichment upon SARS-CoV-2 treatment independently on whether TBK1 was

inhibited. Interestingly, the same signatures were enriched also upon 3’-hpRNA

treatment. We couldn’t find in the literature any report of profibrotic gene expression

programming induced by RIG-I agonists, although viral infections have been implicated

in IPF and lung fibrosis (Meneghin and Hogaboam, 2007; Molyneaux and Maher, 2013;

Naik and Moore, 2010; Sheng et al., 2020; Wootton et al., 2011). Additionally, the

hpRNA-elicited profibrotic programming was absent when cells were also treated with

BX-579, in stark contrast with what we observed for SARS-CoV-2 treated samples

(Figure 6E).

Overall, from the analysis of the total proteome, we could confirm that

SARS-CoV-2 induces differentiation of macrophages toward a profibrotic phenotype.
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This change appears to be independent from the inflammatory response and

particularly the signaling downstream of TBK1, and less MOI-dependent compared to

the SARS-CoV-2-elicited interferon response. While a profibrotic programming

appeared to be present also upon RIG-I-agonist treatment, the SARS-CoV-2 response

appears to be distinct from it, and more in general largely independent from the cellular

ds-RNA sensing mechanisms.

Next, we focused on the analysis of the phosphoproteome with the aim of

uncovering the signaling pathways involved in the response of macrophages to

SARS-CoV-2. First, we evaluated which phosphosites changed their abundance in

response to the various treatments. From this analysis we excluded the influenza A

virus-treated samples since they showed a stark difference in comparison to the other

treatments, even more pronounced at the phosphoproteome level than at the proteome

level (Figure 6C). Our analysis (ANOVA test with Benjamini-Hochberg adjusted p-value

lower than 5%, fuzzy-c-means hard clustering) identified 1756 differential phosphosites

divided into 3 clusters (Figure 7A): sites downregulated or upregulated by TBK1

inhibition (clusters 1 and 2, respectively), and sites induced by SARS-CoV-2 treatment

and largely unaffected by BX-795. To gain insight into the biological significance of the

clusters of phosphosites we identified, we searched for the enrichment of ontology

terms in the three groupings with a gene-centric approach (Figure 7B). We found

cluster 1 enriched in terms related to viral defence and responses, like regulation of

NFKB and interferon gamma signaling, expectedly since the sites belonging to this

cluster were the ones negatively affected by TBK1 inhibition. Cluster 2 seemed to

indicate some transcriptional or epigenetic response to the inactivation of TBK1, which

is in line with the chromatin organization changes known to affect cells undergoing

coronaviruses infections (Menachery et al., 2014). Most interestingly, cluster 3 was

enriched in many proteins involved in several fundamental signal transduction

pathways, such as MAPKs, mTOR and PI3K signaling; this last pathway specifically

has already been described as a driver of fibrosis (Li et al., 2013) also in the specific

context of lung fibrosis and IPF (Zhang et al., 2016). Interestingly, we also saw the

enrichment of the KEGG (Kanehisa and Goto, 2000) “Osteoclast differentiation”

pathway: osteoclasts are differentiated macrophages specialized in the remodelling of

extracellular matrices (2010). While it’s highly unlikely that SARS-CoV-2 treatment

induces the transdifferentiation of monocytes or alveolar macrophages towards

osteoclasts, our analysis suggests that some similar pathways involved in ECM

remodelling are likely activated.
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While this analysis hinted at some signal transduction pathways possibly

involved in the pathological macrophage polarization process we observed, it gave us

no information on the connections between proteins in the signaling networks, nor in

how the different signaling pathways might crosstalk (Jordan et al., 2000). This kind of

complex signal integration is especially important in cells that have to sense and react

to a wide variety of stimuli such as macrophages (Igor Malyshev, 2015). Thus, we

mapped cluster 3 phosphosites onto several KEGG signaling networks (Kanehisa and

Goto, 2000) and manually assembled these pathways together from information

coming from literature searches (Dai et al., 2017; Ji et al., 2009; Matsui et al., 2002;

Roy et al., 2017) (Figure 8, Supplemental Figure S7). Proteins of the Osteoclast

Specific Activating Receptor (OSCAR, also LILRB4), Fc receptors (FCGR2A) and the

immunoreceptor complex TREM2-TYROBP (also known as DAP12) sense a number of

extracellular stimuli and integrate them, activating via phosphorylation the kinase Syk

(Humphrey and Nakamura, 2016). Syk in turn phosphorylates and activates the

adaptor protein LCP2 (also SLP76) which acts as a key intermediate between

immunoreceptors and calcium signaling and thus transcriptional regulation, especially
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toward an osteoclasts phenotype. Among the genes that can be induced by this

pathway, SPP1 (or OPN, osteopontin) is an important protein for ECM remodelling

secreted also by osteoclast, and its phosphorylation it’s a fundamental step before
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secretion (Tibaldi et al., 2020). TREM2 has also previously been identified as a

characteristic marker for polarization of profibrotic macrophages (Turnbull et al., 2006;

Wu et al., 2015). We also observed increased phosphorylation in many receptors

converging directly or indirectly on PI3K/AKT signaling pathway, like several integrins

(IFNAR2, ITGA5) and of particular note an hyperphosphorylation of the pattern

recognition receptor receptor CD44, studied for its role in reducing inflammation but

also mediating IL-6 expression via MAPKs activation (Bourcier et al., 2010;

Hollingsworth et al., 2007; Puré and Cuff, 2001). CD44 signaling, together with IL-1

signaling, can also converge to the MAP kinases, and induce changes in gene

expression and inflammation mediated by the transcription factors FOS and JUND.

Several pathways enriched in cluster 3 phosphosites were connected to cytoskeletal

rearrangements or formation of specific cellular structures that produce, transmit and

sense mechanical tension (stress fibers and focal adhesions). Macrophages, having to

sense their environment and react to it, have pronounced systems of both

mechanotransduction and mechanical response to diverse stimuli (McWhorter et al.,

2015). Interestingly, one of the proteins regulating motility and differentiation thought

the control of actin polymerization is LIMK1 (Borroni et al., 2013; Nishita et al., 2005;

Soosairajah et al., 2005), which is also downstream of the signaling of NRP1. The

connection between NRP1, also used by SARS-CoV-2 for entry (Cantuti-Castelvetri et

al., 2020; Daly et al., 2020), and signal transduction events in macrophages is

particularly intriguing and could bridge the treatment with SARS-CoV-2 with the specific

profibrotic reprogramming we observed. In addition, NRP1 absence has been

connected with strong changes in the myeloid compartment (Dai et al., 2017), and has

also been connected to IL-4 response, macrophage polarization and phagocytosis (Ji

et al., 2009; Matsui et al., 2002).

In summary, the analysis of the phosphoproteome confirms the presence of a

specific SARS-CoV-2-induced response in macrophages, which appears to target

several key signal transduction pathways. Additionally, evidence suggests that part of

this response might be elicited by the receptor NRP1, which was found to interact with

SARS-CoV-2, thus potentially giving insight into the mechanisms of action of this

specific virus on macrophages.
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6. DISCUSSION
The pandemic caused by the recently emerged coronavirus SARS-CoV-2 is still,

at time of writing, a major threat for the stability of the global healthcare system.

Vaccines rollout has been a major success in many countries (Baraniuk, 2021) and has

contributed to a significant reduction in hospitalization and infection rates (Chodick et

al., 2021; Hall et al., 2021). Despite this, the extremely uneven vaccine distribution

(Aborode et al., 2021), difficulties in organizing effective preventive measures

(Agoramoorthy and Hsu, 2021) and the emergence of new variants (Lauring and

Hodcroft, 2021), make the pandemic far from being over in most countries. Additionally,

despite the tremendous research effort in studying this disease, effective and broadly

available pharmacological treatments still have not been found (Sanders et al., 2020).

As such, a deeper understanding of the biology of SARS-CoV-2 and the

pathophysiology of COVID-19 are still required.

In this thesis, we used multiplexing quantitative proteomic and

phosphoproteomics strategies to study two major aspects of SARS-CoV-2-host

dynamics: the replication of the virus in host cells, and the response of a key myeloid

cell population, monocyte macrophages, to the infection. Below, I will discuss

limitations, major outcomes and future perspectives of this thesis.

6.1. SARS-CoV-2-elicited proteome changes in lung cell lines
In the first part of this thesis, we used a time course approach to study the

dynamics of SARS-CoV-2 infection, replication and effects on host proteomes on two

lung-like cell lines, namely H1299 and Calu-3 cells. In these experiments, cells were

infected with SARS-CoV and/or SARS-CoV-2 at MOIs of 0.3-0.5, yielding 8000 proteins

and 5000 phosphosites fully quantified in H1299 cells and 8000 proteins and 13000

phosphosites in Calu-3 cells.

These few general descriptive lines about experimental design and outcome

capture effectively the three major limitations of these experiments. First, a MOI of 0.5

means that, at best, 50% of the cells are infected with one viral particle each. Given the

stochastic nature of in vitro infection experiments, less than 50% of cells will be

infected with one virus, a smaller proportion with more than one, and over half of the

cell population will remain uninfected. An issue arising from a low MOI is that the

effects of the infection have to be captured on a small subpopulation of infected cells.

Since our proteomics strategy analyzes bulk samples, minute changes in cell

subpopulations could be missed. In this light, single-cell approaches would likely be
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more suitable. Low MOI also causes asynchronous infections when newly produced

viral particles infect previously uninfected cells, thus leading to a further increase in the

heterogeneity of cell population under analysis. The second issue regards coverage,

especially in the case of the phosphoproteome. TMT experiments with enough input

peptide material (approximately 3mg after combining all the channels) can quantify

over 30000 sites (Mertins et al., 2018), around three times the coverage we had in the

analysis of infected Calu-3 cells. While analysis of proteins and PTMs provides a

readout closer to cellular phenotypes than transcript levels (Buccitelli and Selbach,

2020), cDNA can be amplified and thus transcriptomics has a higher sensitivity than

proteomics. The low availability of protein material arises from the same factor that led

us to choose a low MOI for our experiments: the relevant time component of studying

an ongoing pandemic. When designing these experiments, protocols for preparations

of viral stocks were still being established and optimized. Still, it was decided to

proceed with the infection experiments, being aware of the low viral titers available and

consequently of the low number of cells we could infect. As a side note, working on a

project where the time dimension is much more important and short-term than the

average scientific project has been an interesting, albeit challenging, experience.

Lastly, a third limitation of these experiments lies in the model systems we used, as in

cell lines derived from lung cancers. These cells were chosen given the

characterization of the life cycle of the SARS-CoV virus, which mostly infects lung

epithelial cells (Leung et al., 2004). Later on, it became clear that one major

discriminant between SARS-CoV and SARS-CoV-2 lies in the primary location of viral

shedding, being the upper respiratory tract for the novel coronavirus (Wölfel et al.,

2020). This discovery brings an interesting hypothesis on the wider spread the

COVID-19 pandemic had compared to previous coronaviruses epidemics, since

viruses released in the upper respiratory tract are more easily transmissible. It also

implies that our in vitro study, as well as many others, did not choose the most

representative system to model in vivo viral replication dynamics. In this light, an

interesting future perspective for SARS-CoV-2 studies would be to make use of the

large collections of head and neck cancer cell lines which cover a broad range of

relevant tissues in the upper respiratory tract and most show a high expression of

ACE2 (Figure 9).

A proper evaluation of the limitations of our experimental set up is a fundamental step

for a proper interpretation of results and contextualization of some key findings that

emerged from our experiments. Infection of H1299 cells yielded no significant change
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in the bulk proteome and phosphoproteome measurement (Figure 1B). This is likely

due to the very low expression of ACE2, the main receptor used by both SARS-CoV

and SARS-CoV-2 to enter host cells (Figure 1C). The S protein of SARS-CoV-2 was

reported to also interact with NRP1 after FURIN-mediated cleavage and that this

interaction can also mediate viral entrance into the cell. In one publication, the authors

found that nanoparticles coated with the cleaved S protein fragment entered in

NRP1-expressing cells or tissues (Cantuti-Castelvetri et al., 2020). Another work found

that treating Caco-2 cells (which also express ACE2) (Figure 1C) with NRP1

antagonists reduced the infection capability of SARS-CoV-2 (Daly et al., 2020). Neither

of these studies utilized SARS-CoV as control, since the acquisition of the FURIN

cleavage site is a specific characteristic of SARS-CoV-2. Our data, which focuses on

the comparison between the two coronaviruses, suggests a much more contained role

for NRP1 in viral entry. H1299 cells have high expression of both FURIN and NRP1

(Figure 1C), but this does not translate into higher production of SARS-CoV-2 proteins

over SARS-CoV (Figure 1D). While our data does not measure infectivity directly, we

observed a higher production of viral proteins from SARS-CoV, in line with RNA

sequencing data on the same model (Wyler et al., 2021). This higher RNA and protein

expression efficiency could be explained in two ways: either SARS-CoV can more

easily enter cells, or it can more efficiently start transcription and replication of its

genome. Our data cannot conclusively discriminate between these hypotheses. Surely

though, our results do not fit well with a model in which SARS-CoV-2 gains easier
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entrance into low-ACE2-expressing cells thanks to the interaction with NRP1 but has

such a low replication efficiency that SARS-CoV yields more viral proteins. One

possible explanation fitting both our data and the above-mentioned papers, could be

that NRP1 provides an accessory role for ACE2-mediated entry. Thus, in H1299 cells

the low expression of ACE2 possibly constitutes the limiting factor for entry of both

viruses. More generally, this data highlights the importance of better understanding the

role of all possible viral entry factors, especially since recently more receptors were

identified as likely interactors of SARS-CoV-2 spike protein (Lempp et al., 2021). In this

light, H1299 cells could prove an interesting model system to study viral entry and

better understand the role of different host membrane proteins. An interesting follow up

experiment could be to knock-out ACE2 in these cells and measure the effect on the

infectivity of both viruses.

SARS-CoV-2 infection in Calu-3 cells was, compared to H1299, more efficient.

This can be observed both directly, by the higher production of viral proteins

(comparing fold changes between Figure 1D and Figure 2B), and indirectly, by the

larger proportion of viral proteins that we identified in our proteomics experiment. This

is likely due to the much higher expression of ACE2, thus making Calu-3 cells a better

model than H1299 to study the effects of the infection (Figure 1C).

Together with the increase in viral proteins, we could also observe an increased

antiviral response mounted by host cells, as indicated by the enrichment of several

proteins involved in innate cellular antiviral response (Figure 2C). Among these, we

identified several interferon-stimulated viral RNA binding proteins (IFITs, IFIH1, OAS1),

proteins with antiviral activities (MX2) and most notably the transcription factor IRF7,

key mediator of interferon-dependent immune responses. Induction of these genes in

the context of SARS-CoV-2 infection has been described by similar infection studies

(Sa Ribero et al., 2020; 2020; Wyler et al., 2021). Interestingly, another significantly

enriched RNA-binding protein was ZNFX1. Little is known about the role of this protein,

as well as other members of the helicase superfamily 1, but it has been reported to act

as a dsRNA sensor alternative from canonical RIG-I-like receptors and capable of

initiating the production of interferons and ISGs via interaction with MAVS (Wang et al.,

2019b). Additionally, in a recent CRISPR-based gain-of-function screen, ZNFX1 was

identified as an host factor strongly restricting SARS-CoV-2 replication in lung cancer

cell lines (Biering et al., 2021). Given the poorly studied role of ZNFX1, further

investigation into the role of this protein in the innate cellular antiviral mechanisms is

required. It would be especially interesting to understand if ZNFX1 recognizes different
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dsRNA and how much the downstream response differers, as compared to the better

characterized RIG-I. SGPL1, also detected as overexpressed, is an interesting

candidate protein for playing a role during SARS-CoV-2 infection. SGPL1-deficient

mice have elevated basal levels of many proinflammatory cytokines and, most

interestingly, show very low presence of neutrophils at sites of inflammation (Allende et

al., 2011). This indicates that this protein, via degrading sphingosine-1-phosphate

(S1P), can mediate the inflammatory response and more specifically neutrophils

migration at site of infection. Evidence that infected cells increase the production of

factors mediating neutrophil migration is particularly interesting in the context of

COVID-19, since a dysregulated myeloid compartment has been identified as one of

the major hallmarks of the disease. An overall increase in circulating neutrophils,

together with lymphopenia, have been extensively described, and the ratio of

circulating neutrophils/lymphocytes is used as a marker of COVID-19 severity

(Kuri-Cervantes et al., 2020; Lagunas-Rangel, 2020; Liu et al., 2020; Qin et al., 2020;

Schultze and Aschenbrenner, 2021). Additionally, elevated levels of activated

neutrophils have been identified in the lungs of severe COVID-19 patients (Chua et al.,

2020) and low levels of S1P have been identified as a negative marker for intensive

care unit admission and more generally for disease mortality (Marfia et al., 2021).

Given that S1P is mainly produced in erythrocytes, part of the dysregulation of this

signaling lipid is likely caused by direct and/or indirect effects of SARS-CoV-2 on

erythrocytes (Cavezzi et al., 2020). Nevertheless, the role that infected tissue might

play in the regulation of S1P and its role in the mechanisms of neutrophil recruitment in

COVID-19 is an intriguing perspective. The increased activity of SGPL1 in Calu-3 cells

upon SARS-CoV-2 infection should first be confirmed by orthogonal methods: for

examples by measuring ethanolamine phosphate, one of the byproducts of

SGPL1-mediated S1P degradation, via metabolomics approaches.

Among the significantly downregulated proteins we identified an enrichment of

secreted factors involved in the regulation of extracellular matrix components (Figure
2C, left), but the proteomics analysis of the cell culture media was too strongly

influenced by the time dimension and too little reproducible to effectively evaluate

changes in the secretome (Supplemental Figure 3).

The increased depth of the acquired phosphoproteome of infected Calu-3 cells

allowed us to study the activation status of signal transduction pathways upon infection.

The gene-centric analysis of differentially regulated phosphosites during the timecourse

experiment identified an activation of the MAPK pathway at the latest timepoint (Figure
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3A). This activation is expected given the known role of MAP kinases in the regulation

of cellular antiviral function, also in the context of SARS-CoV-2 (Kumar et al., 2018;

Seo and Webster, 2002; Wyler et al., 2021). Another expected effect is the

downregulation of sites involved in the regulation of cell cycle, which indicate the

reduced division rate induced by the replication of the virus (Bouhaddou et al., 2020).

Interestingly, genes involved in transcriptional regulation were enriched in almost all

clusters, hinting at the different bursts of transcriptional regulation elicited by the viral

infection. We also analyzed the phosphoproteomics data with an in-house-developed

database of phosphosites based on in vitro phosphorylation assays (Sugiyama et al.,

2019), which allows us to infer the activity of specific kinases (Figure 3B). Also this

analysis underlined the activation of several MAP kinases. While based on the same

input data, the gene-centric gene ontology and the kinase activation prediction utilize

very different databases and methods to calculate enrichment, thus proving the

robustness of our analyses. Another indication of the validity of our prediction is the

predicted activation of TBK1, kinase downstream of RIG-I-like receptors and activating

the production of type-I-IFNs and ISGs by phosphorylating the transcriptional

regulators IRF3/7. An interesting prediction regards the activation status of casein

kinase 2 (CK2): the two active subunits of this protein are present in our database

separately (CK2A1, CK2A2) but have a similar behaviour, with an initial activation at

4hpi followed by a reduced activation at 12hpi. The role of this kinase in the infection is

of particular interest, since it was found to interact with the viral N protein in an AP-MS

screen of SARS-CoV-2 proteins (Gordon et al., 2020) and because of the previously

described roles of CK2 in viral infections (Alvarez and Agaisse, 2012; Smith and Law,

2004). Our result is in contrast with previously published phosphoproteomics data of

SARS-CoV-2 infected cells, which predicted a strong and sustained activation of CK2

for at least 24 hours after infection (Bouhaddou et al., 2020). In their experiment,

Bouhaddou et al. measured the phosphoproteome of infected Vero E6 cells: this is a

cell line model derived from the kidney of an African green monkey, which is often used

for as a viral replication system due to the inability of these cells to mount an

interferon-based antiviral response. As such, their experimental setup might not be the

most suitable to capture the full extent of physiological responses of host cells to the

infection by SARS-CoV-2. Bouhaddou and co-authors also showed that CK2 inhibition

reduced the amount of virus produced by Vero E6 cells, attributing it to a reduced

transport of the virus into the filopodia where it gets released. Our phosphoproteomics

dataset revealed the presence of a phosphosite on the N protein which matches the
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consensus sequence of CK2, which could also explain the functional link between viral

N protein and CK2 (Figure 3F).

A potential weak point in our observation of the reduced activity of CK2 is that this

kinase is constitutively active, but its abundance does not appear to be regulated by

the viral infection (Supplemental Figure 8). Instead, we could observe an increased

expression of the regulatory beta subunit of CK2 (CSNK2B). This regulatory protein

does not provide an on/off switch to CK2, but regulates its substrate specificity (Götz

and Montenarh, 2017; Rodriguez et al., 2008). If the reduction of activity we predicted

for CK2 is actually caused by the increased interaction with the regulatory subunit, this

can bring us to an interesting evaluation of our database and an hypothesis on the role

of CSNK2B. First, what we predicted as a reduced activity would more physiologically

represent a shift of CK2 toward the phosphorylation of substrates not mapped in our

database, since it does not contain information regarding sites that are phosphorylated

by CK2A1 or CK2A2 in conjunction with CSNK2B. Second, we could hypothesize that

the increased production of the beta subunit constitutes a response of host cells to the

infection, to modify the substrate specificity of CK2 leading to a reduction of

CK2-mediated phosphorylation of the N protein. In this direction, our data shows that

despite a steady increase of the abundance of SARS-CoV-2 N protein, abundance of

the putative-CK2 site stabilizes at 8hpi. With the available data, this conclusion is highly

speculative, and would require extensive further validation to be proven. For example,

measuring the abundance of phosphosites on the N protein in infected cells treated

with the CK2 inhibitor silmitasertib could determine if the site we identified is regulated

by CK2.

6.2. SARS-CoV-2-elicited profibrotic response in macrophages
Despite the overwhelming research efforts in the characterization of

SARS-CoV-2, the pathophysiological mechanisms behind the disease remain poorly

understood. Such knowledge is severely required to design effective pharmacological

treatments to prevent mild COVID-19 patients from turning severe, to reduce the

permanence of severe patients in intensive care units, as well as to reduce mortality.

We decided to focus our efforts in understanding the role of monocyte/macrophages in

SARS-CoV-2 infections, as these cells constitute both a first line of defence against

infections and mediate post-infection recovery and repair (Schultze and

Aschenbrenner, 2021; Wynn and Vannella, 2016). Additionally, the role of

macrophages in severe COVID-19 is currently debated. On one side, since the
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beginning of the pandemic macrophages and neutrophils were considered

hyperactivated and actively mediating a cytokine release syndrome. On the other, more

recent evidence points toward an acquisition of immunosuppressive and pro-reparative

macrophage phenotypes.

First, we measured the effects of the infection over a timecourse to observe the

changes of the cellular phenotypes over time. In this first experiment we subjected the

cells to very high amounts of viruses (MOI of both IAV and SARS-CoV-2 of 30) to be

able to capture the effects of the infection despite the low amount of protein material

available from ex vivo samples. Infecting cells with IAV provided us with an interesting

comparison, since the biology of IAV infections is more known, and because IAV can

productively infect macrophages (Cline et al., 2017). This was immediately visible at

the level of the viral proteomes, with a steady increase of IAV proteins over the course

of the infection, while SARS-CoV-2 remained largely constant (Figure 4B), with the

exception of an increase in the abundance of the M protein (Figure 4C). While this

might indicate a small amount of translation of the viral genome, the comparison of the

IAV and SARS-CoV-2 viral proteome behaviour confirms the absence of a productive

infection of SARS-CoV-2.

The different effects of the viruses are also visible when analyzing the

differential behaviour of the host proteome in response to the infection. Interestingly,

while an approach significance cut-offs of protein expression values underlined mostly

the effects at the latest timepoint (Figure 4E), our GSEA analysis of SARS-CoV-2 / IAV

protein ratio was more sensitive in detecting the changes IAV induced to promote its

replication (Figure 5A). SARS-CoV-2 instead appeared to induce two kinds of

responses. A proinflammatory response, likely mediated by dsRNA sensing via RLR

receptors, as well as one focused on ECM remodelling and controlling fibroblasts

activity (Figure 5A). Given the lack of specific gene ontology terms focused on the

profibrotic/pro-reparative role of macrophages, we also tested the enrichment of

empirical collections of genes based on scRNA-seq of IPF patients (Morse et al., 2019;

Reyfman et al., 2019), as well as a manually curated database of genes related to

fibrosis (Davis et al., 2019), which confirmed our initial observations (Figure 5B). In

summary, this first experiment seemed to indicate that SARS-CoV-2 was able to induce

both a hyperactivation of monocytes toward a proinflammatory state, as well as a

profibrotic/pro-repartive phenotype, thus not conclusively proving either of the

suggested models for COVID-19 pathophysiology.
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Given the role of RLRs we observed in our timecourse, we devised a follow-up

experiment to dissect the response to viral RNA and understand if its downstream

activity could explain the full extent of the macrophage phenotype we observed. Hence,

we included both treatments with a RIG-I agonist to specifically stimulate the antiviral

response, as well as an inhibitor TBK1, kinase downstream the RLRs and that

activates the transcriptional response to viruses. Additionally, we reduced the MOI we

subjected the monocytes to, again to try to modulate the response mediated by the

dsRNA sensing machinery. Critically, this last adjustment produced a very strong effect

in the response of monocytes to SARS-CoV-2, especially visible in the comparison

between Figure 6D and Supplemental Figure 6B. The strong induction of

proinflammatory and antiviral genes we observed in the timecourse experiment was

almost entirely abolished by the reduced MOI, while we still observed an induction of

profibrotic proteins. Additionally, while the expression of proinflammatory proteins was

strongly reduced upon TBK1 inhibition (especially in IAV and hpRNA treated samples

where they were more expressed), it had a much smaller impact on the expression of

SARS-CoV-2-induced profibrotic factors (Figure 6E and 6D). When testing for the

enrichment of our probiotic-specific gene sets, we were especially surprised to observe

an induction caused by the hpRNA treatment. To our knowledge, this effect has not

been previously described, and would require further investigation. Still, observing the

hpRNA-mediated enrichment of profibrotic factors being entirely abolished by TBK1

inhibition, while the same is not true for SARS-CoV-2 treatment, made us confident that

the responses we observed were mediated by different processes.

The deeper phosphoproteome we acquired in this experiment allowed us to

infer the activation of signal transduction pathways induced by our treatments.

Clustering of significantly regulated phosphosites could identify sites affected by the

TBK1 inhibitor treatment (both up- and downregulated), and most interestingly sites

induced by SARS-CoV-2 largely unaffected by the inhibitor (Figure 7A). The presence

of this last cluster of sites further confirms the presence of a specific response to

SARS-CoV-2, independent from dsRNA sensors. Here, we observed an enrichment of

proteins involved in many different, albeit interconnected, signaling pathways also

involved in macrophage polarization (Figure 7B and Figure 8). For example, our data

is compatible with the downstream activation of the receptor TREM2, well

characterized for its role in inhibition of the inflammatory response and activation of

profibrotic macrophages (Turnbull et al., 2006; Wu et al., 2015), as well as osteoclast

differentiation (Paloneva et al., 2003). Since osteoclasts are terminally differentiated
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macrophages specialized in ECM remodelling, the evidence that SARS-CoV-2

treatment might induce a similar phenotype is especially intriguing. Another interesting

example is CD44, which can attenuate inflammation as well as mediate reparative

processes by interacting with ECM components (Huebener et al., 2008) and can also

induce phagocytosis (Vachon et al., 2006). Additionally, our dataset also hinted at the

activation of signaling pathways downstream NRP1 (Figure 8), receptor interacting

with SARS-CoV-2 spike protein via the acquired polybasic cleavage site

(Cantuti-Castelvetri et al., 2020; Daly et al., 2020), but also connected to myeloid

differentiation and macrophage polarization (Dai et al., 2017; Ji et al., 2009; Matsui et

al., 2002).

While the coverage of our phosphoproteome was not especially deep, our

analysis allows us to make an hypothesis about the mechanism of

SARS-CoV-2-induced macrophage polarization we observed (Figure 10). On one

hand, we observed signaling pathways likely derived from the direct interaction
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between SARS-CoV-2 and macrophage receptors. On the other, we also observed the

activation of other pathways, whose receptor should not be capable of directly

detecting SARS-CoV-2. We hypothesize that these pathways are activated by the

presence of infection by-products caused by SARS-CoV-2 infection. There are many

accounts of the extensive cell death caused by SARS-CoV-2 infection, both in lab

models as well as in biopsy specimens from COVID-19 patients (Chan et al., 2020; Li

et al., 2020c; Pei et al., 2020; Zhu et al., 2020b). In our ex vivo model, these would

come from the Vero E6 cells used for culturing the virus, which have been shown to be

sensitive to the pro-apoptotic effects of the viral ORF3a protein (Ren et al., 2020). In an

in vivo setting, these cellular debris would likely come from apoptotic/pyroptotic infected

cells. Resident macrophages in the lung and monocytes recruited from the

bloodstream to respond to the ongoing infection perceive and integrate these signals,

which induce the polarization toward a profibrotic phenotype we observed.

Differentiated macrophages then stimulate the differentiation of fibroblasts to

myofibroblasts, which in turn enhance the deposition of extracellular matrix (Wynn and

Vannella, 2016). Finally, this leads to the lung fibrosis that has been observed in

patients with COVID-19 ARDS (Combet et al., 2020; Pan et al., 2020; Schwensen et

al., 2020; Spagnolo et al., 2020).

6.3. Outlook and future perspectives
The data shown in this second part of this thesis is part of a larger scientific

endeavour. Our observations on the phenotypic changes induced by SARS-CoV-2 on

monocyte macrophages have been confirmed and validated using orthogonal methods,

such as scRNA-seq both on ex vivo infected monocytes and patient samples, and have

been submitted for peer-review. The hypothesis we formulated in regard to the

mechanisms underlying the pathophysiology of COVID-19 instead still requires further

validation. For this reason, we planned and partially performed an experiment, in which

ex vivo monocytes have been treated with a panel of stimuli, to confirm that

SARS-CoV-2-induced profibrotic macrophage polarization is induced by the viral

proteins (and not the gRNA) together with cellular debris (Figure 11). For this reason,

we treated cells with SARS-CoV-2 viral like particles, which lack the gRNA, alone or in

combination with cell debris (Chen et al., 2019), to simulate the presence of apoptotic

cells. Additionally, to test whether the Spike protein alone is sufficient to induce the

activation of NRP1, we included both treatments with the S protein in soluble form and
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coupled to beads, to prevent phagocytosis and ensure the effects we observe would be

only derived from the interaction with the receptor.

While validation is a fundamental step in scientific discoveries, we can still

speculate on the impact of our findings, since our data provides a fundamental

mechanistic insight into the pathophysiology of COVID-19. First, it further disproves the

notion of hyperactivation of the myeloid compartment and subsequent cytokine storm.

It also deepens our knowledge on the events leading to the pathology, and can

consequently focus the search for therapeutic options for COVID-19 patients. The use

of antifibrotic drugs has been proposed as a treatment (George et al., 2020), and will

likely be beneficial to treat severe COVID-19 patients, especially in reducing mortality

and permanence in intensive care units. These treatments, although, focus on the

resolution of the fibrosis and would have little effect in preventing mild patients from

turning severe. Since the role of macrophages as mediators of fibrotic processes, like

idiopathic pulmonary fibrosis (IPF), is a relatively new concept (Morse et al., 2019;

Reyfman et al., 2019; Wynn and Vannella, 2016), approved compounds designed to

modulate macrophage this kind of macrophage polarization are lacking. Interestingly,

an ingenious design for such a compound has been proposed (Zhang et al., 2020a):

here, a folate binding to a receptor expressed by profibrotic macrophages has been
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coupled to a TLR7 agonist. Thus, the molecule targets the correct myeloid

sub-population and by activating TLR7, was shown to reduce the expression of typical

profibrotic macrophage markers and appeared to mitigate the fibrotic symptoms.

Another interesting consequence of our findings immediately emerges when

considering the necessity of pharmacological treatments for both COVID-19 and fibrotic

lung disease. Our data demonstrate that we could induce a profibrotic macrophage

polarization completely ex vivo. To our knowledge, there is no other available treatment

with such features. This opens the possibility to use SARS-CoV-2 as a research tool to

further explore the biology of macrophage polarization. For example, an interesting

question about both COVID-19 and IPF is why and how patients of different age groups

and genders react so differently to these diseases (George et al., 2020). This question

could be explored by treating macrophages from a panel of donors with SARS-CoV-2

and measuring the responses, either via proteomics or also methods requiring less

material for the analysis (e.g. ELISA on specific cytokines). Another potential

application of our findings is in the screening of compounds targeting the profibrotic

macrophage activation. For example, in the work by Zhang and colleagues mentioned

above (Zhang et al., 2020a), the authors first tested their compound on IL-6 treated

THP-1 cells (a well-characterized human macrophage cell line), inducing a generic

“M2-like” phenotype. According to our data, treatment with SARS-CoV-2 could provide

a much more focused and precise model system for these studies and the

development of compounds capable of stopping, and possibly reversing, the

emergence of IPF.

While SARS-CoV-2 has caused, and is still causing, much suffering, we hope

that the findings in this thesis could one day be used to turn this deadly disease into a

tool to improve the life of patients with COVID-19 and other chronic diseases.
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7. Supplemental Figures

Supplemental Figure 1: Infection of H1299 cells. A, Protein yield for each sample
obtained after lysis. B, All-by-all Pearson correlation of proteome and
phosphoproteome.
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Supplemental Figure 2: Total proteome and secretome of infected Calu-3 cells. A,
On the right, all-by-all Pearson correlation of the total proteome samples measured in
the timecourse infection of Calu-3 cells. On the left, principal component analysis of the
same samples. B, All-by-all Pearson correlation of protein samples of cell culture
supernatants measured via DIA mass spectrometry. Above, colored annotation indicate
type of sample, timepoint and treatment.
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Supplemental Figure 3: Phosphoproteome analysis of infected Calu-3 cells. On
the right, all-by-all Pearson correlation of the phosphoproteome samples measured in
the timecourse infection of Calu-3 cells. On the left, principal component analysis of the
same samples.

Supplemental Figure 4: Monocyte timecourse experiment. A, Expression profiles of
monocyte cell lines, taken from the Cancer Cell Line Encyclopedia. Expression levels
of genes mediating SARS-CoV-2 entry are highlighted. B, Principal component analysis
of the phosphoproteome of monocytes treated with SARS-CoV-2 or IAV over a
timecourse.
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Supplemental Figure 5: Fibrotic response to SARS-CoV-2. Empirical cumulative
distributions of fibrosis-related gene sets in monocytes treated with SARS-CoV-2 or IAV
over a timecourse. In each plot, the p-value (Wilcoxon-rank-sum test, one sided) are
reported for each gene set, colored when significant (p < 5%).
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Supplemental Figure 6: Referred to Figure 6. A, Gene ontology enrichment of genes
downregulated by BX-759 in all conditions. Enrichment of terms related to viral
response and inflammation confirms the effect of the drug. B, Normalized ratios of
selected proteins with proinflammatory or profibrotic activity, in the timecourse infection
experiment. Heatmap shows log2 fold changes of treatments over the mock infected
control. Proteins are ordered based on the values of the last column.
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Supplemental Figure 7: Close-up of cluster 3 phosphosites: Row Z-score of all
phosphosites selected for the network depicted in Figure 7.

Supplemental Figure 8: Protein changes in subunits of the CK2 kinase. Log2
fold-changes of treatment over control for all the identified subunits of CK2.
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