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Saliba lab Laboratory pillars

1- Enabling technologies
to decipher host-
pathogen interactions at
the single cell level

2- Deciphering how a
Salmonella enterica
antibiotic tolerant
subpopulation leads to

replase (and if)

Salmonella Typhimurium:
Gram-, enteric pathogen, model
for persistence

RSV (Respiratory syncytial
virus) : single-stranded RNA virus
major pathogen in children

3- Nailing down the host
response and the cellular
tropism of respiratory
virus (RSV and SARS)

SARS-CoV-2: betacoronavirus,
positive-strand RNA viruses

H I R I HELMHOLTZ
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LECTURE PLAN:

= Part 1 - Fundamentals in analyzing tissues and single cells

= Part 2 — Our latest research on COVID-19 lung damage




Who has already used a flow cytometer ?

Who knows what RNA-seq is? Who has already coded?

(R, Python, C++, ...)
What is short-read sequencing?

How many protein-coding
How many cells a human body has? genes in the human

genome?

Who heard about ‘epigenomics’?

H I R I HELMHOLTZ
Institute for RNA-based Infection Researc h



The first observation of cell structures

Antoni van Leenwenhoek Robert Hooke (1635-1702)
(1632-1723) s o 1

- Linked ‘movement’ to ‘life’ - Observed woods
- Observation of living organisms > Foster the word ‘Cell’

Seite 7 | Copyright - AE SALIBA
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‘Cell Theory’

Omnis cellula e cellula ("all cells (come) from cells")

Rudolf Virchow

Array of new structures

(1821-1902)

Matthias Schileiden

(1804-1881)

Theodor Schann

(1810-1882)

Seite 8 | Copyright - AE SALIBA

Cell Theory

Cella (Latin) = small
room

Organisms are
composed of one or
more cells

Basic unit of structure
and function in life

Cells are derived from
pre-existing cells

Mazzarello 1999 Nat Cell Biol

H I R I HELMHOLTZ
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From Genotypes to Phenotypes

f @.@ > Physiology emerges from
0, normal cell functions and
B i L intercellular interactions.

% > Genotypes gives
phenotypes through the
ntestinal Gastrointestinal system intermediate of cells (the
functional units).

» Each cell regulates its own
program of gene expression.

Small intestine

Figure 1. A hierarchical view of human anatomy. A graphical depiction of the anatomical
hierarchy from organs (such as the gut), to tissues (such as the epithelium in the crypt in the
small intesting), to their constituent cells (such as epithelial, immune, stromal and neural
cells).

Seite 9| Copyright - AE SALIBA Regev et al 2017 eLife
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Number of cells in a human body?

number of cells in the human body

| S — V = 1000 - 10,000 pm3
Rough estimate M= 100kg \ | )

Order of magnitude m=~10"12-10"1kg

¥

l

100 kg
10712-10"1"kg

3|1

= Mol? - 1g'"

Ann Hum Biol. 2013 Nov-Dec:40(6):463-71. doi: 10.3109/03014460.2013.8075878. Epub 2013 Jul 5.

I nte rested to An estimation of the number of cells in the human body.

Bianconi E', Piovesan A, Facchin F, Beraudi A, Casadei R, Frabetii F, Vitale L, Pelleri MC, Tassani S, Piva F, Perez-Amodio S, Strippoli P, Canaider S.

kn OW m O re = Author information

1 Department of Experimental, Diagnostic and Specialty Medicine, University of Bologna , Bologna | Italy .
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Cell lifespan and turnover in a human body?
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How to define cellular identities?

Seite 12|

Copyright - AE SALIBA

> Shape » Biological
functions

» Localization > Molecular
components

» Localization
relation to other
cells

HIRI
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Histology - Chemical dyes
Tissue sections/ Cell shapes

Hematoxylin : nucleic staining

Prototypical example:
Haematopoiesis

Eosin : extracellular matrix and B
|7
cytoplasm ; +
y p . [ I .h ] [ o
' Airway interf ] ¢
Spleen section ay interface I & P P .
. Enthrocite  Mastcel Hatural kller cell
Ky=loblast iLarge granular lymphocybe) .’"’ H—“‘-
¥ ili 73 £ obletcells .
iy b, .l_ L l I_ T lymphocyte Ellmihr.l:m
Megaianec b i -]
HJT'U e Ensophl Heutroph s Eos nophl ﬁuf .
Thr;mhm:nz: L . Flasma cell
@
BTN
O o .
- - . - - - ‘ I‘ /
https://doi.org/10.1371/journal.pone.0196256.9001 Q M ‘J
20 um Q o) [ 20am 20 um
Neutrophils Basophils Lymphocytes

https://www.histology.leeds.ac.uk/
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https://doi.org/10.1371/journal.pone.0196256.g001

Immunohistochemistry

Brown
s I 5§ -m
0 =IO DAB
:f {:\I |r|;-.-\ - i.‘ i
F. ‘] f;"l'\"-_{’l_.-ﬁ £
7 | P = d
?u,;r’_'** o/ ) ¢ g HRP-polymer e A0 T # 1]
11 £ "'.'"\ AK\r_j | £ | | : .
) gt — Pl
HOC S e
P W% % .
/| Jx,. /,\I"‘i'" Secondary antibody g
®
c
Primary antibody \¥_ @
@)
a
_ L Stained cells and structures €. g. pancreatic ]
Cells in tissue Antigen Ouwew S appear brown under the microscope isiet cells %

= Detection of epitopes expressed by a single protein-target within a tissue sample using a “primary antibody”
= A“secondary antibody” capable of binding the primary antibody with high specificity is added
= The secondary antibodies then carry an enzyme for example horseradish peroxidase (HRP)
= HRP catalyzes the conversion of chromogenic substrates into colored products

Seite 14 | Copyright - AE SALIBA
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HOMAN PROTEIN ATLAS® — E=n

=MENU HELP NEWS

The protein atlas MYCBPAP 5
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http://www.proteinatlas.org/

HPAO23257

hMale, age &5
Bronchus {T-28000)
Lung (T-28000)
Squamous cell
carcinoma, MO5
(M-20703)
Mormal tissue, NOS
(M-00100)
Patient id: 2577

Respiratory epithelial
cells

Smining:  High

riensRy  Strong
ety TH%n-25%
Cytoplasmic!

MEmbranous

HPA023257 = antibody targeting MYCBPAP
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Flow cytometry

Multimodal labeling

Single cell analysis
FITC-labeled antibody A ! 1) Cells not expressing either A or B
== A \ 2) Cells expressing only B
) yé h 8] | @ 3) Cells expressing only A
Cell Suspension 4 B |
3 Bandpass Filter { Cell \ ! 4) Cells expressing both A and B
Ny IR,
o N4 ,/"’ e
______ PE-labeled antibody B N *
Fluorescence spectra
‘ Laser (Light Source) ‘
‘ Stokes Shift
e
| 2
£
‘ g Excitation Emission
n ©
oo 2
° o k-
° c ‘ &
° ¢
(7 )
lg g ;
o -
2 3 T T T 1 T T T T
S | 400 450 500 550 600 650 700 750
Waste or Capture
for Cell Sorting ‘ Wavelength of Light (nm)
https://www.cellsignal.com > Calculate spectral recovery

»  Apply compensation
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Flow cytometry and FACS (Fluorescence-activated cell sorting)

Dissociate in single-cell

) Analyse and Sort
suspension

One can sort down to a single-
cell (efficiency >99%)

Challenges:
» Overlapping fluorescent signals
» Strong autofluorescence of the cells
» False positive rate (for rare populations)
» Sorting cells < 10 start to be difficult

Index Sorting:
(only when you sort single-cells)
» Record the fluorescence signals
associated to the sorting position

Seite 18 | Copyright - AE SALIBA
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The ultimate flow cytometry - Mass cytometry

Isotope conjugated antibodies Principle of mass cytometry
100 E Tm ¥b ) . ) s
T s Nd Tb - ] '. z ilizh 0 - P = P i - ' KL i - a®
B Dy i) Staining with ii) Nebulized single : i) lonized by Argon & _, »
il |l | & - metal isotope cell droplets plasma torch .

70
60
50

40

;: Abundances ﬂf40+
Anal ze parameters per rcell

UL 4!& 1‘ !

conjugated antibodies

Intensity

iv) Elemental isotopes
quantified by time of flight
mass spectrometry

McCarthy et al 2017 JOVE

4]
138 143 148 153 158 163 168 173 178
Mass (stable isotope)

» Up to 100 signals simultaneously
» Suffer from a poor sensitivity
» Still rely on the production of antibodies

Seite 19 | Copyright - AE SALIBA
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Limitations in defining cell identities based on a
restricted set of markers

» Distinct molecular phenotypes ~ distinct functions (example: immune cells)
» So far cell definition is empirical and ...
» ...biased (based on an a priori knowledge)...

» Use features that can apply to many cell types

Can we get a data-driven/systematic definition of a cell?

Can we differentiate cell types (persistent) and cell states (transitory)

Can we have an atlas of all cells in a body ?

H I R I HELMHOLTZ
Institute for RNA-based Infection Researc h



Describing a single cell with ‘~omics’ methods

Chromatin Chromatin x Mutations
conformation ~ accessibility

fi?-% = — RNA abundance

s== 4 00 Vv 7 &localization

Metabolomics
DNA v (-
methylation |

(D

JIT

Genome

Protein abundance
sequence
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Describing a single cell with ‘—omics’ methods

State

Cell surface proteins

* CITE-seq®
* REAP-seq”
Y 41,42
Intracellular ZAE Spatial position
protein o MERFISH10%.108.109
® PEA*%=0 * smFISH
* STARmap?!

-
Op €
050
DNA g
methylation
* scBS-seq’
* snmC-seq'®
°sci-MET‘°q mRNA )
Genome Histone ¢ DFOP‘S?Q >
sequence modifications * InDrop e
* SNS? Chromatin o scChIP-seq?* | * Smart—squ
* SCl-seq'® accessibility * MARS-seq’ || ~
* scATAC-seq" * 10X Genomics®|
* sCiATAC-seq™ * SPLiT-seq®
® scTHS-seq™ * sci-RNA-seq’
* 10X Genomics

Stuart and Satija 2019 Nat Rev Gen
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Data-driven

Population Is_olatlon for mapping apd |Flent|ty
omics-analyses determination
000

000

Principle of

single-cell
analysis
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RNA-seq

Seite 24 | Copyright - AE SALIBA Snyder and co 2009 Nat Rev Gen
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RMA fragments l

:

ATCACAGTGGGACTCCATAAATTTTTCT
CGAAGGACCAGCAGAAACGAGAGTNR
GGACAGAGTCCCCAGCGGGCTGAAGGGSE
ATGAAACATTAAAGTCAAACAATATGARA

CORF

Base-resolution expression profile

AAAARAAARA mBRNA

2
=
éi
.__F
..:t

S ESTlibrary

CCARRRAAMNR

with adaptors

Short sequence reads

Ex: lllumina

poly[A) end reads

Mapped sequence reads

£
g
S in LA L .
<L
=
o

MNucleatide position

Ex: Gene with 1 intron

Mature Reviews | Genetics

(9) genes

Expression
matrix

(n) cells




Cost per Raw Megabase of DNA Sequence e —— .
ol

NovaSeq™ 6000

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Sequencing cost per Mb - 2019

Mb: a million bases

Maticnal Human Genome
Research Institute

lllumina Nova-seq
up to 48 genomes

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Sequencing cost per genome - 2019

Seite 25 | Copyright - AE SALIBA
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Basic scRNA-seq protocol : Smart-seq (also called deep scRNA-seq)

Single cell sorting on o _ _ _
a plate Step1: Template switching Step2: Tagmentation + indexing
Cell lysis Trraposomes
l Poly(A)* RNA capture L -
5 & ¥ - -
T T AAAAAAA s
TTTTT ;
Oligo(dT) primer - 300 bp
Reverse transcription Y
TSO primer and terminal transferase & Tegmentation
- rGrorG S AAAAAAA " = = —
ccCcCcC TTTTT Ny
PCR primer l Template-switching § foducescre
— N
- CCC TTTTT-m — _
— o S -
l PCR amplification &
-GGG AAAAA-mmm - -
- CCC TTTTT-— Sequencing-Ready Fragment
Challenges:

» Pretty demanding protocol
» Limited multiplexing because of indexing (few hundred cells)
» Limited compatibility with Nova-seq (index hopping)

Seite 26 | Copyright - AE SALIBA
H I R HELMHOLTZ
Institute for RNA-based Infection Research



Basic scRNA-seq protocol : droplet-based (10x Chromium)

el A e = o s o e e e S e s e e s e e e s s e s ==
! o ‘I' Single cell encapsulating
| [e -4 into droplets
| o0 @ 9, —©° | P
r 0
| Collect @ |
l‘ _*l-. ______________________ _-I
Barcoded primer Cells Oil Single-cell
gel beads reagents GEMs
%0 ¢ 10 DMA
80 A Barn;jas I_T:'g,;.‘n"N". - G— -
T Y
E poly(A) RMA
@ 207
B 40 e
& 30 F7 R2 A PS i -
20 - T E— I Hyperllnked Image
10 - -
0 0% UMI (T)ggVN cDNA Sample
N=0 N=1 N> Barcodes Inzart Index
No. of gel beads per GEM Features:
» Thousands of cells in parallel
Bielas et al 2017 Nat Comm » UMI-based (minimizes PCR biases)
» UMI-based (prevents having the full-length transcript)
Seite 27 | Copyright - AE SALIBA
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Comparison Smart-seq / 10x Chromium

Library prep. Sensitivity
d
Smart-seq2 10x Chromium HEK293T cells Monocytes B cells
6,000 - -
Cel ' “ an 34’000" I . +$ vy
isalation g}) 2,000 - ++ . . ; L ‘ i
i VY g \ “Hagh - Fn®"eg
£ 1,000 - l + | *
Reverss uﬂw\:ﬂw.“.w S ™, B N % ‘ ‘ ‘ I
transcription ikt S ATCEEES 2 500 + | : B
o
17 | S |
= :
2nd strand  PCR] pGrGnG +~ AR P (GGG e AR -
synihesis CCoL——TT— CCC—TT — e
ey } : CLseq2 (D 1
oo i Mereu et al 2020 Nat. Biotech. MARSscq @ Crromiom (o) G
cDOMNA — — Quartz-seq2 ddSEQ
ampliication - gmcSCRB-seq Drop-seq ([
= i |_Smartseg2 ICELLs (D
4‘* 4‘ 1‘ CiHT-small (D inDrop (D
Tagraentation & Fragmentalicn, adapber C1HT-medium [
: . lgation and
Library ! , T ¥ enrichment
construction —

— Main Features:
_ _ » Smart-seq: full-length and higher sensitivity
Ding et al 2020 Nat Biotech > 10x : UMI and higher throughput
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Towards a whole organism in single cells

2012 2013 2014 2015 2017 2019 2021

Timeline i i i § >

100 cells 1,000 cells 10,000 cells 100,000 cells Human Cell Atlas
Smart-seq MARS-seq Drop-seq Drop-seq LifeTime

Seite 29 | Copyright - AE SALIBA
H I R I HELMHOLTZ
Institute for RNA-based Infection Research



3D maps of tissues at the single cell resolution

S

Eingle cell and "omics assays Multiplexed apaﬂul ASSAYE Lipids/
Genomics Epigenomics Transcriptomics metabolites
Mucleus ]
1 l.-.-'- 1” o é !ﬂi/
A o . -

hiesct

Map assembly and data query Anatomy

Landmark A Landmark B N Common coondinate

.rj ’___cl framework (CICF)
- = L
) o) x

= i b

V-
I.l:' k )/-I- ~
=l -] -
] .k'.- A Hisle
@__;3 - Image h‘ Feature P gy Reference

regesiration Coordinates

EE—

_— .-"f.-f"
&

&

International initiatives to resolve
3D maps of tissues

Human Cell Atlas (US)
https://www.humancellatlas.org/

LifeTime
https://lifetime-fetflagship.eu/

HuBMAP
https://commonfund.nih.gov/hubmap
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https://www.humancellatlas.org/
https://lifetime-fetflagship.eu/
https://commonfund.nih.gov/hubmap

LECTURE PLAN:

= Part 1 - Fundamentals in analyzing tissues and single cells

= Part 2 — Our latest research on COVID-19 lung damage




Urgent need to find new therapeutic avenues to treat infection diseases

COVID-19 cases: 1 year Antibiotic resistance Recent Emerging Infectious
THEDEATHOF Diseases (1981 to 2020)

® “Deliberately emerging” |

John Hopkins COVID dashboard Dong et al. 2020 Lancet Infect Dis

Total Deaths

5 2 1 8 93 5 Morens and Fauci 2020 Cell
I T

H I R HELMHOLTZ
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Clinical course and pathophysiology of COVID-19

Fatality rate

Acute respiratory manifestations 3 Al andoutoficy  £1iniCU andweanedoff ECMO [ OnECMO [ Died
Severe ARDS COVID-19 (WHO scale 6 to 8) "
Mechanical ventillation
ECMO, Death

0-8

e
<N
1

COVID-19 cases (percentage of all cases) ::5
Asymptomatic... and mild disease (81%) Critical and deceased (5%) = 0.4
Incubation period * Fever, fatigue and dry cough ¢ Dyspnea * ARDS
¢ Ground-glass opacities ¢ Coexisting illness ¢ Acute cardiac injury 02
* Pneumonia ¢ |CU needed ¢ Multi-organ failure
Hu et al. 2021 Nat Rev Micro °3 7 14 21 28 40 50 60 70 80 90

Days from ECMO onset

Schmidt et al. 2020 Lancet Respir Med
Osuchowski et al. 2021 Lancet Respir Med

WHO R&D Blueprint - COVID-19 Therapeutic Trial Synopsis

What are the dysregulatory host responses to SARS-CoV-2 ?

HELMHOLTZ

HIR
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Systemic response: Suppressive myeloid cells are a hallmark of severe COVID-19

activated CD14" monocytes

COVID-19 patients

: i dysfunctional
mild (independent dual-center study) Soveis HLA-DR

L1l oL cD11E" CD14" monocytes
! .
% Latt; Y w Lat; )
Early i' Early ) ¢ LA-D ,.,.u-’
I\

multipronged single-cell analysis of PBMC and whole blood

CyToF  ScRNAseq  SCREZS2d  Flow cytometry
® MF : A0S " 7))
B - 3
20M 99k 4M  cells dysfunctio o
®
> Dual center study (Berlin and Bonn) > Mild COVID-19 is marked by inflammatory CD14+
monocytes
» 53 COVID-19 patients, 161 samples
ca. 25 million single cells analysed > Dysfunctional CD14+ monocytes in severe COVID-19

» Single-cell RNA-seq

_ _ > Emergency myelopoiesis with immature and
and single-cell proteomics

dysfunctional neutrophils in severe COVID-19

Schulte-Schrepping et al. 2020 Cell



CoviD-19
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Local response in the lung in severe COVID-19 patients

Article Article

A molecular single-cell lung atlas of lethal COVID-19 tissue atlases reveal SARS-CoV-2
COVID-19 pathology and cellular targets

Melms et al. 2021 Nature Delorey et al. 2021 Nature
® Control @ COVID-19 1 Mveloid: 158. FDR — 0.013
R . Myeloid: 158, =0.
0.8 P=5x10% All cell types = ® 5 Endothelial: 49, FOR = 1
- P =026 P =0.04 P=9x10° P=100 ® SARS-CoV-2RNA*  [5). “>_.-  3.Fibroblast: 47, FDR = 1
P =024 . Pl=0.39 A =0.003 g S 4. T/NK: 32, FDR = 1
0.61P-0010 c — .| R P ) @‘ 5. Epithelial: 15, FDR = 1
_o . feee= o T .E .\ 6.B/Plasma: 13, FDR = 0.373
0 . . i g = v 7.Pericyte: 11, FDR = 0.993
L 04 . 8. Mast: 5, FDR = 0.216
o . \ ‘ 9. Ciliated: 1, FDR = 1
R JdoJe [ 10. RBC: 1, FDR = 0.993
0.2 . . 11. Secretory: 0, FDR = 1
é E‘f‘l $ 12. Predicted doublets: 12,
0 e @ ## SN - ’,,\‘ I.:DR =0.123
— v Enrichment score
O ° Eg| s 2 |2| 3T |3 X . b
o £ S D 7] D o c e
< & 3| £ S |Slelg F at ([T
el = a o D § o 5 :6
= o L = A =z
o e, e, = -8
c [V
L
Cell type

» Lung infiltration with dysregulated monocytes and macrophages
» Remodeling of lung epithelium
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Studying Lung injury undelying COVID-19-induced ‘acute respiratory
distress syndrome’ (ARDS)

Part 1
In the
clinics

Part 2
Ex vivo
infection

WHO ordinale scale
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CD163+ macrophages accumulate in the lung
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Macrophages adopt a damage response and tissue remodelling

Bronchoalveolar lavage / scRNA-seq
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CD163/LGMN-Mo resemble a profibrotic macrophage phenotype

Comparison and integration with the IPF Cell Atlas

COVID-19 (Present study)
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Macrophages-fibroblast interactions in COVID-19 lungs

Healthy COVID-19

Differential interaction strength
COVID-19 Early vs. Late
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Collaboration with Peter Boor (Aachen) and Roland Eils (Berlin) labs
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Severe COVID-19 induces pronounced fibroproliferative ARDS
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~ Healthy lung COVID-19

Collaboration with Matthias Ochs, Berlin
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Fibrosis as a hallmark of COVID-19-induced ARDS

Article

Science Translational Medicine The spatiallandscape of lung pathology
Lung transplantation for patients with severe COVID-19 during COVID-19 progression

Ankit Bharat, Melissa Querrey’, Nikolay S. Markov?, Samuel Kim', Chitaru Kurihara', Rafael Garza-Castillon’, .
Adwaiy Manerikar, Ali Shilatifard®, Rade Tomic?, Yuliya Politanska?, Hiam Abdala-Valencia2, Anjana V. Re n d eiro et a |. 2 O 21 N ature
Yeldandi*, Jon W. Lomasney*, Alexander V. Misharin?, G.R. Scott Budinger?

IDivision of Thoracic Surgery, Northwestern Memorial Hospital, Feinberg School of Medicine, Northwestern University, Chicago, lllinois 60611, USA. ?Division of Pulmonary

and Critical Care Medicine, Northwestern Memorial Hospital, Feinberg School of Medicine, Northwestern University, Chicago, lllinois 60611, USA. 3Department of

Biochemistry and Molecular Genetics, Northwestern Memorial Hospital, Feinberg School of Medicine, Northwestern University, Chicago, lllinois 60611, USA. “Department of

Pathology, Northwestern Memorial Hospital, Feinberg School of Medicine, Northwestern University, Chicago, lllinois 60611, USA. **k *k

*Corresponding author. Email: abharat@nm.org 2

» Extensive evidence of injury and
fibrosis that resembled end-stage
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Ex vivo classical monocytes stimulation
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SARS-CoV-2 triggers a profibrotic gene expression profile in monocytes
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Ex vivo classical monocytes stimulation
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Take home messages
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» Monocyte-derived macrophages
accumulate in the lung in COVID-
19 ARDS

» Macrophages in COVID-19
express genes associated with
profibrotic functions

» Patients with severe COVID-19
ARDS display hallmarks of
pulmonary fibrosis

» SARS-CoV-2 induces a
profibrotic transcriptome and
proteome profile in macrophages

Wendisch, Dietrich, Mari, von Stillfried et al. Cell
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Take home messages and open questions
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