DETERMINING IMPORTANT NOVEL MECHANISMS THAT

REGULATE T-CELL-MEDIATED IMMUNE RESPONSES

A thesis submitted to The University of Manchester for the
degree of Doctor of Philosophy in the Faculty of Biology,

Medicine, and Health

2021

STEFANO ROSSI

SCHOOL OF BIOLOGICAL SCIENCES/ DIVISION OF IMMUNOLOGY, IMMUNITY
TO INFECTION AND RESPIRATORY MEDICINE/ LYDIA BECKER INSTITUTE OF

IMMUNOLOGY AND INFLAMMATION



List of contents

List Of figUIres. .. ..o e 8
List of tables. ..o 9
List of abbreviations. ... 10
ADSErACT. ... e e 13
Declaration. ... ... e 14
Copyright Statement...........c.oiiii i 14
AcCKNOWIEdgemENTS........ouiiiii e e 16
The AULROT ... s e e e 17
DediCatioN ... .c.ieiie i e ——— 18
Chapter 1: INtroduction ......... ..o s r e e e 20
1.1 Integrins: structure and signalling.............coconiiiiiiii 21

1.1.1 Integrin Structure. ..o 21

1.1.1.1 The asubunit.........ccoeiiiii 23
1.1.1.2The B subunit.......c.coiiiiiiii 23

1.1.1.3 Transmembrane helices and membrane clasps......... 24

1.1.1.4 Ligand binding.........c.ccooiiiiiiiiiii 25

1.1.2 Structural changes and integrin activation........................... 26

1.1.3 Integrin signalling..........cccooiiiiiiiiii 27

1.1.3.0 TaliNaee e 28

1.1.3.2Kindlins. ..o 28

1.1.4 Inside-out signalling...........ccoviiiiiiiiiiii 29

1.1.5 Outside-in signalling............ccooiiiiiii e 30

1.2 The integrin AVPS8. ..o e 31

1.2.1 Structural and functional role of the integrin avf8........................ 32



1.2.1.1 Functional divergences in TGF-p activation by the integrin

VB8 anNd V6. ......cuiiiiiii 33

1.2.2 Signalling events triggered by the integrin avf8...................ooeeel 34

1.3 TGF- and its biological role............cccoiiiiiiiii 35
1.3.1 TGF-B regulation..........ccooiiiiiiiii e 35

1.3.2 Integrin-mediated TGF-f activation...............cccoooiiiiiiiiiiiinnne. 37

1.3.2.1 avp8-mediated TGF- activation...............cccoeviiiinnnnn. 38

1.3.3 Classical TGF-B signalling.......c.cccoviiiiiiiiiiiii e 38

1.4 TGF-f and its role in controlling immune responses.............cccceivieieninnse. 39
1.4.1 TGF-B and T lymphocytes..........cocieiiiiiiiiiii e 39

1.4.1.1 TGF-B regulation of CD8+ T cells..........cccceiiiiiiiinininnennn. 40

1.4.1.2 TGF-f regulating T helper 1 and 2-mediated responses....40

1.4.1.3 TGF-B orchestrating regulatory T cells (Treg) / T helper 17

= Q= 4
1.4.1.3.1 TGF-B regulating T helper 17...........cccoevieninnen. 42
1.4.1.3.2 TGF-f regulating Treg.........cccoviiiiiiiiiiiiieenen. 42

1.4.1.4 TGF- and immunological memory.............ccccoiiiiiennne. 44

1.41.41 Central memory T cells (Tcm) and Tem

1.4.1.4.2 Tissue-resident memory T cells (Trm) biology....45
1.4.2 DC and the role played by TGF-f........cccoiiiiiiiiiiiiirr e 46
1.4.2.1 Plasmacytoid and conventional dendritic cells (cDC)...... 48

1.4.2.2 Functional roles played by cDC..............cccccciiiininnenennn.. 50

1.5 The role of the integrin avp8-mediated TGF-f activation in immunity......... 52
1.6 Transcriptome analysSis..........cccceiiiiiiiiii i e 54
1.6.1 Quality check of sequencing reads.............cccveiiiiiiiiiiciercrienenens 55

1.6.2 Pseudo-alignment with the Kallisto tool...................ccooiiiiinneees. 55



1.6.3 DEA with DESeq2.........cceoiiiiiiiiiiir e e 56

1.6.4 OULIOOK.......nieiiii i 57

1.7 Thesis aims and hypotheses...........ccccoiiiiiiiiiii 57
Chapter 2: Material and Methods............cccoeiiiiiiiii e e 59
2.1 ANIMAIS. ... 60

2.2 Murine cell iSolation...........cceiiiiiiiii 60

2.21 CD11c+ enrichment of splenocytes via Magnetic-Activated Cell

SOrting (MACS).....ciiiiir s e e e e 60
2.2.2 Fluorescence-activated cell sorting (FACS) separation of previously
enriched CD11c+ splenocytes...........coiiiiiiiiiiiiii e s 61
2.2.3 CD11c+ MHCII+ splenocytes incubation with LAP........................ 61
2 0 {1 61
2.3.1 RNA extraction..........ccceiiiiiiiiiiiis i e 62
2.3.2 Reverse transcription of RNAINtocDNA..........cccoiiiiiiiiiiiiiieeee, 62
2.3.3 Reverse transcription quantitative polymerase chain reaction (RT-
o | 20 2 62
2.4 Quality check of fastq files..........cccooiiiiiii 63
2.4.1 Quality control of sequenced samples...........cc.cceviviiiiiiriririeininnss 63
2.4.2 Adapter trimming and filtering of low-quality reads...................... 64
2.5 Pseudoalignment with the Kallisto software..........c.c.ccccoviiiiiiiiiiicicicinnn. 64
2.5.1 Index bUilding.......ccocuvuiiiiiiiii e 64
2.5.2 x-compatibility classes, equivalence classes, and optimisation
through the EM algorithm............cccoiiiiiiii 65
2.6 Gene-level analysis.........c.coeimieiiiiiiiiii e 65

2.6.1 Summarisation of transcript-level abundances to gene-level

MATIICES. . e 65
2.6.2DEA ... e 65
2.7 Batch effect correction..........ccoouiiiiiiii 65
2.8 Pathway and network analysis..........cccuvuviiiiimei e 66



2.8.1 Ingenuity Pathway Analysis (IPA), functional annotation, and the

Reduce and Visualise Gene Ontology (REViGO) tool..............ccccvuennnnen. 66

2.8.2 Graph-based iterative group (GiGA) analysis............ccoveivienininnans 66

2.9 Functional validation............ccoeiiiii 67

2.9.1 Gene expression analysis in LAP-treated DC.............c.coccvniniinenne 67

2.9.2 Migration @SSay.........ccoviiumimiiieiiirrir 67

2.9.3 Microscopy analysSis........ccovieiiiiiiiiiiiirirr e 67

2.10 Statistical analysis........ccoooiiiiiiiiii 68
Chapter 3: Determining transcriptional changes induced by the integrin avp8 in
5 O 69
3.1 INtrodUCHION... ... 70

3.3 Wildtype murine CD11c+ cells upon incubation with LAP show minor
transcriptional changes compared to the 8 KO counterparts..........................T4

3.4 Outlier removal increases degree of clustering of wildtype and 8 KO CD11c+
cells confirming minimal effects triggered by LAP...........o i 78

3.5 DEA, performed at different degrees of corrections and statistical power,
reveals potential avfp8-dependent genes in murine CD11c+
3.6 DiSCUSSION.. ..ottt ie s e ra s e e e ra s e s rr e e e e e e e nan 86

3.6.1 Transcriptome profiling of DC from wildtype or conditional KO

background used to determine avp8-dependent genes....................... 87
3.6.2 RNA-seq analysis required bias detection and correction............. 87
BT A o ¢ Lo 11 1= oY TS 89

4.2 Devising a protocol to isolate high-purity CD11c+ MHCII+ cells for RNA-seq
With high yield........ooei 91

4.3 Quality check and pseudoalignment of sequenced RNA samples extracted
from primary DC........o i e 94



4.4 PCA plots show a time-dependent effect of LAP incubation on DC gene
£ 4 o1 =X=T= ] o 95

4.5 RNA-seq reveals genes differentially expressed following six hour-long
incubation with LAP in splenic DC.........ccciiiiiiiiiiiiriir e re e e rr e e 98

4.6 Incubation with LAP downregulates CXCR4 in DC and reduces migrating
behaviour in CD11c+ murine splenocytes...........cciieieiiiiiiiiiin e 100

4.7 Incubation of splenic DC with LAP downregulates expression of the TGF-$

signalling protein Smad3...........ccoiiiii 102
4.8 Incubation of splenic DC with LAP downregulates genes involved in actin
cytoskeleton rearrangement...........ccoooviiiiiiiii 104
T e N 1L o T o o 106

4.9.1 Minor time-dependent transcriptional changes induced by LAP, in
primary splenic murine DC...........coiiiiiii e e e e 106

4.9.2 Transcriptional changes elicited by LAP induce few biological
AIfferenCeS. . cce e e 108

4.9.2.1 LAP reduces migration of splenic DC but does not induce
cytoskeleton rearrangement...........ccccccciiiiiicinnciecnnenveeeennnn. 108

4.9.3 Regulation of TGF-p signalling-related genes after incubation with

L 109
4.9.4 Limitations of our current approaches.............cccocvevimiiiiiecenennn. 110
v 30 1IN 0 4 Ued ¥ =3 T o T PP 112

Chapter 5: Determining transcriptional profile of Tem expressing the integrin avp8...113
5.1 INtroduCtioN.....ccccu e 114

5.2 Expression of avp8 on Tem marks a transcriptionally distinct subset from
the avB8-negative counterparts ...........ccc v 114

5.3 Comparative analysis of two separate experiments indicate that avf8+ Tem
are transcriptionally distinct from Treg.........ccooeiiiiiiiiiiii s 118

54 A new RNA-seq experiment indicates that avf8+ Tem mark a new,
transcriptionally distinct, cell subset...........ccoviiiiiiii 122

5.5 Comparative analysis of Treg and Tem identifies regulatory genes enriched
iN B8+ SUDSELS....ccciiiiiiii e 124

5.6 Pathway, Network and GO analysis of genes differentially expressed in avp8+
Tem identify important gene interactions.............cccceveiiiiiiiiiiiceeiieena. 128



LI A T3 o2 U 1= o ] 134

5.7.1 The expression of avp8 marks a transcriptionally distinct population
Lo S 1= o T 134

5.7.2 avp8+ Tem are transcriptionally distinct from Treg..................... 135

5.7.3 avp8+ Tem have an enhanced expression of important genes

involved in suppressor activity.......cc.ooeiiiieiiiiii e 136
LT 20 0o 4 o7 11 =3 T o TN 138
Chapter 6: General DiSCUSSION..........ccieiuiiiiiirersiiiiir s s s s s s s rnra s s s snsnnnnnns 139

2] =] =) 0 1o == J S V' £ .

Word count: 34423



List of figures

Figure 1.1 | Representative structure of an integrin molecule.............cccoiiiiiiinnnnn. 22
Figure 1.2 | Integrin SUbUNItS.........cciniii 22
Figure 1.3 | Group classification of integrin molecules..............ccceiiiiiieiiiiiinn, 25
Figure 1.4 | TGF-B SyNthesis........cccooiiii e 36
Figure 2.1 | Quantification step used by Kallisto.............cccoeveiiiiiiiiiiiniees 64
Figure 3.1 | Sequence quality assessment of raw FASTQ files obtained from high
throughput sequencing ProtocCols...........ccooiiiii i e e e 72
Figure 3.2 | Percentage of successfully pseudoaligned reads............c.cocoeiviiininnnnnns 75
Figure 3.3 | PCA plot reveals that sequenced samples are affected by a source of bias
further rescued by the SVA........e e 77
Figure 3.4 | Outliers removal increases clustering of sequenced samples................ 79

Figure 3.5 | Supervised hierarchical clustering of the top 500 variable genes compared
across wildtype CD11c+ cells and their avB8 KO counterparts suggests minimal effect

Figure 3.6 | Transcriptional profile induced by the differential expression of 88 subunit
on CD11c+ cells show more pronounced phenotypic changes than those elicited by the
sole treatment Of LAP..........on s rrre s s s s s s s s s s e ens 82
Figure 3.7 | Venn diagrams comparing differential gene expression in CD11c+ cells
treated with BSA versus LAP after different methods of correction/analysis of data....85

Figure 4.1 | Sample preparation and quality check of sequenced reads.................... 92
Figure 4.2 | Percentage of trimmed sequencing reads pseudoaligning against the
MOUSE tranNSCIiPLtOME. ... ... it r s s s e e s r s e s s e e m s e rerreenneees 95
Figure 4.3 | PCA plots show minor transcriptional effects induced by LAP............... 97

Figure 4.4 | Transcriptome profiling of DC incubated with LAP or BSA for six hours
shows enrichment of TGF-f signalling-related proteins, and regulation of genes

involved in actin-cytoskeleton rearrangement and fatty acids
L0073 =1 o X0 1= ¢ o TR 99
Figure 4.5 | LAP represses CXCR4 expression in murine DC and decreases CXCR4-
specific migration in CD11c+ splenocytes.........ccciiiiiiiiiiiiiii s 101
Figure 4.6 | Smad3 expression levels are regulated by LAP.............cccooveiiiiiiiiinninns 103
Figure 4.7 | Functional validation of target genes differentially expressed with RNA-seq
experiment confirms no phenotypical differences upon LAP incubation.................. 105
Figure 5.1 | B8 positive Tem are transcriptionally distinct from B8 negative
Lo o1 g = o 2= o = 116
Figure 5.2 | Functional annotation of genes with the DAVID tool of the differentially
expressed genes when Tem avf8+ are compared to avp8-ones...........cccoceevieenene.e. 118
Figure 5.3 | Expression of 8 Treg correlates with a distinct transcriptional profile
compared to 8 negative Treg........ccovviiiiiiiiiii e 119
Figure 5.4 | 8+ Tem show a gene overlap of 22% when compared to 8+ Treg........ 121

Figure 5.5 | RNA-seq experiment on a newly generated dataset indicates that
expression of 8 on Tem or Treg triggers phenotypically distinct changes and that 8

positive Tem share key genes with 8 positive Treg........cccooeimiiiiiiiiiiiiiiiiees 123
Figure 5.6 | Computational analysis performed on Treg, marked positive or negative for
B8 expression, identifies potential pathways of interest..............cccoiiiiiiiiiiiiiiiiinnnns 125
Figure 5.7 | Comparison between two separate experiments of Tem identifies core
genes involved in important regulatory immunological activity................cocvcviinns 127
Figure 5.8 | Functional annotation analysis with the DAVID tool, after applying the
REViGO tool, in 8+ Tem compared to $8- counterparts.............cccoviiniiiiiiiiiicnninines 131
Figure 5.9 | GiGA analysis and upstream analysis with the IPA tool identifies potential
gene interactions that are enriched when 8+ Tem are compared to §8-ones............ 133



List of tables
Table 2.1 | Forward and reverse primers for candidate murine genes selected for RT-

Table 3.1 | Genes of interest, resulting from the intersection of different bioinformatic
approaches (see text) when wildtype CD11c+ cells were incubated with LAP for 6

Lo 11 84
Table 4.1 | The percentage purity of cells post enrichment and after flow cytometric cell
L= 0 o ] T R 93



List of abbreviations

ADMIDAS

ATAC-seq
BM

BSA
CTLs

cDC

pDC

DC

DEA

ECM

EM
F-actin
FACS
FCS
GDI
GiGA
GO
GTCF
HPRT
IPA
KEGG
LAP
LPS
LTBP

MACS

10

Adjacent to metal-ion-dependent adhesion site

Transposase-accessible chromatin with sequencing
Bone marrow

Bovine serum albumin

Cytotoxic T cells

Conventional dendritic cell

Plasmacytoid dendritic cell

Dendritic cell

Differential expression analysis

Extracellular matrix

Expectation maximisation

Filamentous actin

Fluorescence-activated cell sorting
Foetal Calf Serum

GDP-dissociation inhibitor

Graph-based iterative group

Gene ontology

Genomic Technologies Core Facility
hypoxanthine phosphoribosyltransferase
Ingenuity pathway analysis

Kyoto Encyclopaedia of Genes and Genomes
Latency associated peptide
Lipopolysaccharide

Latent TGF-g binding protein

Magnetic-activated cell sorting



MHC

MIDAS

mLNs
MMP-14
p-Treg
PBS

PC

PCA
Pl4,5-P2

PIP5SK

PRRs

PSI

PTB

PTK2
PTP

RA
REVIGO
RGD
RT-gPCR
scRNA-seq
SLC

SVA
t-Treg
Tem

TCR

Tem

11

Major histocompatibility complex
Metal-ion-dependent adhesion site

Mesenteric lymph nodes
Matrix metalloproteinase-14
Peripheral regulatory T cells
Phosphate-buffered saline
Principal component
Principal component analysis

Phosphatidylinositol 4,5-diphosphate
Phosphatidylinositol 4-monophosphate 5-kinase
Pattern recognition receptors
Plexin-semaphorin-integrin
Phosphotyrosine-binding

Protein tyrosine kinase 2

Protein tyrosine phosphatase
Retinoic acid

Reduce and Visualise Gene Ontology
Arg-Gly-Asp

Reverse transcription quantitative polymerase chain reaction
Single-cell RNA-seq

Small latency complex

Surrogate variable analysis

Thymic regulatory T cells

Central memory T cells

T-cell receptor

Effector memory T cells



TLRs

TMD
Treg

Trm

12

Toll-like receptors
Transmembrane domain

Regulatory T cells

Tissue-resident memory T cells



Abstract

The immune system protects our body against foreign pathogens, being capable of promptly
mounting a response against different insults. Nevertheless, immunity must be tightly
regulated to prevent aberrant responses targeted against our tissues. TGF-B is a pleiotropic
cytokine regulating immune responses, which the active cytokine moiety is non-covalently
bound to the latency associated peptide (LAP). The activation state of latent TGF-§ is
regulated by the integrin avp8 — which engages with LAP to promote cytokine activation. On
dendritic cells (DC), integrin avpf8-mediated TGF-B activation is paramount — as conditional
loss of this integrin correlates with severe inflammatory bowel disease in mice. Additionally,
current studies in our lab indicate that expression of avf8 is high in effector memory T cells
(Tem), with unpublished work indicating that avp8+ Tem suppress anti-viral immunity in mice.
Importantly, members of the integrin family can act as signalling receptors, but pathways
regulated by avp8 upon ligand engagement have not been well described to date, with no
information available for how integrin avp8 signals in immune cells. In this PhD thesis, we
used a transcriptomic approach with the aim of identifying important signalling pathways
regulated by integrin avB8 in DC and T cells. Specifically, using RNA-seq analysis we found
that expression of CXCR4 was downregulated in LAP-treated DC and that correlated with a
reduced migrating behaviour toward the CXCR4-specific chemokine, CXCL12. These data
might indicate that prior to TGF-f activation, signals propagated in DC limit their migrating
behaviour. Also, transcriptome profiling indicates that avp8+ Tem marked a transcriptionally
distinct cell population from the avp8- counterparts and are significantly enriched with anti-
inflammatory pathways. These data complement previous findings in our lab, providing
insights into why a newly identified subset of CD4+ memory T cells can inhibit anti-viral

responses.

Together, these results indicate previously undetermined pathways that are regulated by avp8

in DC and T cell biology.
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Chapter 1

Introduction



1.1 Integrins: structure and signalling

Integrins are members of the Type 1 receptor family, consisting of short cytoplasmic tails, a
large ectodomain and one single-pass transmembrane domain (TMD) (Lau et al., 2009). The
first integrin molecule was characterised in 1986 as an integral membrane protein molecule
linking the cytoskeleton to the extracellular matrix (ECM) (Tamkun et al., 1986). Thirty-five
years after their first identification and characterisation, integrins have been described to

regulate many important biological processes as important cell adhesion receptors.

Indeed, integrins — apart from creating a physical connection between the ECM and the
cytoskeleton — are receptors, too. Upon conformational changes, integrins can relay signalling
cascades inside the cell following ligand binding and trigger pathways involved in cell
differentiation, survival and signalling (Giancotti & Ruoslahti, 1999; Miranti & Brugge, 2002).
Moreover, integrins play an important role in cell migration in different contexts such as during
embryonic development. Integrins are also crucial in immunity; for example, via regulating
leukocyte extravasation. Given its importance, alteration in integrin-mediated cell migration is

linked to immunodeficiencies and cancer (Huttenlocher & Horwitz, 2011).

Given the important role played by the integrins in many biological contexts, major efforts have

been made to better understand their biological properties.

1.1.1 Integrin structure

Each integrin molecule is composed of two non-covalently bound transmembrane glycoprotein
subunits designated alpha (o) and beta (B). With 18 o and 8 3 described subunits, 24 distinct
assortments of af dimers have been found in mammals — characterised by a distinct

distribution throughout the body and specific binding properties (Figure 1.1).
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integrins

B-propeller domain repeats ™
Wl o1-domain | 3 14 15-X-6° 1 7 KT NETA WS RTI—-
hybrid domain EGFD
|PS|. 1-domain 14 Elzil BTD M

Figure 1.1 | Representative structure of an integrin molecule. The o subunit is
characterised by a head, containing B-propeller domain repeats, a stalk, composed of one
thigh and two calf regions, a transmembrane, and cytoplasmic domain. Some o chains also
contain an al-domain. In the extracellular part, the B chain is composed of a plexin-
semaphorin-integrin (PSI) domain, a hybrid and 1 domain. The hybrid domain is key in
regulating affinity for the ligand. The membrane-proximal portion of the extracellular molecule
is composed of EGF-like domains and a f-tail domain. The f chain also contains a
transmembrane and cytoplasmic region. The figure is modified from Kramer, 2016.

Given this variability and ligand specificity, integrins are classified in different groups — with
the av-, B1-, and PB2-containing integrins the largest groups found (Figure 1.2). Pairing of
heterodimers, occurring intracellularly, is believed to rely on the quantity of a subunit
expressed in the cell — with the B subunits generally expressed in greater quantities (Barczyk
et al., 2009; I. D. Campbell & Humphries, 2011). This is not true for av integrins as several {3

subunits pair with a single o subunits (Figure 1.2).

ad od l p8 aD*

p7—aE" * integrins with al-domain
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Figure 1.2 | Integrin subunits. Diagram showing known possible combinations of o and 3
subunits. Straight lines represent possible combinations between o and 8 subunits. The figure
is modified from Kramer, 2016.

Each integrin subunit ranges in size from 750 to 1000 amino acidic residues — spanning the

plasma membrane once. The extracellular N-terminal part of the integrin molecule is

structured in different domains, whilst the intracellular part is composed of a small cytoplasmic

tail (I. D. Campbell & Humphries, 2011). Despite a similar general structure, the o and

subunits are not homologous.

23

1.1.1.1 The a subunit

The o subunit is composed of a so-called ‘leg’ structure characterised by a ‘thigh’ and
two ‘calf’ (calf-1 and calf-2) domains (Figure 1.1). The thigh and calf domains contain
each 140 to 170 amino acidic residues organised in B-sandwich folds (I. D. Campbell
& Humphries, 2011). Also, the leg supports a B propeller domain — structured in seven
distinct blades (Humpbhries et al., 2003). In 1989, Larson et al. found, in half of the o
subunits, an extra structure called al domain. The latter is placed between the second
and third blade of the B propeller structure (Larson et al., 1989). As reviewed by
Campbell and Humphries, the o subunits also contain two interdomain regions: one is
between the calf-1 and the thigh domains — called the knee; the second is a linker

region between the thigh and  propeller (I. D. Campbell & Humphries, 2011).

1.1.1.2 The B subunit

Compared to the a subunits, the B chains have more domains — which are structured
with a higher degree of complexity. Indeed, from the extracellular N-terminal end of the
B subunit, the first domain is the PSI composed of two parts structured in an o/ folding
(I. D. Campbell & Humphries, 2011). In the latter domain, a hybrid domain is inserted.

Of note, in analogy with the | domain described in the a subunits, the B subunits have
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a homologous | domain, too. As reviewed by Campbell and Humphries, this is inserted
in the hybrid domain (Figure 1.1). More towards the plasma membrane, the 3
structures resolve in a B tail domain, more plastic than the o counterparts, which
follows four cysteine-rich epidermal growth factor modules (Figure 1.1) (I. D. Campbell

& Humphries, 2011).

Contrary to the a subunit, the cytoplasmic tail of the p subunits have a high degree of
homology, with many sharing a highly conserved and membrane-proximal
phosphorylatable tyrosine sequence — the NPxY (Asn-Pro-Xaa-Tyr) motif. Once the
tyrosine is phosphorylated, this motif can bind proteins containing a phosphotyrosine
binding (PTB) domain (Barczyk et al, 2009). It is worth mentioning that the 8
cytoplasmic tails lack the latter motif, different and divergent from other 3 cytoplasmic

tails (McCarty, 2020).

1.1.1.3 Transmembrane helices and membrane clasps

As mentioned earlier, each integrin subunit consists of a single-pass transmembrane
domain — key in propagating signalling events downstream. Of note, experimental
studies supported the hypothesis that a correlation between the o and the § TMD and
integrin function exist (Ginsberg, 2014). As already mentioned, integrins switch their
structural conformation which, in turn, reflect their receptor activity state. When
receptor activity is low, the a- and B-TMD are associated, with the TMDs moving apart
during high levels of receptor activity (Pagani & Gohlke, 2018). The resolved structure
of the integrin allbp3 identified two points of contact between the a- and B-subunit,
referred to as the outer and inner membrane clasps (Ginsberg, 2014). The outer
membrane clasp is found at the N-terminal end of the TMD and represents a point of
interaction between a Gly-Xaa-Xaa-Xaa-Gly motif on the a chain and a Gly in position

708 on the B chain. The inner membrane clasp consists of an interaction between an
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Arginine in position 995 on the a chain and an Aspartate in position 723 on the 3 chain
(Ginsberg, 2014). Also, the latter clasp consists of two residues of Phenylalanine in
positions 992 and 993 on the o chain interacting with the B subunit (Ginsberg, 2014).
It is also worth mentioning that structural rearrangements occurring in the cytoplasmic
tail of the integrins chain are transmitted to the ectodomains through the TMD (Kim et

al., 2011).

1.1.1.4 Ligand binding

Integrins can be classified in four main classes, reflecting their ligand specificity. One
third of the integrins — including the integrin avp8 — recognise a highly conserved
tripeptide Arg-Gly-Asp (RGD) sequence found on several molecules such as
fibronectin. Importantly, the 2 subunit is mainly restricted to blood cells. Also, the 1
subunit binds laminin and collagen when it combines with some al-domain-bearing o
subunits. The combination of the 31 subunit with different o chains identifies another
subclass of integrins, specialised in binding laminin molecules (Barczyk et al., 2009)

(Figure 1.3).

Leukocyte-specific
receptors

@
D@
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Figure 1.3 | Group classification of integrin molecules. The graph shows integrin
subunits in mammals, their o association, and group specificity. Straight lines depict




heterodimer associations and how they are clustered into four subgroups. The figure
is modified from Hynes, 2002 (Hynes, 2002).

The ligand-binding site is the junction between of the I domain and 3 propeller — on
the B and o chains, respectively. Evidence suggests that ligand engagement occurs at
the interface between the 8 propeller in the a subunit and the Bl domain and is directly
dependent on divalent cations coordinating specific binding sites. Indeed, as reviewed
by Campbell and Humphries, a divalent Mg2+ cation was described to regulate ligand
binding in a motif called the metal-ion-dependent adhesion site (MIDAS), present in
the a-I domain and B-1 domain. The MIDAS in the -1 domain is flanked by two divalent
Ca2+ cations, one per side. One of these sites, adjacent to MIDAS (ADMIDAS),
coordinates an inhibitory divalent Ca2+ cation. A Mn2+ binding to ADMIDAS triggers
integrin activation, upon structural rearrangement (I. D. Campbell & Humphries, 2011).
The other mentioned flanking site is denoted as the synergistic metal ion binding site

which acts as a positive regulator of ligand binding (Pan et al., 2010).

The ligand specificity of an integrin has important implications for its function. If the
ligand is part of a rigid structure — e.g., a component of the ECM, the integrin-ligand
contact generates a force that change and remodel the ECM while having a role in cell
contractility. The ability of integrins to engage with their ligands occur through an

inducible process characterised by structural rearrangements (Arnaout et al., 2005).

1.1.2 Structural changes and integrin activation

As mentioned, integrins were initially described as key linker molecules connecting the ECM
with the cytoskeleton. Apart from their mechanical role, integrins propagate intracellular
signalling cascades thus also act as signalling receptors. Relaying a signalling cascade

intracellularly depends on the activation status of the integrin and its interaction with ligand.

It is commonly accepted that integrins oscillate between three distinct conformational states.

The bent conformation generally reflects an inactive configuration with low binding affinity for
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the ligand. A stretched, open, conformation is usually regarded as the active configuration
(Askari et al., 2009). Also, in this latter stage, engagement with a ligand triggers a high affinity

state that defines this third structural change (Xiao et al., 2004).

Different mechanisms orchestrate the transition from an inactive to active state, and this
occurs through signals occurring in two directions across the plasma membrane, starting
either from extracellular or intracellular stimuli. Indeed, signals generated from inside the cell
induce a conformational change in the integrin molecule that promote a high binding affinity
for the ligand (so-called inside-out signalling). During the inside-out activation process, the
increased ligand affinity is thought to be due to structural rearrangements of the integrin chains
at the transmembrane and cytosolic portion of the heterodimer (Askari et al., 2009). Changes
in the structure are then propagated to the extracellular portion of the integrin leading to its
unbending. As reviewed by Askari et al., a common step determining integrin activation is the
interaction between the cytosolic tail of the B subunit and a molecule called talin, bearing the
PTB domain. In the absence of stimuli, talin is found in an inactive closed conformation — with
the PTB domain unable to bind the integrin molecule. Certain cues evoked intracellularly
induce structural rearrangements leading to the interaction of talin with the integrin, leading to

integrin activation.

Furthermore, if an integrin molecule engages with a specific ligand, this can also lead to
propagation of intracellular signalling (so-called outside-in signalling). As mentioned for the
inside-out signalling, conformational changes of the integrin are also triggered during outside-
in signalling — resulting in a complete detachment of the o and 3 chains (Askari et al., 2009;

Shen et al., 2012).

1.1.3 Integrin signalling

Integrins modulate their ligand binding affinity through a complex activation process requiring

several steps. As mentioned earlier, the cytoplasmic tails of integrins come into contact with
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intracellular adaptors — the latter inducing conformational changes in the whole integrin

molecule leading to an increased ligand affinity.

Integrin signalling specificity depends on subunit pairs inducing binding interactions with

specific intracellular signalling molecules (Romer et al., 2006). Upon cell adhesion, this event

drives integrins clustering and formation of focal adhesions (Romer et al., 2006) — which is a

supramolecular protein complex connecting the intracellular environment to the extracellular

one (C. S. Chen et al., 2003). As described below, talins and kindlins regulate key biological

processes involved in integrin activation (H. Li et al., 2017).
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1.1.3.1 Talin

As mentioned earlier, the  cytoplasmic tail contains conserved motifs that are key in
downstream signalling. Talin is a well-characterised integrin linker protein. Indeed,
adherent fibroblast, microinjected with talin antibodies, inhibited formation of focal
adhesions and thus fibroblast migration (Nuckolls et al., 1992). Talin structure contains

a FERM domain — modulating integrin adhesion.

As mentioned earlier, the inactive state of integrin molecules generally consists in a
bent closed conformation — with the oo and B TMD clasped. Therefore, talin brings about
the dissociation of integrin chains by disrupting the salt bridge between o- and -TMD
— also involving the interaction with the NPxY motif in the membrane-proximal fraction

of the B subunit with the FERM domain (I. D. Campbell & Humphries, 2011).

Also, talin has been described to connect integrins to actin cytoskeleton through its
binding sites specific for the flamentous actin (F-actin) (Hemmings et al., 1996) and
other important signalling mediators. Concluding, talin is not only a key integrin

activator, but also a protein involved in downstream signalling.

1.1.3.2 Kindlins



Kindlins are another class of molecules required for integrin signalling (Montanez et
al., 2008), with alterations associated to severe ailments such as Kindler syndrome

(Siegel et al., 2003).

Structurally, kindlins have a high degree of homology with all the molecules containing
a PH domain — binding phosphoinositides. Moreover, and similar to talin, kindlins
contain an atypical FERM domain but binding to a different, membrane-distal, NPxY

target motif on the beta chain (H. Li et al., 2017)

1.1.4 Inside-out signalling

As mentioned previously, integrins are a heterogeneous class of molecules with different
biological roles. Integrin molecules cluster and connect the cytoskeleton with the ECM.
Catalysis of GTPases RhoA and Rap1 to form focal adhesions occurs in many integrin
molecules, upon ligand binding, activation, and interaction with cytoskeleton. Specifically,
upon phosphorylation, tyrosine growth factor receptors recruit Crk adaptor molecule, binding
to the nucleotide exchange factor RapGEF1, and activate Rap1 (Tanaka et al, 1994).

Following RAP1 activation, two effectors are then recruited.

Firstly, Rap-ligand is one signalling mediator interacting with the o cytoplasmic tails (Ij. M.
Kramer, 2016). Secondly, Riam has been described to be another effector molecule that binds
inositol lipids — i.e., phosphatidylinositol 4,5-diphosphate (Pl4,5-P2) — on the plasma
membrane where it can interact with Vasp, involved in the actin elongation process, and talin

(. M. Kramer, 2016; Torres-Gomez et al., 2020).

When RhoA is loaded with a GTP it is in an active state and catalyses the activation of the
phosphatidylinositol 4-monophosphate 5-kinase (PIP5K). PIP5K catalyses the formation of
P14,5-P2 — with the latter being described in many downstream cellular pathways. Indeed,
membrane sites enriched with such modified inositol lipids are required for talin attachment to

the membrane and prerequisite for its activation (Atherton et al., 2016).
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Vinculin, another key component of focal adhesions, is also able to recognise Pl4,5-P2
(Thompson et al., 2017). Studies confirmed that vinculin recruitment to focal adhesions needs
talin, which contains 11 vinculin binding sites (Atherton et al., 2016). Indeed, once vinculin
attaches to the inner modified leaflet of the plasma membrane, the overall structure changes
(Gilmore & Burridge, 1996). Structural rearrangement of vinculin enables the molecule to
interact with the a-actinin — associated with the F-actin — and talin (lj. M. Kramer, 2016).
Therefore, a strong junctional complex between the extra- and intracellular environment is

created, with several other signalling mediators playing an important role in this process.

1.1.5 Outside-in signalling

As previously mentioned, outside-in mechanisms play a critical role in regulating several
aspects of cell biology such as cell survival or apoptosis. Indeed, disruption of cell-matrix
interactions induced apoptosis, in epithelial cells. Reliance of these cells upon their contact to
specific surfaces relays an outside-in signalling, which prevents these cells from dying. In
anchorage-dependent cells, this is a regulated phenomenon, regarded as ‘anoikis’ — i.e.,

homeless (Frisch & Francis, 1994).

Pathways controlling cell survival are a typical example of outside-in signalling. An example
of such a pathway involves a scaffold molecule called paxillin binds the p cytoplasmic tail that,
in turn, comes into contact with the focal adhesion protein tyrosine kinase 2 (PTK2). This leads
to the auto-phosphorylation of PTK2, which then recruits the tyrosine kinase Src.
Subsequently, Src catalyses the phosphorylation of other tyrosine residues on PTK2,
promoting maximum catalytic activity (lj. M. Kramer, 2016). PTK2 also contains a proline-rich
region, which can act as a docking site for the SH3 domains found on Bcar1 (Lim et al., 2004).
The close contact allows the fully active PTK2 and Src to phosphorylate multiple tyrosine
residues on Bcar1. Multiple phosphotyrosines on Bcar1 are therefore docking sites for SH2

domain-bearing proteins (lj. M. Kramer, 2016).
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Several proteins have been described to be the substrate of PTK2, including the
phosphoinositide 3-kinase. The latter enzyme catalyses the phosphorylation in position 3 of
inositol lipids, converting Pl4,5-P2 to phosphatidylinositol-3,4,5-triphosphate (Carnero &
Paramio, 2014). This generates a docking site for Pdk1 and Akt. Importantly, the close
proximity between the two enzymes allows a Pdk1-mediated activation of Akt (lj. M. Kramer,
2016). Upon Akt activation, this serine/threonine protein kinase regulates several biological
processes — including gene repression of key molecules involved in apoptosis such as the

FOXO signalling molecules (Zhang et al., 2011).

The catalytic active PTK2 is also involved in the Ras-Erk pathway, where it recruits the adaptor
molecules Grb2 and Sos1 involved in Ras activation (Mitra et al., 2006). This outside-in
mechanism of activation contributes in sustain an Erk-mediated signalling cascade. Indeed, a
transient propagation of the Erk signalling cascade can be seen in fibroblasts incubated with

growth factors and their regulation on cell cycle events (Assoian, 1997).

Concluding, bidirectional signalling pathways displayed by integrins play a central role in
different biological context. Of note, conserved regions in the cytoplasmic tails of integrin
subunits are pivotal in orchestrating signalling events. Importantly, the integrin av38 does not
contain the NPXY conserved motif on the 38 cytoplasmic domain, which in other integrins
promotes interaction with FERM domain-bearing proteins such as talin (McCarty, 2020; S L
Nishimura et al., 1994). Therefore, likely binding partners interacting with the integrin avf8,

and downstream signalling pathways are poorly understood.

1.2 The integrin avp8

The integrin 8 subunit heterodimerises solely with the av subunit to form integrin av8, which
is classified as an RGD-binding integrin (McCarty, 2020). As reviewed by McCarty, containing
the RGD conserved tripeptide sequence, the LAP — which is part of the latent form of the

cytokine TGF-$ — and vitronectin — a component of the ECM — bind to av8 together with other
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RGD containing ligands. Importantly, comparisons of affinity of avp8 to different ligands
indicated that the latent TGF-B1 has high affinity binding for this integrin (Ozawa et al., 2017).
The integrin avp8 is mainly expressed in neurons, glial cells, fibroblasts, and epithelial cells,
with studies also showing avp8 expression on immune cells such as T lymphocytes and DC

(Stockis et al., 2017).

1.2.1 Structural and functional role of the integrin avp8

Latent TGF-B — a pleiotropic cytokine with multiple regulatory roles, as described below — is a
high affinity ligand for the integrin avp8 (Ozawa et al., 2017). LAP, which is part of the latent
TGF-B complex, specifically engages with the integrin avB8 through the recognition of the
conserved RGD peptide sequence. In 2007, Yang et al. demonstrated that a single point
mutation of the RGD site on the latent TGF- converting the Aspartate to a Glutamate (RGE)
alters integrin binding. Importantly, mice with such a mutation are phenotypically similar to
TGF-B KO mice developing systemic inflammation and defect in vasculogenesis (Yang et al.,
2007). These findings suggested the importance of RGD-binding integrins as major activators
of TGF-B in regulating several biological contexts, such as the immune system (Worthington
et al., 2011). Campbell et al. identified the mechanisms by which the integrin avp8 drives the
activation of TGF-B, using cryo-electron microscopy. Specifically, this study elucidated a
mechanism by which the integrin av8 does not require actin cytoskeleton force to drive the
cytokine activation (M. G. Campbell et al., 2020) . Indeed, the latent TGF-§ is bound to the
integrin avp8 in the extended-closed conformation — accommodating ligand binding and
regulating cytokine activation (M. G. Campbell et al., 2020). As indicated by Campbell and
colleagues, cytokine activation does not rely on release or diffusion mechanisms, based on
cell-based experimental studies. Also, the mature cytokine does not diffuse and initiate a

signalling cascade on the same cell expressing the latent TGF-f (M. G. Campbell et al., 2020).
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Importantly, rather than oscillating between different conformations, structural studies suggest
that the avp8 is found partially active and in an extended-closed conformation, and does not
adopt a bent, inactive conformation (McCarty, 2020). Also, integrin av38 is less responsive to
Mn2+, which can, at the most, increases affinity for LAP three-fold, whereas this cation can
increase affinity of other integrins for their ligands approximately fifty-fold (J. Wang et al.,
2017). Mounting evidence suggests that integrin avB8 constitutively engages with ligand in an
extended closed-conformation (Cormier et al., 2018). Importantly, the canonical inside-out
signalling pathways seen for other integrin molecules does not trigger ligand engagement by
avp8 (McCarty, 2020). Apart for the integrin avp8, the integrin avp6 is another molecule
described to be a TGF-f activator. Nevertheless, functional divergences exist between the

two types of integrins.

1.2.1.1 Functional divergences in TGF-p activation by the integrin avf8 and avp6

In addition to integrin avB8, integrin awvp6 can also bind to latent TGF-3. However, it is
believed that the two integrins activate the cytokine in different ways. An inside-out
mechanism promotes a conformational switch in avp6 leading from a low to high ligand
binding affinity state transition. As mentioned earlier, rather than in an inactive bent-
closed structure seen in the other integrin molecules such as the avp6 (Dong et al.,
2017), a constitutively active extended-closed configuration has been described for
avp8. Indeed, a force generated from the cytoskeleton is not needed to generate
radical conformational rearrangements in the avB8 heterodimer (M. G. Campbell et al.,
2020). Moreover, as previously mentioned, av integrins such as avp6 have been
described to bind several ligands (McCarty, 2020) whereas, in avp8 molecules,
effective binding can only occur through a direct engagement with the latent TGF- (M.

G. Campbell et al., 2020).
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In 2002 Mu et al. demonstrated that the 38 cytoplasmic chain is dispensable for normal
TGF-B activation (Mu et al., 2002). On the other hand, for the integrin avf6, the f
cytoplasmic chain is required for freeing the active cytokine moiety in the extracellular
milieu (Munger et al., 1999). Importantly, avp6 triggers a global conformational change
upon TGF-B activation that is transmitted intracellularly (Dong et al., 2017). Cryo-
electron microscopy experiments elucidated mechanisms by which avp8-mediated
TGF-B activation signals in the juxtacellular region and that cytokine diffusion is not

required (M. G. Campbell et al., 2020).

1.2.2 Signalling events triggered by the integrin avp8

As mentioned previously, the NPXY conserved motif in the B subunit cytoplasmic domain is
required for propagating intracellular signalling by most integrins. However, the 8 subunit
lacks this conserved region, suggesting that signal mediators are distinct in avp8. There is

limited data on proteins that interact with the integrin 38 tail, which are described below.

The Rho GDP-dissociation inhibitor (GDI) 1 regulates the activation of the small GTPase Rho
and interacts with avp8 at the leading-edge of cells in culture (Reyes et al., 2013). The protein
tyrosine phosphatase (PTP)-PEST positively regulates RhoGDI1. At the cell protrusions,
activation of the GTPases Cdc42 and Rac1 is modulated by a Src-phosphorylated RhoGDIA1.
In turn, in complex with avp8, PTP-PEST stimulates RhoGDI1 detachment from the cell
membrane with subsequent recruitment of GDP-loaded GTPases thereby controlling

migrating cell behaviour in astrocytes (Shin et al., 2015).

Also, studies have identified that Band 4.1B a likely interaction with B8 binding partners in
regulating their structural switches. McCarty et al. showed that a 31-amino acid-long region of
the B8 cytoplasmic tails is enriched with conserved motives that may serve as binding sites

for the Band 4.1B proteins. It was then hypothesised that Band 4.1 could trigger an outside-in
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signalling mechanism and orchestrate the activation of the integrin av8. Indeed, astrocytes
plated on the latent TGF-f3 induced colocalization of the integrin avp38 and Band 4.1B (McCarty

et al., 2005).

These experiments show evidence that the integrin avp8 interacts with intracellular signalling
partners. Yet, it is still not clear whether functional signalling events are propagated inside
cells upon integrin av8 engagement with LAP. Moreover, given that the avp8 plays an
important role in immunity through a direct regulation of TGF- activity (McEntee et al., 2020),
it would be of interest to determine signalling pathways generated downstream of the integrin

avp8 in immune cells as key regulators of TGF-p function.

Given the pleiotropic nature of TGF-f, biological role and modulation of its activity will be

described below.

1.3 TGF-B and its biological role

1.3.1 TGF-B regulation

TGF-B proteins are a structurally-related family of proteins playing important roles in many
biological contexts. TGF-p family members can be further divided in subfamilies, including
TGF-B - consisting of three members —i.e., TGF-p1, 2, and 3 (if not stated otherwise, we will
refer to the TGF-B1 as TGF-B). Studies confirmed that TGF isoforms elicit a similar function

in vitro. Nevertheless, mice lacking individual isoforms have a distinct phenotype. These data

confirm that, in vivo, each isoform has non-redundant biological roles (Annes et al., 2003).

Whilst TGF-p receptors are ubiquitously expressed throughout the body, the latent ligand
cannot directly bind to its receptor. So, the functional role of TGF-§ is regulated at the level of
its activation (Worthington et al., 2011). Indeed, TGF-$ molecules are produced as inactive

complexes and released by the cell as non-biologically active molecules (Worthington et al.,
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2012) (Figure 1.4). A single product is encoded by TGF-3 genes consisting of a pro-peptide
fragment called LAP and the portion corresponding to the biologically active TGFf cytokine —
at the N- end C-terminal end, respectively (Worthington et al., 2012). A dimer is formed, then
a Golgi-based enzyme called furin cleaves between LAP and the active TGF-p fragment
(McEntee et al., 2020). Nevertheless, LAP interacts via a non-covalent association with the
cytokine moiety in a so-called ‘straightjacket’ conformation preventing the active moiety
engaging with its receptor and forming the small latent complex (Worthington et al., 2012).
Also, LAP and TGF-f forms the large latent complex upon association with the latent TGF-f3
binding protein (LTBP, Figure 1.4); This complex is tethered to the ECM thus localising TGF-

B in the extracellular environment (Worthington et al., 2011).

Small latency
complex

Large
latency
complex

Key: 35 Cysteine-rich domain 0<% S et LTBP Disulfide bond

LAP )
© Furin-type enzyme 4 j RGO  Propeptide ” TGFp

Figure 1.4 | TGF-B synthesis. (i) The just-translated TGF-$ molecule, as a pro-peptide,
homodimerises. (ii) A furin-type enzyme catalyses a proteolytic reaction resulting in the
maturation of the pro-peptide. (iii) The biologically active TGF- molecule is retained in an
inactive state upon non-covalent binding with the LAP molecule — forming the small latency
complex (SLC). Cells can secrete SLC. (iv) Alternatively, LTBP can interact with the SLC,
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through a disulphide bond formation, and form the large latency complex which can also be
release by the cells. The latter tethers the ECM as a ready-made product available to other
cells. The figure was taken from a review by Worthington et al. (Worthington et al., 2011).

TGF-B activation can occur through physical and chemical mechanisms such as heat, low pH,
reactive oxygen species, and catalytic activity by proteases. However, as mentioned earlier,
studies have highlighted a key role for av integrins in regulating TGF-§ activity (McEntee et

al., 2020).

1.3.2 Integrin-mediated TGF-p activation

As mentioned already, certain integrins bind latent TGF-§ via the RGD tripeptide sequence
present on LAP. Different integrins appear to activate latent TGF-p in different ways
(Worthington et al., 2011). Cell cultures experiments confirmed that integrin avp5- and avp6-
mediated TGF-pB activation occurs independently from proteases (Munger et al., 1999; Wipff
et al., 2007). These results indicate that avp5 and avp6 do not require proteolytic cleavage to
regulate the activation status of TGF-p. Markedly, avp6 engaging with the latent TGF-B does
not release the active moiety in culture medium (Munger et al., 1999). Therefore, evidence
suggests that integrin avp6 drives a conformational change enabling the active cytokine to

bind to the TGF-p receptor (Worthington et al., 2011).

Cytochalasin D, an actin polymerization inhibitor, reduced the activation of TGF-p in avp5-
and avp6-expressing cells. These results indicated that these two integrin molecules require
cell contraction to regulate biological activity of TGF-f (Munger et al., 1999; Wipff et al., 2007).
It is worth noting that LTBP1 is required for the avp6-mediated TGF-$ activation where it
targets the inactive cytokine to the ECM (Annes et al., 2004). Therefore, a pulling force is
proposed to be propagated by actin filaments linked to the cytoplasmic tails of the LAP-
engaged avp5 and avp6. Also, a holding force in the opposite direction is generated by the
LTBP1 (Worthington et al., 2011). The joint activity of these forces frees the active TGF-f that

is able to bind to its cognate receptor (Worthington et al., 2011).
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1.3.2.1 avp8-mediated TGF-f activation

Integrin avp8-mediated TGF-§ activation was initially proposed to be regulated in a
different way compared to avp5 and avp6. Indeed, this process was proposed not to
rely on cell contraction (Worthington et al., 2011). Instead, initial studies suggested
that avB8 requires metalloprotease activity to activate TGF-p as this activation is
prevented by specific metalloprotease inhibitors (Mu et al., 2002). Moreover, Mu et al.
demonstrated that TGF-p engagement with avp8 resulted into a matrix
metalloproteinase-14 (MMP-14)-dependent release of the active cytokine (Mu et al.,
2002). Nevertheless, a MMP-14-dependent activation of TGF-p has been tested in the

respiratory tract and in human monocytes (Araya et al., 2007; Mu et al., 2002).

1.3.3 Classical TGF-p signalling

Upon activation, TGF-$ binds to its receptor and propagates a signalling cascade inside the
target cell. TGF-p receptor is made of two subunits — type | and Il receptor subunits — eliciting
both a serine/threonine and tyrosine kinase activity (Heldin & Moustakas, 2016). Ligand
engagement triggers receptor dimerization of the type Il receptor and induces the type I
receptor cytoplasmic tail to catalyse phosphorylation of the type | receptor cytoplasmic tail on
the GS domain — a region enriched with glycine and serine residues (Heldin & Moustakas,

2016). This phosphorylation event causes activation of the type | receptor catalytic activity.

The catalytically active type | receptor phosphorylates serine and threonine residues of the
receptor-activated-Smad members, Smad2 and 3 (Feng & Derynck, 2005). The protein
Smad4 then associates with phosphorylated receptor-activated-Smads to form a trimeric
complex that enters the nucleus and regulates expression of specific genes (Y. Shi &
Massagué, 2003). A negative feedback mechanism also exists to shut down TGF-f signalling,
with the cascade promoting expression of the negative regulator Smad7. Once expressed,

Smad7 is retained into the nucleus bound to Smurf2, a ubiquitin ligase (Heldin & Moustakas,
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2016). Following TGFpB signalling, the Smad7/Smurf2 complex attaches to the plasma
membrane and ubiquitinates the type | receptor. The ubiquitinated target is then degraded,
after having entered the proteasomal degradation pathway (Kavsak et al., 2000), thus

dampening TGFf signalling.

TGF-B signalling can also occur through Smad-independent routes, indicating that several
signalling pathways are evoked in different settings (Worthington et al., 2012). Therefore, as
mentioned above, regulation of TGF-f activity is strictly controlled in different biological

contexts such as immune responses.

1.4 TGF-B and its role in controlling immune responses

For an appropriate immunological response to be mounted, a tight regulation is needed to
ensure a proper production of required lymphocyte subsets in appropriate number (David &
Massagué, 2018). Depending on the specific context, TGF-p can elicit an anti- or pro-
inflammatory role (Worthington et al., 2012). Therefore, TGF-p cytokines can orchestrate

several biological roles in immunity (Sanjabi et al., 2017).

1.4.1 TGF-$ and T lymphocytes

Completely differentiated T cells that leave the thymus in search of their cognate antigen are
regarded as naive T cells. Naive T cells continuously recirculate throughout the body where
these cells access, from the bloodstream, the secondary lymphoid tissues thus reaching the
white pulp or T cell zones — in the spleen and lymph nodes, respectively (Jameson &
Masopust, 2018). As it will be described below, upon recognition of its specific antigen
presented by the major histocompatibility complex (MHC), in the context of co-stimulation,
naive T cells can proliferate and differentiate into effector T cells. There are several classes
of effector T cells, each specialised in eliciting a specific task. Markedly, TGF-$ acts in an

articulated and context-dependent manner in T cell homeostasis.
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1.4.1.1 TGF- regulation of CD8+ T cells

Upon recognition of a specific antigen presented on MHC-I and in the presence of co-
stimulation, CD8+ T cells can differentiate into cytotoxic T cells (CTLs) and
subsequently kill infected target cells. In mice expressing a dominant negative form of
type Il TGF-B receptor in all T cells — blunting TGF- signalling — the CD8+ T cell
population was expanded (Lucas et al., 2000). Also, mice in which TGF-f signalling is
altered in T cells showed a dysregulation of CD8+ T cell development (M. O. Li et al.,
2006). The effector function of CTLs in provoking cell death of target cells is also
regulated by TGF-B. For example, TGF-p reduces the expression of perforin (Smyth
et al., 1991) and suppresses IFN-y production by repressing the expression of the

transcription factor T-bet (Ahmadzadeh & Rosenberg, 2005).

1.4.1.2 TGF-B regulating T helper 1 and 2-mediated responses

In contrast to CD8+ T cells, CD4+ T cells can be divided in several, functionally distinct,
subsets. Activation of effector T cells relies on antigen recognition, presented by MHC-
Il by antigen presenting cells such as DC. Specifically, T cell differentiation is a
complex mechanism that classically requires three distinct stimulations. As will be
described below, the first two depend on signalling cascades propagated by the T cell
receptor (TCR) and costimulatory molecules (Korn et al., 2009) upon encounter of DC.
Then, various cytokines can generate the third signal required to trigger the appropriate

cell fate differentiation (Korn et al., 2009).

As reviewed by Zhu and colleagues, CD4+ T cells, in the presence of IL-12 and IFN-
v, undergo T helper 1 cell differentiation — described to play a key role in defending the
host against intracellular pathogens. TGF-p suppresses T helper 1 differentiation.
Indeed, type 2 TGF-$ receptor KO mice on T cells develop a T helper 1-cell-mediated

aberrant inflammatory disease (M. O. Li et al., 2006; Marie et al., 2006). TGF-$ can
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directly suppress T helper 1 cell development through a negative regulation of T-bet —

the master regulator of T helper 1 cell differentiation (Gorelik et al., 2002).

Furthermore, T helper 2 cell fate specification is evoked in the presence of IL-4; these
cells have been described to mount an immune reaction against large extracellular
pathogens such as helminths (Jinfang Zhu, 2018). Crossing mice lacking type 2 TGF-
B receptor molecule — the phenotype of which is an aberrant T helper 1-mediated
multiorgan inflammation — with mice lacking the expression of the T helper 1 master
regulator — i.e., T-bet — generated an offspring developing a T helper 2-mediated
inflammation (M. O. Li et al., 2006). Studies show that TGF-f inhibits the expression
of GATAS — the T helper 2 cell master regulator (Gorelik et al., 2000). Indirectly, TGF-
B can also regulate T helper 2 cell differentiation through the regulation of Sox4 —
suppressing GATAS3 transcriptional activity — and repressing the release of IL-5
(Kuwahara et al., 2012). Together, these results highlight the importance of TGF- in

limiting T helper 1 and 2 cell responses.

1.4.1.3 TGF-B orchestrating regulatory T cells (Treg) / T helper 17 axis

T helper 17 cells make up another important group of immune cells, important in
protecting host cells against fungi and extracellular bacteria. T helper 17 cell
polarisation can occur in presence of TGF- and IL-6 (Korn et al., 2009). As reviewed
by Korn et al., expression of RORyt — the master regulator of T helper 17 cells — is
enhanced in the presence of IL-6 and IL-1f. In a context where the pro-inflammatory
cytokine IL-6 is missing, Foxp3 — the master regulator of Treg — is induced (Korn et al.,
2009). Noteworthy, IL-6 KO mice show defects in T helper 17 cell development in
favour of a much higher proportion of Treg (Korn et al., 2007). These studies confirm

that a finely regulated axis exists between Treg and T helper 17 cell development.
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1.4.1.3.1 TGF-f regulating T helper 17

T helper 17 cells were regarded as a unique subset of effector T cells during
organ-specific autoimmunity. In fact, in this setting, a subset of T helper cells
mounted responses against autoantigens triggering tissue inflammation (Korn
et al., 2009). Mice with blunted TGF-p signalling (expressing a type 2 TGF-$
receptor under the control of the CD4 promoter) have a reduced amount of T
helper 17 cells following induction of experimental autoimmune
encephalomyelitis (Veldhoen et al., 2006). Other cytokines are involved in T
helper 17 development such as IL-1B and IL-23. Studies conducted by
Ghoreschi et al. indicated that TGF- could be dispensable for T helper 17
development as RORyt was induced by a concerted activity of IL-6, IL-13, and
IL-23 (Ghoreschi et al., 2010). More work is needed to elucidate the functional

importance of TGF-f in regulating T helper 17 cells.

1.4.1.3.2 TGF-f regulating Treg

TGF-B promotes differentiation of Treg by increasing Foxp3 expression.
Indeed, the phenotype of mice lacking TGF-p expression mirrors that of mice
with functional loss of Foxp3 (Brunkow et al., 2001). Treg falls into two,
developmentally-distinct, categories: thymic (t-Treg) and peripheral Treg (p-
Treg). As the name suggests, t-Treg complete their development within the
thymus and represent the largest fraction of the Treg pool in the body (Sanjabi
etal., 2017). Liu and colleagues showed that conditional loss of the type | TGF-
B receptor consistently leads to a significant reduction of thymocytes marked
positive for Foxp3 expression, in 3- to 5-day old mice. This indicates that TGF-

B controls early stages of t-Treg development (Liu et al., 2008).
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p-Treg are induced in peripheral tissues upon induction of Foxp3 in CD4+T
cells. Of note, p-Treg induction occurs in concerted action of IL-2 and retinoic
acid (RA) that, together with TGF-B, support expression of Foxp3 in
differentiated naive T cells. This differentiation relies on the classical Smad
signalling pathway — as CD4+ T cells lacking the expression of Smad2 and 3
were not able to induce Foxp3 in presence of TGF-$ (Takimoto et al., 2010).
Several studies suggested the importance of p-Treg in immune regulation at
peripheral sites. Indeed, inflammation was generated in the intestine and the
lung in mice where the induction of p-Treg was abrogated (Josefowicz et al.,

2012).

TGF-B is not only crucial during Treg development. Indeed, in fully
differentiated Treg, TGF-p can also contribute to the immunosuppressive
function of such cells. A transfer model of colitis — involving the transfer of Treg
and naive CD4+ T cells in mice lacking lymphocytes- has been used to
elucidate the role played by TGF-B in Treg function (Powrie et al., 1996). As
reviewed by Kelly and colleagues, severe colitic inflammation was generated
upon transferring naive T cells into lymphocyte-deficient, whereby Treg were
able to inhibit development of this inflammation (Kelly et al., 2017). Moreover,
Fahlen et al. found that in a transfer model Treg were not able to suppress
inflammation if the ability of CD4+ T cells to sense TGF-3 was reduced (Fahlén

et al., 2005).

In 2008, Zhou et al. identified that TGF-p induces Foxp3 and RORyt. This suggests
that the discriminating factor is the environmental context in regulating cell fate
differentiation. Indeed, Treg are induced in the presence of IL-2 and TGF-§, whereas
IL-6, and IL-1pB plus TGF-B and IL-21 drive T helper 17 differentiation (Horwitz et al.,

2008; L. Zhou et al., 2008). Interestingly, Foxp3 can inhibit IL-17 production by cells.



44

This shifts the differentiation fate more toward the Treg phenotype by directly binding
to RORyt (L. Zhou et al., 2008). Finally, it has been hypothesised that the level of TGF-
B is key in determining cell fate. Indeed, naive T cells undergo T helper 17
differentiation when levels of TGF- are relatively low; on the contrary, Foxp3
expression is upregulated by high concentrations of TGF-$ which induces a regulatory

phenotype (L. Zhou et al., 2008).

1.4.1.4 TGF-B and immunological memory

A primary cell-mediated immune response involves activation of naive T cells, in
concert with an increased proliferation rate and differentiation into effector cells. In
parallel, a primary response triggers the formation of a long-lived cell pool referred to
as memory T cells. Surviving the absence of their antigens, the memory cells are
poised to mount a vigorous immune reaction upon reencounter of the infective
pathogen (MacLeod et al., 2009). TGF-p has been described to have a role in

orchestrating memory T cell response.

1.4.1.4.1 Central memory T cells (Tcm) and Tem biology

As previously mentioned, CCR7 — as well as expression of CD62L — is key in
regulating homing to secondary lymphoid tissues. Studies conducted by
Sallusto et al. identified CCR7 as an important marker to separate two
functionally distinct subsets of human memory T cells. Cells marked negative
for CCR7 expression are referred to as Tem (Sallusto et al., 1999). Expressing
high levels of chemokine receptors, indicating capacity of these cells to migrate
towards inflamed sites (Sallusto et al., 2004), Tem have been also described
to express 1 and B2 integrins (Sallusto et al., 1999). On the contrary, Tcm are
marked positive for CCR7 expression (Sallusto et al., 1999), being these more

prone to recirculate as naive T cells. As reviewed by MacLeod et al., the CD45
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gene undergoes a process of alternative splicing producing several isoforms
including CD45RA and CD45R0 (MacLeod et al., 2009) — the latter of which
characterises the Tcm subset (Sallusto et al., 2004). CD4+ and CD8+ T cells
can either differentiate into functionally distinct Tem or Tcm (Sallusto et al.,
2004). Tem are capable of releasing IL-4, IL-5, and IFN-y upon antigen
reencounter; also, the largest amount of perforin is brought by CD8+ Tem due
to their expression of CD45RA (Sallusto et al., 2004). Finally, Tcm — through
the upregulation of CD40L — are more sensitive to antigen stimulation. Upon
TCR engagement, Tcm release IL-2. Furthermore, upon proliferation and
differentiation to effector cells, Tcm produce IL-4 or IFN-y. Therefore, Tem act

immediately after re-infection, whereas Tcm provide more prolonged protection

(Lanzavecchia & Sallusto, 2005).

Studies showed that TGF- seems to play an inhibitory effect on the Tcm
subset. Indeed, expression of CD62L and CD44 increased following blockade
of TGF-B, with the use of a blocking antibody, or after inhibition of a type |
TGF-B receptor kinase, in splenic CD8+ T cells. Data support the hypothesis
that TGF-p elicits a suppressive function upon Tcm precursors by acting in
autocrine fashion (Ma & Zhang, 2015; Takai et al., 2013). Importantly, TGF-$
inhibits the Tcm phenotype even in fully differentiated cells. Indeed, CD62L was
lost and accompanied by a reduction in IFN-y production, when Tcm were
incubated with TGF-B (Takai et al., 2013). On the contrary, very little is known

about TGF-p, its activation, and Tem biology.

1.4.1.4.2 Tissue-resident memory T cells (Trm) biology

Given the lack of CCR7 expression, it was not clear how Tem could egress

from non-lymphoid tissues and recirculate between these, and blood and



lymphatic circulation (Schenkel & Masopust, 2014). As reviewed by Schenkel
and Masopust, seminal works suggested that memory T cells were, in fact, able
to reside in non-lymphoid tissues. Indeed, Trm precursors arrive and
permanently remain in peripheral tissues during immune cell responses.
Phenotypic changes induced in the Trm groups are triggered soon after
migration to tissues. For example, following a viral infection in mice, effector T
cells transiently increased integrin a4p7 expression — required for these cells
to reach the small intestine (Masopust et al., 2010). In mice, the arrival to small
intestine by CD8+ effector cells mark o437 repression. It is worth mentioning
that bioinformatic analysis indicated that Trm are transcriptionally distinct from

naive T cells, Tcm and Tem (Mackay et al., 2013).

TGF-B has been observed to induce upregulation of CD103, the aE integrin
subunit that forms integrins aER7, which binds to the adhesion molecule E-
cadherin found on epithelia. As reviewed by Kelly and colleagues, many studies
indicated that TGF-$ is a central factor inducing CD8+ CD103+ Trm at barrier
sites such as skin, lung, and gut. Importantly, keratinocytes have been
described to express avp6 and avf8, regulating TGF-f activation, and drive
Trm localization to the skin during a viral infection (Mohammed et al., 2016).
Also, Mani and colleagues found that TGF-$ is involved in conditioning naive
CD8+ T cells, from lymph nodes and during homeostasis, to differentiate into
Trm. This conditioning effect was dependent on the expression of av-integrins
on DC (Mani et al., 2019). Importantly, many Trm that do not express CD103
home to several tissues throughout the body (Mueller & Mackay, 2016; Steinert
et al,, 2015). This evidence indicates that some biological mechanisms

regulating Trm homing to non-lymphoid tissues needs to be clarified.

1.4.2 DC and the role played by TGF-p
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Generation of an appropriate adaptive immune response requires the activation of DC. DC
are bone marrow (BM)-derived leukocytes patrolling the body and can recognise pathogens
and present antigen to T cells via MHC proteins. (Merad et al., 2013). Cytologically, these cells
are provided with long processes resembling neural dendrites — from which their name is

derived.

Importantly, DC respond to several harmful insults leveraging their vast repertoire of innate
receptors — which are able to recognise molecular patterns associated with microbial
signatures — i.e., pathogen-associated molecular patterns — or damage-associated molecular
patterns exposed by damaged cells. These molecular cues are the target of the so-called
pattern recognition receptors (PRRs), including the Toll-like receptors (TLRs) family, which is
possessed by cells of the innate immunity such as DC (Reis e Sousa, 2004). Engagement of
PRRs with cognate ligands induce the maturation process in DC (Soto et al., 2020). This is a
phenotypic change consisting in a much greater expression of MHC-peptide complexes and
costimulatory molecules CD80, CD86, and CD40. Also, DC maturation consists in the
upregulation of the chemokine receptor CCR7 — allowing DC to migrate to lymphoid from

peripheral tissues (Cabeza-Cabrerizo et al., 2021).

Therefore — thanks to ICAM-1, ICAM-2, and CD58 expressed on the surface of DC —
phenotypically mature DC can interact with circulating naive T cell through an efficient
interaction of LFA-1 and CD2, respectively. This interaction is crucial for allowing naive T cells
to eventually recognise the MHC-peptide complex that induce a conformational

rearrangement of LFA-1 thereby increasing ligand binding (Murphy et al., 2012).

As mentioned previously, three distinct signals are propagated by DC to naive T cells for
inducing clonal expansion and cell differentiation (Kapsenberg, 2003). An activation signal is
relayed downstream upon TCR engagement with MHC-peptide complex and further
interaction with CD4 or CD8 co-receptors. Then, a co-stimulatory signal is also induced, for

example by CD80 and CD86 costimulatory molecules expressed on DC surface binding to
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CD28 expressed on T cells. As mentioned previously, a third differentiation co-stimulatory
signal is relayed inside naive T cells upon exposure to cytokines in the environment which

shapes the phenotypic role played by effector T cells (Kapsenberg, 2003).

This process induces naive T cells to enter G1 phase and express high-affinity IL-2 receptor.
Therefore, engagement of IL-2 receptor with its cognate ligand induces activated T cells to
progress through the cell cycle and clonally expand (M. Shi et al., 2009). Of note, ICOSL is an
important molecule expressed on DC that interacts with ICOS (Greenwald et al., 2005).
Signals propagated upon this interaction do not induce IL-2 expression, key to induce class
switching and induce helper cell function —in B and T cells, respectively. Also, bi-directional
signalling is generated by the interaction between CD40, on DC, and its cognate ligand CD40L
on T cells. This signalling pathway also relays costimulatory signals to the target T cell
(Kapsenberg, 2003). Finally, the interaction between OX40, expressed on T cells, and its
ligand — i.e., OX40L — has been described to enhance cell proliferation and survival (Sun et
al., 2018). Therefore, DC are key in regulating several aspects of immune responses. Given
the crucial role played in immunity, these cells are functionally distinct in different subsets.
Therefore, in line with the scope of our project, a general classification of DC is described

below.

1.4.2.1 Plasmacytoid and conventional dendritic cells (cDC)

DC are classically divided into 2 major groups: plasmacytoid (pDC) and cDC. As
reviewed by Merad et al., pDC — mainly populating the blood and lymph nodes — have
been described to express TLRs 7 and 9 — designated to the recognition of viral RNA
and DNA. After sensing foreign nucleic acid, pDC release type-1 interferon and

increase their ability of antigen presenting cells (Merad et al., 2013).

On the other hand, cDC can be found in lymphoid and non-lymphoid tissues where

they can sample tissue antigens and, thanks to their enhanced ability to process and
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present molecules (Villadangos & Schnorrer, 2007), prime T Ilymphocytes

(Banchereau & Steinman, 1998).

DC express CD11c, MHC-II, and CD45. As some of the hemopoietic markers such as
CD11c are shared with other cell subsets — i.e., macrophages — cDC can be discerned
from the latter for their differential expression of the tyrosine kinase receptor FIt3
(Merad et al., 2013). Also, cDC specifically express the transcription factor Zbtb46 and

the homing receptor CCRY7 (Forster et al., 1999; Meredith et al., 2012).

There are two major subtypes of cDC, referred to as cDC1 and cDC2. CD8a+ DC and
CD103+ DC belong to the cDC1, whereas cDC2 express CD11b (Soto et al., 2020).
As reviewed by Cabeza-Cabrerizo et al., in lymphoid tissues, cDC1 express the
CD8aa marker, whereas this marker is missing on equivalent cells in nonlymphoid
organs. Also, in the periphery, cDC1 have an increased expression of CD103 or CD24.
Furthermore, cDC1 express XCR1 and DNGR-1 — a chemokine and C-type lectin

receptor, respectively (Cabeza-Cabrerizo et al., 2021).

Markedly, cDC1 are IRF8- and Batf3-dependent, whereas cDC2 are IRF4-dependent
(Reynolds & Haniffa, 2015). Also, FIt3 is more expressed in cDC1 compared to cDC2,
with the latter expressing higher levels of CD11b and Sirpa (Cabeza-Cabrerizo et al.,
2021). Irf8 has a specific, nonredundant, role in cDC1 development, acting to inhibit
the development of granulocytes while promoting differentiation of myeloid cells
(Cabeza-Cabrerizo et al., 2021; Merad et al., 2013). Indeed, Irf8-/- mice are
characterised by a myeloproliferative disease and this is phenocopied by a point
mutation in the Irf8 locus of BHX2 mice, a mouse strain phenotypically similar to Irf8-

/- mouse — with altered CD8a+ DC development (Tailor et al., 2008).

cDC2, are the other major cDC subset — which has been described to be more

heterogeneous and abundant than cDC1. cDC2 are marked positive for CD4, Sirpa,
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and CD11b expression. The signalling protein Traf6, Irf2, and Irf4 can all regulate cDC2
development (Cabeza-Cabrerizo et al., 2021). For example, mice lacking the
expression of Irf4 have an impaired number of CD4+ DC with no developmental

alterations of the CD8a+ DC subset (Merad et al., 2013).

1.4.2.2 Functional roles played by cDC

Of note, cDC are strategically located throughout the body to sample antigens. For
example, long projections are extended by cDC1 into the conducting airways to detect
any potential foreign airborne pathogen (Guilliams et al., 2013). Markedly, intestinal
luminal pathogens are detected by long interdigitations of cDC1 found in the epithelial

cell layer (Chieppa et al., 2006).

Double-stranded, viral, RNA engages with the endosomal TLR3 — which is highly
expressed on cDC1 (Schulz et al., 2005). As reviewed by Cabeza-Cabrerizo et al., this
appears to be key in anti-viral reactions. Engagement with TLR11 and TLR12 ligands
— recognising profilin-like molecule — triggers massive production of IL-12 (Cabeza-
Cabrerizo et al., 2021). Damaged cells release extracellularly the F-actin recognised
as DAMP by high expression of DNGR-1 on cDC1 (Cabeza-Cabrerizo et al., 2021) —
which is key during cytotoxic and memory responses (lborra et al., 2012, 2016). As
previously mentioned, CD8a+ DC are an important class of cDC1 — marked by their
expression of CD8aa — and residing in primary and secondary lymphoid organs, where
they make up 20-40% the total DC fraction (Merad et al., 2013). Importantly, FIt3-/-
mice have a significantly reduced amount of CD8a+ DC, indicating this is important in
the expansion of this cell subset (McKenna et al., 2000). Splenic CD8a+ DC are
strategically located in the marginal zone, where they sample blood antigens. In the
lymph nodes, CD8a+ DC are in the subcapsular sinus, encountering antigens drained
from peripheral tissues, at the entry site of the afferent lymphatics (Merad et al., 2013).

Markedly, CD103+ DC are another cell subset grouped in the cDC1 compartment and



expressed in many tissues such as the gut and lungs (Soto et al., 2020). As reviewed
by Soto et al., CD103+ and CD8a+ DC share important surface markers such as
CD24, CD205, and langerin. On the contrary, while CD8a+ DC can initiate T helper 1
responses due to secretion of IL-12p70 — following cell activation, CD103+ DC are
more prone to induce T helper 17 response upon release of IL-1 and IL-6 (Soto et al.,
2020). Studies confirmed that CD8a+ and CD103+ DC have an enhanced ability
activate CD8+ T cells due to their higher cross-presentation and cell priming potential

compared to cDC2 (Merad et al., 2013).

On the other hand, cDC2 exclusively express TLR7 — which recognises exogenous
single-stranded RNA (Cabeza-Cabrerizo et al., 2021). These cells are described in
lymphoid and nonlymphoid tissues. In sharp contrast with cDC1, cDC2 do not cross-
present antigens in an efficient way but rather induce T helper 17 and T helper 2

responses (Soto et al., 2020).

Several studies indicate the central role played by TGF-B in regulating cDC function. Indeed,
upon encountering apoptotic T cells, cDC can release TGF-p and induce Treg (Perruche et
al., 2008). Also, mounting evidence suggests that regulation of DC is context-dependent.
Indeed, in vivo studies indicated that DC can induce a tolerogenic phenotype by releasing
TGF-B upon exposure of apoptotic DC cells — a process that was repressed in LPS-activated
apoptotic DC (Notley et al., 2015). Also, infected apoptotic cells induced a pro-inflammatory T
helper 17-mediated response (Torchinsky et al, 2009). Importantly, TGF-B signalling
orchestrates in an indirect way cDC biology by preventing T-cell mediated autoimmune
reactions (Kelly et al., 2017). Indeed, functional loss of type 2 TGF- receptor in murine
CD11c+ cells correlated with multiorgan inflammation and death (Ramalingam et al., 2012).
Also, Ramalingam et al. discovered that this phenotype is linked with an increased proportion
of migratory DC marked positive for CCR7 and directed to lymphoid tissues. Of note,

Ramalingam and colleagues also determined that this was consistent with a pro-inflammatory
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phenotype seen in cDC — which expressed a higher proportion of pro-inflammatory cytokines
(Ramalingam et al., 2012). It is worth mentioning that epithelial cell-derived TGF-f is proposed
to be important in inducing a tolerogenic phenotype in cDC with greater potential to regulate
Treg (Kelly et al., 2017). Evidence suggests that CD103 might localise cDC to intestinal
epithelial cells and that the interaction with the CD103 ligand E-cadherin might induce the
tolerogenic phenotype upon release of intestinal epithelial cells-derived mediators, such as
TGF-B and RA (lliev, Mileti, et al., 2009; lliev, Spadoni, et al., 2009). Therefore, intestinal
epithelial cell-conditioned tolerogenic cDC were seen to promote Treg differentiation and,
upon adoptive transfer, were able to protect mice from colitis (lliev, Mileti, et al., 2009). It is
worth noting that E-cadherin is expressed on pro-inflammatory DC with an increased
expression on cDC in TGF-B1-/- mice. A hypothesis suggests that TGF-$ may orchestrate
intestinal homeostasis by repressing expression of E-cadherin to allow cDC to directly bind

intestinal epithelia (Kelly et al., 2017).

1.5 The role of the integrin avp8-mediated TGF-B activation in

immunity

As previously mentioned, avp8 is a major activator of TGF-$ — with this regulation found to be
crucial in immunity. One evidence of this derived from experimental results obtained by Lacy-
Hulbert et al. when studying functional importance of Itgav — encoding the av integrin subunit
to which the 38 chain exclusively binds. Interestingly, mutant mice — lacking immune cell av
subunit — showed a reduced proportion of Treg leading to colitis, autoimmunity and colorectal

adenocarcinomas (Lacy-Hulbert et al., 2007).

Furthermore, Travis et al. identified that avp8 is crucial in regulating immune responses.
Indeed, mice lacking the expression of av38 specifically on all leukocytes developed a severe
form of bowel inflammation and autoimmune response (Travis et al., 2007). The group found

that such inflammatory phenotype was mirrored in mice lacking the expression of avp8 on DC
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(Travis et al., 2007). Also, in vitro studies suggested that DC lacking 8 expression were less
able to induce Treg, and this was due to reduced ability of the integrin av8 KO DC to activate
latent TGF-B (Worthington et al, 2011). In humans, DC also express integrin avp8 and
enhances their ability to activate TGF-. Indeed, Fenton et al. identified that high amount of
integrin avp8 are expressed on human DC (Fenton et al., 2017). Inflammatory bowel disease
patients showed a much higher proportion of avp8 compared to the control groups (Fenton et
al., 2017). This suggested that pro-inflammatory stimuli may induce the expression of this
integrin on DC (Fenton et al., 2017). Indeed, work identified that TLR4 engagement
upregulated integrin avp8 expression and the ability of human DC to activate TGF (Fenton
etal., 2017). These findings indicate that av38 can be regulated by environmental stimuli such

as an inflammatory condition.

Importantly, our group also determined that Treg express high levels of av8. Higher integrin
expression resulted in a superior ability to activate TGF- (Worthington et al., 2015). It is worth
mentioning that avp8 was not required by Treg to maintain cell homeostasis because deletion
of avp8 on Foxp3+ effector cells did not induce inflammation (Worthington et al., 2015). Yet,
an ongoing inflammatory process could not be reverted by Treg with functional deletion of
avp8 (Worthington et al., 2015). These results indicate that avp8 is key to suppress effector T
cell function but not to maintain T cell homeostasis (Worthington et al., 2015). Interestingly,
Treg express a transmembrane protein named glycoprotein A repetitions predomain that has

been showed to promote TGF-f activation in concerted action with avp8 (McCarty, 2020).

Also, avB8 has a role during parasite infections. Furthermore, our group found that loss of
avB8 on DC protected mice from Trichuris muris infection — a process that did not require
Treg. On the contrary, conditional loss of avp8 on DC resulted in an increased production of
protective T helper 2-derived cytokines (Worthington et al., 2013). Also, Steel et al. determined

that Trichinella spiralis infection triggered a T helper 17-cell mediated response in the small
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intestine — which increased intestinal contractility. Conditional loss of avp8 on DC reduced
host ability to expel worms (Steel et al., 2019). These results indicated that avp8 is required
in regulating worm expulsion, activity that is promoted by a T helper 17 environment which

increase the smooth muscle contractility, necessary for parasite expulsion (Steel et al., 2019).

Altogether, these results elucidate the crucial role played by integrin av38 in regulating several
biological processes in the context of immune responses. Furthermore, given its role in
promoting the activation of TGF-p, this cytokine is a suitable therapeutic target. Specifically,
the RGD binding domain sequence could be used to design function-blocking antibodies or
specific inhibitors to treat ailments, such as fibrosis (McCarty, 2020). On the contrary, blocking
avp8 could recapitulate autoimmune conditions seen in mice with functional loss of avf38
(McCarty, 2020). Importantly, identification of other avp8 downstream therapeutic targets
might be important for regulating immune responses. Therefore, leading-edge technologies in
the field of proteomics and transcriptomics could help determining identification of novel target

molecules.

1.6 Transcriptome analysis

To study the effects elicited downstream of B8 upon ligand engagement, one solution would
be to investigate transcriptional changes induced by LAP in DC. Likewise, gene expression
profiling approaches may also be an appealing tool to describe differences at transcriptional
level between different immune cells expressing 38 or not, as discussed below. Transcriptome
analysis studies the whole set of transcripts expressed under specific conditions by the cell.
Alongside the cost reduction needed to run this analysis, this technique has become
increasingly used in different fields such as immunology. Success of these approaches over
other methods such as microarray resides in an in-depth and more accurate determination of
RNA concentration of samples analysed — harnessing high-throughput sequencing and

transcriptome quantification (Z. Wang et al., 2009). RNA-seq is mainly used to perform
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differential expression analysis (DEA) — in which gene expression changes are measured in
two or more group conditions to determine the magnitude of a change in gene expression

(Costa-Silva et al., 2017).

Upon RNA extraction from cultured cells or tissues, a library of cDNA is generated. Adaptors
are attached at both ends of each cDNA fragment and each molecule is sequenced.
Depending on whether high-throughput sequencing is performed at one or both ends of the
cDNA fragments, a single- or paired-end sequencing is done respectively (Corley et al., 2017).
Single-end sequencing is cost-effective but less accurate than paired-end one. Indeed, with
the latter method, a distance between the reads pair is determined and this would ensure a
finer alignment against the reference in the downstream steps of the pipeline (Corley et al.,

2017).

1.6.1 Quality check of sequencing reads

lllumina sequenced reads are saved as FASTQ files (Cock et al., 2009), a plain text format
containing — for each sequenced nucleotide — a sequence quality score. The first step is, in
fact, to check raw reads for their quality by looking at parameters such as the Phred quality
score in lllumina machines — i.e., a value referring to the base call accuracy. Should the
general quality of FASTQ files be scarce, the sequencing files are subjected to a trimming
step aimed at removing low quality inputs. Importantly, towards the 3’ end of reads, read
quality decreases and base pairs should be removed to increase reads alignment (Conesa et
al., 2016). Subsequently, trimmed reads are mapped to a known reference (Stark et al., 2019).
Percentage of mapping is an important quality parameter — being this an indicator of DNA
contamination and other quality parameters such as sequencing accuracy (Conesa et al.,

2016).

1.6.2 Pseudo-alignment with the Kallisto tool
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Estimation of gene expression is the most common function of RNA-seq (Conesa et al., 2016).
This occurs through a process called alignment. Nevertheless, this process generates
estimates of how many times a read enriches a specific region of the given reference but is
relatively time-consuming and computationally expensive (Bray et al., 2016) due to several
technical steps needed to account for introns and exons in the reference. Therefore, samples
can alternatively be quantified — circumventing the alignment step — by deconstructing sample
reads into short nucleotide fragments called x-mers (Bray et al., 2016). Indeed, technological
advances have significantly improved the computational time and accuracy needed to perform
the alignment process. Alignment-free tools associate reads contained in the FASTQ files with
transcripts. For example, the Kallisto tool computes transcript counts with high level of
accuracy by significantly reducing the whole computational time needed to process
sequenced samples (Bray et al., 2016). As discussed by Bray et al., the pseudo-alignment is
a novel method that identifies where a read is originated from rather than accounting for their
exact mapping position on the reference — e.g,, the transcriptome. Importantly, to perform the
pseudo-alignment process, the latter method requires an index — created by processing a
species-specific transcriptome file (Bray et al., 2016). Specifically, k-mers originates from
previously shredded transcripts to construct a reference graph, a path. Therefore, each
sample is also decomposed into k-mers to generate a compatibility matrix between the reads
and the reference (Bray et al., 2016). To speed-up the approach, the compatibility matrix is
converted into equivalence classes, indicating how many sequenced reads are contained in
each class. This step ensures a smoother calculation aimed at maximising the likelihood

function (Bray et al., 2016). Counts estimate are therefore generated.

1.6.3 DEA with DESeq2

The output of these alignment-free tools such as Kallisto are converted into count estimates
that are compared among experimental samples in a process called differential gene

expression, modelled with tools such as DESeq2 (Love et al., 2014). These tools estimate
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which genes significantly changed and their level of expression in a given experimental
comparison (Stark et al., 2019). Briefly, DESeq2 normalises the raw reads counts, estimates
the variability between replicates, and calculates gene changes between conditions (Love et
al., 2014). The DESeq2 package uses the negative binomial distribution to model RNA-seq
count data distribution — aimed at testing the null hypothesis that gene changes between two

separate treatments or conditions is equal to zero (Love et al., 2014).

1.6.4 Outlook

RNA-seq conducted from bulk cells or tissues helped to clarify important questions in several
field of biology — becoming one of the gold standard in transcriptome analysis (Conesa et al.,
2016). Nowadays, interest is mainly shifting in understanding transcriptional profile at single-
cell level by harnessing a method referred to as single-cell RNA-seq (Stark et al., 2019). As
reviewed by Conesa et al., the major advantage of that is aimed at the identification of
uncharacterised tissue-specific cell subsets that may play a role in a certain experimental
setting. Importantly, this approach made it possible to explain how two identical cells, in

different contexts, may have a different transcriptional profile (Conesa et al., 2016).

RNA-seq technologies are developing fast given their role in revolutionising how the
transcriptome is quantified (Z. Wang et al., 2009). For this reason, we decided to harness this

technique for our project.

1.7 Thesis aims and hypotheses

Integrin avB8 plays a crucial role in regulating cell homeostasis in immunity with DC
expressing high levels of avp8 (Travis et al., 2007). As mentioned previously, avp8 regulates
the activation of TGF-f and expression of this integrin on DC contributes to maintaining a
tolerogenic phenotype through the induction of Treg (Travis et al., 2007). Despite the role

played by avp8 in promoting TGF-f activation, whether a signalling cascade is propagated
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downstream of the integrin awvp8 upon ligand engagement has not been described yet. We,
therefore, hypothesised that avp8 stimulation may induce immunologically important
transcriptional changes in DC. Additionally, unpublished data from the lab has shown that
integrin avP8 is expressed by a subset of CD4+ Tem, but the importance of this expression to
cellular phenotype is not understood. Thus, we speculated that av38 expression could provide
transcriptionally distinct properties to the latter cell subset. Therefore, in this thesis, the aims

are to address the following questions:

What signalling cascades are evoked upon ligand engagement with avf8 in DC?

This aim is addressed in chapters 3 and 4. Firstly, we performed an RNA-seq analysis on a
previously generated dataset containing DC expressing or not 38, using different bioinformatic
approaches to interrogate the effects of ligand engagement with LAP in regulating the DC
transcriptome. Secondly, a new RNA-seq experiment and analysis was performed, using

different time points post-ligand engagement by DC.

Are B8+ Tem transcriptionally different from $8- Tem?

Previous work in the lab identified high expression of 8 on Tem. Results in chapter 5 contain
RNA-seq experiments and pathway analyses of CD4+ Tem and Treg expressing or not 38 to
test whether the immunosuppressive role seen in vitro in 8+ Tem could entail a more similar

transcriptional profile to Treg.
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Chapter 2

Material and Methods



2.1 Animals

Female and male mice were used between 6 and 14 weeks old. C57BL/6 (Charles River, UK),
CD11c Cre+ltgb8fl/fl, and CD11c Cre-ltgb8fl/fl mice (Travis et al., 2007) were kept in specific
pathogen-free conditions, in line with the provisions of the Institution and UK Home Office
guidelines in the Biological Services Facility at The University of Manchester. Schedule 1
procedures were conducted in accordance with the Home Office Scientific Procedures Act

(1986) under licence and/or supervision.

2.2 Murine cell isolation

2.2.1 CD11c+ enrichment of splenocytes via Magnetic-Activated Cell Sorting (MACS)

Spleens were removed from Schedule 1-killed mice. At both ends, spleens were injected with
a Collagenase D solution — containing 1mg/mL Collagenase D (Roche) and 50U/mL DNase |
(Roche), in serum free RPMI (Sigma Aldrich) — and incubated at 37°C for 30 minutes. Spleens
were then chopped up and passed through a 40um filter in order to get rid of cell clumps. Cells
were centrifuged at 300 x g for 10 minutes and resuspended in culture medium (RPMI 1640
with 10% FCS, 10mM HEPES, 50uM 2-Mercaptoethanol, 1% penicillin/streptavidin, 2mM L-
Glutamine, 1% non-essential amino acids (Sigma Aldrich)). Erythrocytes contained in the cell
suspension were lysed with red blood cell lysis buffer (Sigma Aldrich) for 1 minute at room
temperature. To quench lysis buffer, 8 mL of culture medium was added. Cells were counted
using a haemocytometer and cells resuspended in culture medium at 2x108cells/mL. To
reduce non-specific binding, cell suspensions were incubated with Fc-blocking antibody
(eBioscience) at a concentration of 5ug/mL and kept on ice for 5 minutes. CD11c+ splenocytes
were positively selected using CD11c MicroBeads UltraPure (Miltenyi Biotec) as per
manufacturer’s instructions. In brief, 30uL of CD11c¢ microbeads with 5ug/mL of DNAse | were
added to splenocyte suspensions for every 10x10° cells and kept on ice for 30 minutes. Cell

were washed, centrifuged at 300 x g for 10 minutes, and resuspended in 500uL of MACS
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buffer — containing phosphate-buffered saline (PBS) (Sigma Aldrich), 2% foetal calf serum and
1mM EDTA — per 1x10°® total cells. Splenocytes suspensions were applied onto a previously
calibrated MACS LS column (Miltenyi Biotec) to separate CD11c+ cells via magnetic

separation, as per protocol.

2.2.2 Fluorescence-activated cell sorting (FACS) separation of previously enriched

CD11c+ splenocytes

Enriched CD11c+ splenocytes were stained in PBS with Zombie Aqua viability dye
(BioLegend) and incubated for 30 minutes at room temperature, in the dark, at a dilution of
1:500 for 5x10° cells. FACS buffer (PBS, 2%FCS, 2mM EDTA) was used to wash CD11c+
cells. In an alternative panel, DAPI was used as cell death marker. Cells were centrifuged and
resuspended in 400uL FACS buffer at Sug/mL of Fc-blocking antibody (eBioscience) and kept
for 20 minutes, in the dark, at 4°C. PE/Cy7- or APC-conjugated anti-MHCII antibody (Clone
MS/114.15.2, BioLegend) and APC- or FITC-conjugated anti-CD11c antibody (Clone N418,
BioLegend) was added at 1.5ug/mL, in the dark, for 30 minutes at 4°C. Stained cells were
washed via centrifugation in 1mL FACS buffer. Cells were resuspended in 200uL Sort Buffer
(Ca2+- and Mg2+-free PBS, 25mM HEPES and 2.5mM EDTA) and finally filtered through
50um sieve. Live CD11c+ MHCII+ cells were sorted using a BD FACS Aria Fusion or BD Influx

cell sorter. Data analysis was performed using the FlowJo software (Treestar).

2.2.3 CD11c+ MHCII+ splenocytes incubation with LAP

MACS-enriched and/or FACS sorted CD11c+ MHCII+ splenocytes from WT mice were
resuspended at a concentration of 1x10° cells/mL in pre-warmed culture medium and
distributed in either 48- or 96-well plates. Cells were incubated with bovine serum albumin

(BSA, Sigma Aldrich) or LAP (R&D System) at 5ug/mL for 2 or 6 hours at 37°C.

2.3 RNA
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2.3.1 RNA extraction

Following incubation with LAP or BSA, CD11c+ MHCII+ cells were centrifuged at 300 x g for
10 minutes. Supernatant was removed and the cell pellet resuspended with 350uL of RLT
buffer (Qiagen), adding 10uL of 14.3M 2-mercaptoethanol per 1mL RLT buffer. Cell lysates
were stored at -80°C for later use. RNA extraction was performed using the RNeasy Micro Kit
(Qiagen) as per manufacturer’s instructions. In brief, 70% ethanol equal to the volume of the
cell lysates was added, samples added to spin columns and centrifuged for 1 minute at
>10,000g in a microcentrifuge. Columns were washed twice with 350uL RW1 buffer. Columns
were then washed with 500uL RPE buffer, then with 500uL of 80% ethanol. A drying step was
then performed by centrifuging the column with no liquid, before and elution of the column by
addition of 21uL RNase-free water followed by centrifugation. RNA purity was either measured
with a NanoDrop 2000c (Thermo Fisher Scientific) or Agilent 4200 TapeStation system to

measure RNA integrity.

2.3.2 Reverse transcription of RNA into cDNA

RNA was reverse transcribed to cDNA by using a SuperScript Ill reverse transcriptase kit
(Invitrogen). In brief, a master mix containing 500nM dNTPs (Invitrogen), 500ng oligo(dT)12-1s
primers, the whole amount of extracted RNA, and UltraPure DNase/RNase-Free Distilled
Water (Thermo Fisher Scientific) was prepared. Using the 2720 thermal cycler (Applied
Biosystem), Oligo(dT) primers were annealed to RNA for 5 minutes at 65°C, then samples
kept on ice for at least 1 minute. Next, a mix of reaction buffer, 10mM DTT, 40units/pL
RNaseOUT and 200units/pL of SuperScript lll reverse transcriptase was prepared and added
to samples. Reverse transcription was performed by incubating samples at 50°C for 60
minutes, then 70°C for 15 minutes, then reaction terminated by reducing the temperature to

4°C. cDNA was measured on the nanodrop, used soon thereafter or stored at -20°C.

2.3.3 Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
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Expression of candidate genes (see Table 2.1 for mouse primer list) was measured using a
StepOnePlus Real-Time PCR System (Thermo Fisher Scientific) or QuantStudio 12K Flex
System (Applied Biosystems). RT-qPCR was performed with either Fast SYBR Green Master
Mix (Applied Biosystems) or the PowerUp SYBR Green Master Mix (Applied Biosystems). The
reaction mix contained 1ul of template, UltraPure DNase/RNase-Free Distilled Water (Thermo
Fisher Scientific), and 0.5uM of gene-specific forward and reverse primers. Samples were
subjected to the following cycles: 95°C for an initial 2 minutes, then 95°C for 5 seconds and
60°C for 30 seconds, repeated 40 times. The expression of the hypoxanthine
phosphoribosyltransferase (HPRT) housekeeping gene was used to normalise gene

expression levels using the 244Ct Method (Livak & Schmittgen, 2001).

Primer Forward (5’-3’) Reverse (5’-3’°)
HPRT TCAGTCAACGGGGGACATAAA  GGGGCTGTACTGCTTAACCAG
CXCR4 GACTGGCATAGTCGGCAATG AGAAGGGGAGTGTGATGACAAA
SMAD3 CACGCAGAACGTGAACACC GGCAGTAGATAACGTGAGGGA

RHO-GDI2 GGTCACTCGTTACATGGACTTC CCATTAAGCTAGATGCCAGGG
SKIL AGGCAGAGACAAGTAAGTCCA  CGTCTGGGTAAGACACTGTTTTT

CXCL16 CCTTGTCTCTTGCGTTCTTCC TCCAAAGTACCCTGCGGTATC

Table 2.1 | Forward and reverse primers for candidate murine genes selected for RT-

qPCR

2.4 Quality check of fastq files

2.4.1 Quality control of sequenced samples

Paired- or singled-end sequenced samples, in FASTQ file format, were checked for quality of

their reads with the FastQC software version 0.11.8 (Andrews et al., 2015). If the trimming
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step was required, then FastQC reports were generated again and files from all samples were

collated by using the MultiQC software (Ewels et al., 2016).
2.4.2 Adapter trimming and filtering of low-quality reads

Reads quality trimming was performed to remove adapter contamination and filter out
fragments of reads with poor quality score. In brief, the latter parameter is calculated as the
negative 10 times base-10 logarithm of the probability of a base calling error —i.e., -10 log1o P

— and defined as Phred score.
2.5 Pseudoalignment with the Kallisto software

The Kallisto software (Bray et al., 2016) was used to pseudoalign single- or paired-end
sequenced fastq files, with default parameters, against the reference mouse transcriptome
(GRCm38 or GRCmM39) — ensuring relatively fast and accurate results to quantify transcript

abundances (Figure 2.1).

Ce
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Figure 2.1 | Quantification step used by Kallisto. L is the likelihood function. F isand T are
the set of fragments and transcripts, respectively. yf,tis a matrix — containing information about
fragment and transcript compatibility. at are parameters of interest — being abundances.
Equivalence classes — containing reads matching the same sets of transcripts — are generated
factorizing the compatibility matrix. The Expectation-Maximization (EM) algorithm is applied to
increase likelihood function and stop when, for each subsequent iteration, for every transcript
teT, atN > 0.01 — being N the whole amount of fragments — is measured to change < 1%.

2.5.1 Index building

Firstly, the Kallisto software creates an index to allow estimation of count abundances through
the formation of a De Bruijin graph, where each node is a k-mer —i.e., a nucleotide sequence

of length k. Mapping information about k-mers and original transcripts are stored.
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2.5.2 x-compatibility classes, equivalence classes, and optimisation through the EM

algorithm

The index is used to analyse sequenced sample reads by estimating k-compatibility classes
— from which sets of transcripts of origin are determined. Information stored in the «-
compatibility classes were summarised into equivalence classes to make the analysis
smoother. The EM algorithm is finally used to optimise the RNA-seq likelihood function —
calculated as the highest likelihood from which a read may have originated from (Figure 2.1).

The counts table was finally used for the downstream statistical analysis.

2.6 Gene-level analysis

2.6.1 Summarisation of transcript-level abundances to gene-level matrices

Transcript counts generated with the Kallisto software were aggregated to gene-level counts
with the Tximport package (release 1.16.1) — converted into a matrix that can be imported for

the downstream analysis.

2.6.2 DEA

DEA, statistical analysis on normalised gene counts, was performed with the DESeq2 package
(version 1.28.1). Principal component analysis (PCA) plots generated with the DESeq2
package were visualised with the ggplot2 package (version 3.3.2). Supervised hierarchical
clustering and volcano plots were generated with the Pheatmap package (version 1.0.12) and

the Enhanced Volcano package (version 1.6.0), respectively.

2.7 Batch effect correction
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The surrogate variable analysis (SVA) (version 3.36.0) was used to control and remove
unwanted source of bias affecting chosen RNA-seq datasets. PCA plots were generated to

measure the level of clustering in RNA-seq experiments.

2.8 Pathway and network analysis

2.8.1 Ingenuity Pathway Analysis (IPA), functional annotation, and the Reduce and

Visualise Gene Ontology (REViGO) tool

Lists of outputs generated with the DESeq2 package were used as input files for the IPA tool
(QIAGEN, http://www.ingenuity.com). Specifically, canonical pathways were calculated using
default settings and represented as the negative logarithm of the P value. Also, the upstream
analysis was used to determine common regulators that were significantly enriched in the list

of differentially expressed genes.

The DAVID tool (D. W. Huang et al., 2009) and the Kyoto Encyclopaedia of Genes and
Genomes (KEGG) database (Kanehisa & Goto, 2000) were used to assess the function of
differentially expressed genes. Specifically, the functional annotation method shows each
cluster in which each gene falls into, ranked by an enrichment score and indicating proportion
of significantly expressed genes in each category. Gene ontology (GO) terms were also
identified using the DAVID tool and entries from biological processes and molecular function

were further analysed using the REViIGO tool to reduce pathways redundancy.

2.8.2 Graph-based iterative group (GiGA) analysis

An R-based version of the GiGA analysis, extended to RNA-seq experiments, was used to
determine putative functional interactions between differentially expressed genes (Breitling et
al., 2004). In brief, the GiGA algorithm identifies significantly regulated subset of genes in an
experimental setting — creating ‘evidence graphs’ (Breitling et al., 2004). As discussed in

Breitling et al., in this context, evidence is a common functional annotation or could be referred
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to a shared physiological process associated with annotated genes. A list of differentially
expressed genes is also provided and genes are ranked based on their expression values
(Breitling et al., 2004). Network nodes with a lower rank than all their connections in the graph

are then identified and process finishes until all nodes are covered (Breitling et al., 2004).

2.9 Functional validation

2.9.1 Gene expression analysis in LAP-treated DC

To candidate genes that were seen to be differentially expressed by RNA-seq, MACS- and
FACS-sorted CD11c+ MHCII+ splenocytes were incubated with either 5ug/mL BSA, 5ug/mL
LAP, 10ng/mL active TGF-B (Peprotech), 100ug/mL anti-TGF-p blocking antibody (clone
1D11, BioXcell) — hereinafter referred as anti-TGF antibody — or 5ug/mL LAP + 10ng/mL free

active TGF-B. Gene expression was tested via RT-qgPCR.

2.9.2 Migration assay

CD11c+ splenocytes were incubated at a concentration of 1x10° cells/mL with 5ug/mL LAP or
BSA for 4 hours in the presence of 500ng/mL LPS at 37°C. Cells were loaded onto the upper
chamber of a transwell apparatus (Corning) and exposed to the presence — in the lower
chamber of the apparatus — of 200ng/mL CXCL12 (Peprotech) or serum-free RPMI as
negative control, for 2 hours at 37°C. Cells were then collected from the upper and lower
chambers in separate vials and total events were counted via acquisition on an LSR-II flow
cytometer (BD Biosciences). Percentage of migration was expressed as number of events
measured in the lower chamber divided by the total events acquired in both the lower and

upper chambers, multiplied by 100.

2.9.3 Microscopy analysis

67



FACS-sorted CD11c+ MHCII+ splenocytes were incubated for six hours with 5ug/mL LAP or
BSA at 37°C, in culture medium at a concentration of 1x10° cells/mL. During the incubation
time, cells were seeded on 8 well slides (Thermo Fisher Scientific) coated with poly-L-Lysin
(Sigma Aldrich) and fibronectin (Sigma Aldrich). To fix the cells, 1 volume of 4%
paraformaldehyde (Thermo Fisher Scientific) was added to the media for 20 minutes. Cell
media was aspirated and cells washed three times with PBS. Cells were then incubated for 5
minutes with 0.01% Triton x-100 (Sigma Aldrich) in PBS. Cells were blocked overnight at 4°C
with 3% BSA in PBS. The day after, cells were stained with phalloidin conjugated with Alexa
Fluor 555 (Thermo Fisher Scientific) at 3 U/ml in 3% BSA for 30 minutes at room temperature,
and cells imaged with a confocal microscope SP8 (Leica) using a 63x/NA 1.40 objective lens.

Cell area and perimeter was measured using the Fiji software (Schindelin et al., 2012).

2.10 Statistical analysis

Unless otherwise stated, all statistical analysis was performed using the GraphPad Prism 9
software (GraphPad Software, Inc). Data are expressed as the mean * standard deviation.
Data sets were tested for normality using the Shapiro-Wilk Test. In case of normally distributed
data, a parametric test was performed. Non-parametric test was used for non-normally
distributed data. For RNA-seq analysis, the Wald test was performed, followed by the

Benjamini-Hochberg correction.
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Chapter 3

Determining transcriptional changes induced by the integrin avp8
in DC
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3.1 Introduction

Integrins are transmembrane glycoproteins, composed of two non-covalently linked subunits
(ov and B) spanning the cell membrane. Apart from their role as cell-matrix adhesion molecules,
integrins are also signalling receptors. Therefore, they can relay intracellular signalling upon
ligand binding (Kechagia et al., 2019). This signalling cascade is propagated through
interactions of the cytoplasmic domain of the integrin molecules with cytoplasmic signalling
mediators. Yet, the primary sequence of the 38 molecule diverges from the other integrin 3
subunits (Moyle et al., 1991). In particular, the 8 cytoplasmic domain lacks a highly conserved
peptide motif (McCarty, 2020) that, in other B subunits, interacts with talin (Shen et al., 2013)
— the role of which is to connect integrins with the actin cytoskeleton. Therefore, given that this
mechanical link is missing in B8, it is worth considering whether this subunit might propagate
different signalling pathways from those relayed inside the cells by other integrins. Therefore,
understanding whether and how signalling events are relayed inside the cell upon ligand-
receptor engagement — in different contexts — may help elucidate which effector proteins are

involved in the integrin avB8 signalling pathway.

Integrin avB8 plays a pivotal role in regulation of the immune system, via activation of the
latent form of TGF-p (Mu et al., 2002). Successful engagement of the integrin av38 by LAP
releases the active moiety of TGF-p that is subsequently able to elicit its biological function
(Stephen L. Nishimura, 2009). Furthermore, studies on 8 conditional KO mice, lacking the
expression of the integrin avp8 on DC, showed that — in this cell subset — the integrin avp8 is
an activator of the TGF- cytokine and an important regulator of intestinal homeostasis (Travis
et al., 2007). These findings suggest that the avp8-mediated TGF-f activation is required by
DC for orchestrating important functions in the context of immunity. Nevertheless, if and how

the integrin avB8 plays any role in intracellular signalling in DC, to date, is not understood.

70



In this chapter, we aimed to identify gene expression changes induced by the integrin avf38
engagement of LAP in cells marked positive for CD11c — which classically defines DC

population — using RNA-seq and pathway analysis approaches.

3.2 Developing methods to purify wildtype and avf8 KO DC for

treatment with LAP

The primary purpose of this part of my thesis was to optimise an efficient workflow to analyse
bioinformatics datasets with subsequent identification of avp8-dependent signalling pathways.
More specifically, the overarching goal of this project is to investigate whether ligand
engagement by the integrin avp8 can drive changes in gene expression regulating DC
function. In this chapter, we focus our attention on bioinformatic analysis of genes identified to
be directly altered by avp8 upon its engagement with LAP on cells expressing the CD11¢c
molecule, commonly used to define DC (Wu et al., 2018) and isolated from murine mesenteric
lymph nodes (mLNs). Initially, this was achieved by performing analysis of an RNA-seq
experimental dataset that was previously generated in our lab. In order to rule out any non-
B8-specific signals on CD11c+ cells, conditional KO mice lacking the expression of av38 on

CD11c+ cells were used as an experimental group (Figure 3.1A).
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Figure 3.1 | Sequence quality assessment of raw FASTQ files obtained from high
throughput sequencing protocols. A) Schematic representation of the CD11c Cre+ ligh8
fl/fl or CD11c Cre- Itgb8 fl/fl used in the RNA-sequencing experiment — that is, conditional KO
mice lacking the expression of the integrin avp8 on CD11c+ cells and their controls,
respectively. CD11c+ Cre+ mice, in which the Cre recombinase enzyme expression was
regulated by the CD11c promoter, were mated with Itgb8 fl/fl mice, in which the ltgb8 gene is
floxed and thus substrate of the Cre recombinase. CD11c Cre+ Itgb8 fl/fl or CD11c Cre- Itgb8
fIl/fl cells isolated from murine mLNs were sequenced, after a six-hour long incubation with
5ug/mL LAP or BSA (credit: Ellie Sherwood). In B and C) The FastQC tool was used to
estimate the quality of 12 paired-end sequencing reads coming from the Illlumina sequencer.
Results were collected and analysed with the MultiQC tool. B) Quality check of sequenced
reads performed by plotting the phred quality score, on the Y-axis, against each base of
sequencing reads, on the X-axis. Phred quality score is inversely correlated with wrong
estimation of base calling probability. C) Distribution of phred quality scores where the quality
sequence average is on the X-axis and sequence counts, for each fastq file, are on the Y-axis.
D) Proportion of adapter contamination, on the Y-axis, at each position, on the X-axis.
Coloured lines are different samples. E) Representative plot showing fraction of adapter
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contaminants after the trimming step. Percentage of adapter is on the Y-axis and base pair
position on the X-axis. N=12.

After cell culture, RNA was extracted from LAP- or BSA-treated CD11c+ cells from mice
lacking B8 expression on CD11c+ cells and wildtype ones — each of which was treated with
LAP or BSA for six hours — was paired-end sequenced with the HiSeq 2500 lllumina machine
(Figure 3.1A). Fastq files generated by the lllumina analyser retained information including
nucleotide sequence of the starting material. Importantly, each nucleotide contained in the
fastq file was associated with a phred quality score. The latter parameter is an estimate of a
base calling error, given by the sequencing machine upon detection of a nucleotide-specific
light signal. Thus, the probability of a wrong base being called is directly related to the strength
of the signal at each cycle of the sequencing process. Importantly, given that technical issues
— at each step of the pipeline — have a consistent impact in the further steps of the analysis,

the starting quality of sequenced samples was assessed.

Quality check was performed on raw reads — contained in the fastq files — through a series of
tests run by the FastQC tool (Figure 3.1). Next, these results were collated with the MultiQC
analysis software. Of note, amongst different tests conducted, an in-depth scan of the
nucleotide-specific phred quality score across all reads was performed for all samples and
visualised with the MultiQC tool (Figure 3.1B). We found that distribution of reads was skewed
towards the upper quality range of the graph (Figure 3.1C). These results suggest an overall
good starting quality of fastq reads, despite minor adapter contamination affected sequenced

samples (Figure 3.1D).

Therefore, in order to increase reliability in the further steps of the analysis, lllumina adapters
were deleted from raw reads and low-quality reads filtered out. In this regard, a trimming step
was performed with the Trimmomatic tool. In short, at the beginning and end of the sequenced

reads, Trimmomatic cropped fragments in case phred quality score were less than 10 — which
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corresponds to an estimated accuracy of base calling fewer than 90%. Moreover, the
Trimmomatic tool also trimmed off low-quality bases whereby an average score, calculated
within a four-base sliding window, fell below 15. Finally, in order to avoid ambiguous targeting
to the reference, reads shorter than 25 bases were dropped. As a result, at the end of the
trimming step, all the samples contained <0.1% adapter contaminants (Figure 3.1E). In this

way, quality-filtered reads were ready for the next step of the pipeline.

3.3 Wildtype murine CD11c+ cells upon incubation with LAP show

minor transcriptional changes compared to the 8 KO counterparts

Once the quality check and trimming were completed, a process called pseudoalignment was
performed. Briefly, the pseudoalignment (or pseudomapping) step involves identifying sets of
the reference transcriptome segments, from which a sequenced read — contained in the fastq
files and therefore from each sample — may have originated. The Kallisto tool was shown to
quickly and accurately perform the pseudoalignment step because it does not require
information about the exact matching position of a specific read against its reference

transcriptome, in contrast to other tools (Bray et al., 2016).

Kallisto firstly processed the reference mouse transcriptome (GRCm38) through the
construction of an index (Bray et al.,, 2016). Next, the Kallisto tool could pseudoalign the
previously trimmed paired-end fastq files (Figure 3.2). Of note, four samples showed a
relatively low pseudoaligned rate ranging from 51.9 to 62%, likely linked to issues at any of
the upstream steps of the pipeline such as contamination by ribosomal RNA during sample

preparation.
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Figure 3.2 | Percentage of successfully pseudoaligned reads. The stacked bar chart
depicts — on the X-axis — percentage of successfully pseudoaligned, paired-end trimmed fastq
files against the mouse index transcriptome performed with the Kallisto tool. Samples are
vertically listed on the Y-axis. Proportion of successfully pseudoaligned reads are coloured in
black; coloured in grey are reads, for which the pseudoaligned was not successful.

After the pseudomapping step, transcript read counts estimated by the Kallisto tool were
cumulated to the gene level for downstream analysis. This process was achieved through the

aggregation of the pseudocounts generated for all the transcript variants to their cognate gene.

Finally, data was ready for being statistically inferred in the further stage of the analysis.

Therefore, pseudoaligned counts were used for determining which genes significantly
changed when wildtype CD11c+ cells were compared with 8 KO counterparts and/or
incubated with LAP. The DESeq2 package was used for this purpose. In the first place, library-
related technical variables (e.g., differences in depth of sequencing) were normalised in the
DESeq2 package through the estimation of scaling factors for each gene in the dataset (Love
et al., 2014). Secondly, DESeq2 calculated gene-wise dispersion values returning estimates
about gene variability across different biological replicates. Thirdly, the negative binomial
distribution was used to model gene counts and hypothesis testing was performed to identify
differentially expressed genes. Then, diagnostic plots were used to determine correlation of

samples clustering.
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PCA is a widely-used approach in bioinformatics aimed at summarising information gathered
from RNA-seq samples. In brief, in a PCA, vectors generated account for a certain share of
experimental variance and are hierarchically ranked depending on the amount of variation
they account for. In general terms, the first vector — i.e., the principal component (PC) 1 —is
the one that captures the highest variation of the experiment, followed by PC 2 in order of level
of variance. Conventionally, PC 1 is plotted against PC 2 in a PCA plot, which is a graphical
approach used to visualise similarities and differences across different samples. Noteworthy,
samples that segregate together show a high degree of correlation, meaning that their

transcriptional profile is similar.

Therefore, in order to determine how wildtype and 8 KO CD11c+ cells differed upon a six-
hour-long incubation with LAP, PCA plots were generated in DESeq2 (Figure 3.3, N=3). In the
first analysis, samples showed a poor within-group correlation due to unknown reasons
(Figure 3.3A). To measure how different experimental groups were in our experiments, a
common approach is to calculate sample distance from the gene count matrix and represent
these results as a heatmap. Indeed, these results were confirmed by a sample-to-sample
heatmap that identifies three major clusters that were not related to experimental groups
(Figure 3.3B). Nevertheless, we would have expected a higher degree of correlation from, at
least, groups of the same genetic background — should the effect of LAP treatment be minimal.
Given that the source of bias was not definable, the SVA package, a tool used to remove
unmodeled factors in the analysis, was performed to correct the variability affecting the whole

dataset (Leek & Storey, 2007).

Therefore, after having applied the SVA correction, an increased level of clustering was
measured across the two different genotype conditions —i.e., B8 KO CD11c+ cells and the
wildtype group (Figure 3.3C). On the other hand, we found that LAP-dependent effects were
minimal whereas the major transcriptional changes were due to ltgh8 gene suppression —

which encodes the integrin 8 subunit. To validate that experimental variation was mainly due
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to B8 gene suppression, we studied sample similarities in a sample-to-sample heatmap to see
how samples clustered after the SVA correction. We found that two major clusters,
representing the B8 KO and the wildtype groups, were identified — regardless of any big effect

on the phenotype induced by LAP (Figure 3.3D).
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Figure 3.3 | PCA plot reveals that sequenced samples are affected by a source of bias
further rescued by the SVA. A) PCA plot representing sample correlation when CD11c+ cells
were treated with LAP or BSA, if the SVA tool is not applied. B) Sample-to-sample heatmap
describing sample similarities in the uncorrected dataset. C) PCA plots showing clustering
achieved after performing the SVA algorithm. D) Sample-to-sample similarities represented
as a heatmap after the SVA approach was applied. A) and C) Blue and light-blue dots are 38
KO CD11c+ cells incubated with BSA or LAP, respectively; pink and red dots are wildtype
CD11c+ cells incubated with BSA or LAP, respectively. PC 1 — on the X-axis —and PC 2 — on
the Y-axis — explain the highest variation of the experiment. B) and D) Degree of similarity is
high if colour is dark-blue. Each dot or tile is one biological replicate. N=3.

These results confirmed that the whole experiment was affected by an unidentifiable source
of variability that could be controlled through the implementation of surrogate variables.

Secondly, following LAP incubation, results suggested that av8 might relay an intracellular
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signalling cascade that evokes less transcriptome changes than transcriptional alterations
induced by the absence of 8 gene expression in the absence of LAP treatment. Therefore, a
robust approach was needed for controlling the unwanted technical noise and minimal

transcriptional changes evoked by LAP in this experimental setting.

3.4 Outlier removal increases degree of clustering of wildtype and

8 KO CD11c+ cells confirming minimal effects triggered by LAP

In view of results in figure 3.3A and B, four biological samples (samples 1 to 4) — one per each
biological replicate — that did not correlate with their cognate group were excluded from the
analysis. These samples were deemed as outliers based on the prior assumption that
replicates from the same genotype group should be transcriptionally similar. Therefore, two

replicates per group were re-analysed.

After having scaled down the experiment by reducing the number of biological replicates from
three to two, samples were then re-analysed and PCA was performed again on the remaining
samples (Figure 3.4A). PCA plots showed that samples segregated based on the expression
of B8 rather than their treatment with LAP. In fact, a LAP-driven effect on phenotype was not

explained by variations measured on PC 1 and PC 2.
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Figure 3.4 | Outliers removal increases clustering of sequenced samples. A) PCA plot
performed on a dataset where CD11c+ cells were incubated with the LAP versus a control
group, and after removal of four biological points deemed as outliers. The highest amount of
experimental variance is explained by the PC 1 and PC 2 — on the X- and Y-axis, respectively.
B) PCA plot of samples corrected with the surrogate variable analysis tool. B8 KO CD11c+
cells and treated with BSA are coloured in blue; coloured in light-blue are dots representing
B8 KO CD11c+ cells treated with LAP; wildtype CD11c+ cells treated with BSA or LAP, are
coloured in pink and red, respectively. N=2.
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Next, we sought to determine whether the SVA approach could be extended to this dataset
with only two replicates to see if the unknown source of variation was still present after outliers
were removed (Figure 3.4B). After applying the SVA algorithm, differences between LAP- and
BSA-treated p8 KO CD11c+ cells were distinguishable in two, albeit not completely discrete,
clusters. On the other hand, transcriptome profiling of wildtype groups showed high degree of
correlation suggesting that these samples, incubated with LAP or BSA, were transcriptionally
similar even after SVA correction. These results confirmed that wildtype CD11c+ cells never
showed a clearly distinct transcriptome profile upon LAP incubation either when samples were

corrected and/or outliers were removed.

We conclude that the experimental data analysed indicate that there were minimal effects
triggered by LAP on CD11c+ cells, with only small differences in transcriptomes observed in
cells treated or not with LAP. In order to determine the impact of these differences across the
four groups analysed, and visualise the impact on the transcriptome due to the absence of
integrin avp8 expression and LAP treatment, supervised hierarchical clustering of the top 500
variable genes was performed on uncorrected samples (Figure 3.5, N=2). Euclidean distance
— used to determine similarities across samples — confirmed that the transcriptome profile of
wildtype and 8 KO CD11c+ cells were separated in only two major clusters rather than four,

expected if LAP treatment would have induced an overt effect on the phenotype.
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Figure 3.5 | Supervised hierarchical clustering of the top 500 variable genes compared
across wildtype CD11c+ cells and their av8 KO counterparts suggests minimal effect
of LAP. Figure shows heatmap of the top most variable genes in the experiment. Columns
and rows represent samples and genes, respectively. Regularised logarithmic transformation
was used to stabilise sample variance. Values are centred on the mean. Euclidean distance
was calculated for both row and column dendrograms. Up- and down-regulated genes are
shown in red and blue, respectively. N=2.
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Furthermore, these results were further confirmed when two MA plots were produced (Figure
3.6). Briefly, an MA plot is a graphical visualisation in which the base mean, that is the average
of normalised counts generated with the DESeq2 package, is plotted against the log2 fold
change values. In this way, gene dispersion reflects how much a certain gene varies as a
function of its abundance — between selected comparisons. When comparison was made
between wildtype CD11c+ cells treated with LAP versus BSA, subtle differences in gene
expression were found, given the fact that, only few genes were significantly above the log2
fold change cut off of 1.5 (Figure 3.6A). This suggested that, upon incubation with LAP, the
two groups analysed have a similar transcriptome profile. On the other hand, comparison
between wildtype versus 8 KO CD11c+ cells resulted in major transcriptional differences

(Figure 3.6B).
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Figure 3.6 | Transcriptional profile induced by the differential expression of 88 subunit
on CD11c+ cells show more pronounced phenotypic changes than those elicited by the
sole treatment of LAP. A) MA-plot illustrating distribution of genes, represented as dots,
when wildtype CD11c+ cells were treated with LAP versus a control condition. B) MA plot
showing gene dispersion, when wildtype CD11c+ cells are compared with 38 KO ones. X- and
Y-axis refers to the log2 fold change and base mean, respectively. Data are gathered from
experiment where the SVA method was not applied. Red-coloured dots are genes that
reached an adjusted p-value < 0.05. N=2.
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Therefore, these results finally indicate that — in this experiment — effects evoked by LAP are
minimal. Moreover, conditional loss of the integrin B8 on CD11c+ cells result in bigger
phenotypic differences when these cells are compared to wildtype ones. Given the high
experimental noise and minor biological effects induced by LAP, it was necessary to combine
different bioinformatic approaches to retrieve potentially useful biological information about

which genes were directly regulated by the LAP-avp8 signalling axis.

3.5 DEA, performed at different degrees of corrections and
statistical power, reveals potential avp8-dependent genes in murine

CD11c+ cells

As previously mentioned, the SVA approach provided an estimate of surrogate variables to
be used in the downstream analysis, after having captured experimental heterogeneity arising
from the detection of unmodelled factors that could skew final observations. Therefore, with
the ultimate aim of finding avp8-dependent genes in CD11c+ cells, we decided to extend the
usage of the SVA algorithm for DEA. Indeed, given the high experimental variability, covariates
constructed with the SVA algorithm were used for statistical analysis. In fact, in the
uncorrected dataset only one gene reached significance when wildtype CD11c+ cells were
incubated with LAP. On the other hand, if one considered the SVA-corrected results only, in
case of an over adjustment, a likely share of false observations might be introduced for

downstream validation. Therefore, we decided to apply a more stringent approach.

As a result, Venn diagrams were used to extrapolate biological information regarding genes
involved in the LAP-avf8 signalling cascade while controlling for confounding variables that
were likely to occur — in case the SVA algorithm would have over fitted the experimental

observations (Figure 3.7A). Specifically, Venn diagrams were drawn to describe a potential
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common gene signature virtually retained across different conditions analysed and for the
same type of comparison. In view of these observations, genes shared between different

methods would then be selected for experimental validation.

For the same comparison — that is, wildtype CD11c+ cells treated with LAP or not — DEA was
therefore performed four times at different degrees of SVA-correction and/or statistical power
(Figure 3.7A). Specifically, the experiment contained a list of genes, corrected or not with the
SVA package, from the full dataset and intersected with outputs generated after outliers’
removal. Results showed that differentially expressed genes, in which outliers were removed
from the experiment showed similar results, indicating that the biggest experimental variation
was due to outliers and not by the impact of the correction. Therefore, we identified 12 potential

candidate targets that were shared across the four sets (Table 3.1, N=3).

Gene name Log2 fold change

Cxcr4 -0.78
Ski -0.68
Zfp950 1.65
Smad7 -0.86
Skil -1.09
Lss 0.98
Lpxn -0.79
ltgae -1.38
Pmepai -1.38
Zfp518a 2.22
Fmnl3 -1.24
Zc3h13 -1.65

Table 3.1 | Genes of interest, resulting from the intersection of different bioinformatic
approaches (see text) when wildtype CD11c+ cells were incubated with LAP for 6 hours.
Log2 fold change values refer to results obtained after having applied the SVA method to the
full experiment. Threshold cut off was log2 fold change > log 1.5 and padj < 0.05. N=3.

Theoretically, gene changes seen in table 3.1 may be due to an avfp8-dependent or

independent signalling cascade. We then applied the same approach as before to perform
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DEA in a context when DC lacked expression of integrin avp8. Genes represented in both the
lists, with the same expression changes, were considered to be integrin $8-independent and
therefore excluded from the analysis. To this end, DEA was performed on 8 KO CD11c+ cells
after treatment with LAP. After this analysis, samples were intersected in a three-way Venn
diagram (Figure 3.7B). Indeed, if the dataset was not corrected with the SVA tool, comparisons

between LAP versus control group in 8 KO CD11c+ cells returned no results.

Wildtype DCs Treated with LAP vs BSA

Set 2
(2 replicates — no correction)

Set3
(3 replicates — no correction)

Set 1
(3 replicates — corrected)

Set 4
(2 replicates — corrected)

B8 KO DCs Treated with LAP vs BSA

Set C
(3 replicates — corrected)

SetA
(2 replicates — no correction)

SetB
(2 replicates — corrected)
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Figure 3.7 | Venn diagrams comparing differential gene expression in CD11c+ cells
treated with BSA versus LAP after different methods of correction/analysis of data. A)
Four-way Venn diagram comparing LAP- versus BSA-treated wildtype CD11c+ cells at
different degrees of correction and/or statistical power. Set 1, in pink, contains 3 replicates
and shows number of differentially expressed genes reaching significance when dataset was
corrected with the SVA method. Set 3 (violet) is an uncorrected set of significantly differentially
expressed genes, with Set 2 (dark blue) being the same analysis but with outliers removed.
Set 4 (light-blue) is the set of differentially expressed genes after the SVA correction method
with 2 replicates (outliers removed). B) Three-way Venn diagram showing genes statistically
different when 8 KO CD11c+ cells were treated with LAP versus BSA. Set A, in light-blue, is
the set of genes when experiments were performed after outliers removal (2 replicates) and
no correction was applied. Set B, in pink, contains differentially expressed genes when no
outliers were removed, corrected with the SVA method. Set C, in violet, includes SVA-
corrected results when 38 KO CD11c+ cells were analysed with outliers removed in duplicates.
In all the experiment significance threshold was denoted with a padj<0.05 and fold change =
log 1.5.

Uncorrected and SVA-corrected gene lists after outlier removal were qualitatively similar.
Next, these sets were intersected with outputs generated after DEA performed on SVA-
corrected dataset derived from the full experiment. Finally, seven genes resulted from this

intersection (Figure 3.7B).

To exclude avp8-independent genes from the analysis, a list of candidate genes differentially
expressed in wildtype CD11c+ cells, treated with LAP versus BSA, were filtered against the
same comparison in 8 KO CD11c+ cells. Results showed that two genes —Ski and Smad7 —
were shared between these two experimental comparisons and were removed from the

analysis as molecules independently regulated by integrin avf38.

Despite the rigorous and conservative approach adopted, given the large experimental
variability and low number of observations generated, we decided it was a better option
repeating the whole RNA-seq experiment, analysing two different time points post-ligand

treatment.

3.6 Discussion
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3.6.1 Transcriptome profiling of DC from wildtype or conditional KO background

used to determine avp8-dependent genes

The role played by the integrin avp8 in immunity is paramount (Travis et al., 2007). To date,
whether signalling cascades are evoked downstream of integrin avp8 expressed by DCs upon
ligand binding is not yet determined. To address this, CD11c+ cells from mLNs — described to
express high amount of avp8 (Paidassi et al., 2011) — were treated for six hours with LAP —
the avp8-specific ligand. Thanks to transcriptome profiling techniques, we aimed to determine
genes induced or repressed after LAP treatment. Nevertheless, we could not rule out likely

indirect responses upon LAP treatment, not directly due to the integrin avp8 signalling.

In fact, having used LAP at saturating concentrations (Mark Travis, personal communication)
without its active moiety, TGF-B-related genes could also be altered. This because LAP and
the latent form of TGF-p (LAP+TGF-p), present in variable quantities in the FCS used for cell
culture media preparation, compete for the same binding site of the integrin avp8. Therefore,
in this setting, it would be unlikely that the latent TGF- is activated by the integrin avp8 to
evoke its biological effect. In the light of this, gene changes seen in the RNA-seq experiment

could not be directly linked to a direct effect of LAP.

Lastly, in this experimental setting, should a change be TGF-p-independent, transcriptional
effects triggered upon LAP incubation could be due to either an avB8-dependent or
independent signalling cascade. Thus, in order to exclude changes not due to avp8, CD11c+

cells lacking the expression of the integrin avp38 were incubated with LAP.

3.6.2 RNA-seq analysis required bias detection and correction

Analysis of this previously generated dataset was characterised by an undefined source of
noise possibly due to lack of metadata such as information regarding experimental batches.

Diagnostic plots showed that samples were not correlating within each of the four groups
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considered. Lack of within-group correlation may lead to the wrong assumption that samples
are different, even if these were subjected to an identical treatment or sharing the same

genetic background.

Since this dataset showed great variation in part due to an unknown source of bias, best
practice is to rely on tools aimed at detecting the background noise skewing final observations.
To this end, the SVA method was used. Through the use of surrogate variables integrated in

the experimental design, the SVA package removed the unwanted experimental variability.

In order to control for bias, while avoiding unnecessary technical over adjustment, the same
comparison —i.e., LAP- versus BSA-treated CD11c+ cells — was analysed at different degrees
of correction and statistical power. Next, results obtained were intersected and studied in a
four-way Venn Diagram with the ultimate aim of defining a common gene structure shared
across different methodologies applied. Only one gene differentially expressed was found in
the full, uncorrected, experiment and found to be a false observation given the fact it was not
shared with other correction methods. Minor corrections were performed by the SVA package
when four outliers were removed from the dataset. We found that LAP elicited a minimal effect

on CD11c+ cells as only twelve genes were identified with the aforementioned method.

Consequently, to exclude p8-independent gene changes, candidate genes were further
matched against genes differentially expressed in B8 KO CD11c+ cells when treated with LAP.
As a result of this process, two genes were removed not being the latter ones due to a direct

8 signalling cascade — according to the method adopted.

As the dataset was affected by a level of background noise, this made it difficult to have clear
evidence about whether a biologically important intracellular signalling pathway could be
evoked when avp8 engaged with LAP. Therefore, we decided to repeat the RNA-seq

experiment, as will be presented in the next chapter.
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3.7 Conclusion

In this chapter, adopting several bioinformatic approaches to analyse a previously generated
dataset, we demonstrated that LAP incubation induced minor transcriptional changes, in
CD11c+ murine cells. Given that we could not rule out that part of the experimental variation
seen in this dataset could be due to technical issues during sample preparation, we decided
it was a safer option repeat the RNA-seq experiment. In this way, we could control for any

unwanted technical variables, as explored in the next chapter.
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Chapter 4

Determining genes differentially expressed in splenic DC upon LAP
engagement
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4.1 Introduction

In chapter 3, we performed analysis of a previously generated RNA-seq dataset in our lab to
determine the signalling role of integrin av38 in DC by studying genes differently regulated
in primary cells following a six-hour long incubation with LAP. We detected and attempted to
remove variation affecting the dataset by introducing surrogate variables in our statistical
analysis. Even with dataset correction, the effect of LAP on DC was minimal. Furthermore, we
noticed that the major source of variation was given by differences between 38-KO versus

wildtype — regardless of whether these samples were incubated with LAP or not.

Building on these observations, we decided it was a better option to repeat the RNA-seq

experiment — as discussed in the following paragraphs.

4.2 Devising a protocol to isolate high-purity CD11c+ MHCII+ cells
for RNA-seq with high yield

Results from the previous chapter suggest a high degree of experimental variability that may
have caused poor sample segregation upon LAP incubation. Another possible explanation is
that LAP could induce transcriptional changes in DC relatively early after incubation.
Therefore, we decided to perform another RNA-seq experiment to cover a window of early
and later gene expression changes, upon incubation with LAP. This time, DC were isolated
from spleen rather than mLNs, given its ease of extraction and tissue manipulation; choosing
spleen would have lowered the number of experimental mice needed — due to the higher

expected yield of RNA, compared to other tissues.

RNA was extracted and sequenced from DC after a two and six hour-long incubation with LAP
(Figure 4.1A). Specifically, the CD11c+ population of splenocytes were initially enriched by
positive selection. In brief, magnetic beads were used to label CD11c+ cells, subsequently

fractionated based on the different magnetic charge carried by this cell population. To get a
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highly pure and homogeneous DC population, the enriched eluate was stained for CD11c and
MHCII markers and sorted by flow cytometry (Figure 4.1B). The average purity measured after

the first enrichment was 87.7% (+2.6), reaching 99.4% (+0.3) after cell sorting (Table 4.1).
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Figure 4.1 | Sample preparation and quality check of sequenced reads. A) Schematic
figure of the pipeline adopted. Spleens were removed from C57BL/6 mice and CD11c+
MHCII+ splenocytes were treated with LAP or BSA (5ug/mL) for two or six hours. RNA was
extracted, sequenced and RNA-seq performed. B) Representative FACS plots comparing
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purity of CD11c+ MHCII+ cell population after the sole enrichment with CD11c-specific
magnetic beads (upper panel) or after further purification step by flow cytometry (lower panel).
Live cell population was gated on Zombie Aqua positive population and side scatter area, and
on forward and side scatter area (first and second dot plots highlighted in red). Single cells
were gated on forward scatter height and side scatter area (third plots in violet). Areas of
double positive CD11c+ MHCII+ population were drawn using unstained controls. Data is
representative of six independent experiments in each of which five biological samples were
pooled together after cell sorting. C) Histogram showing percentages of reads — on the Y-axis
— surviving the trimming step with the Trimmomatic tool for each sequenced sample — listed
on the X-axis. Black bars represent percentage of reads surviving at both ends of the fastq
files; blue and light grey bars refer to reads surviving, respectively, on the forward or reverse
strand only; light blue is the percentage of reads that were dropped from the analysis. D)
Quality check of sequenced reads analysed with the FastQC and MultiQC tools. Plot shows
average quality score — on the Y-axis — per base pair position — on the X-axis — of trimmed
reads.

Subsequently, DC were treated with LAP or BSA (5ug/mL) at 1x10°cells/mL and incubated at
37°C. In order to obtain enough RNA for sequencing, for each experimental replicate, DC were

obtained by pooling five mice housed together in the same cage (N=6).

Post Enrichment Post Sorting
Mouse 1 Mouse 2 Mouse 3 Mouse 4 Mouse 5
Batch 1 89.7 88.4 89 86.2 85 99.2
Batch 2 89.3 87.8 89 91 87.3 98.9
Batch 3 86.9 87.3 87.3 87.8 89 99.7
Batch 4 88.1 88.5 91.7 87.4 84.9 99.6
Batch 5 81 89.7 84.3 84.7 87.6 99.2
Batch 6 89.8 85.1 86.8 84.7 87.3 99.5

Table 4.1 | The percentage purity of cells post enrichment and after flow cytometric cell

sorting

Following the incubation time, RNA was extracted, and its concentration measured by
automated RNA electrophoresis in the Genomic Technologies Core Facility (GTCF),

University of Manchester.
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Next, the RNA-seq library was prepared at the GTCF, and pair-ended sequenced to increase
reliability in the downstream steps of the protocol. Only one sample failed to make an RNA-

seq library — that is, one biological replicate of DC treated for 2 hours with BSA.

Concluding, combining two purification steps in sequence, a highly pure population of DC was
obtained from murine spleens. Apart from one sample, the RNA extracted from all the

remaining ones was deemed to be acceptable for RNA-seq library preparation.

4.3 AQuality check and pseudoalignment of sequenced RNA

samples extracted from primary DC

Fastq files — i.e., outputs generated by the high throughput sequencer — contained all the
information required for the downstream analysis. Yet, these files needed further verification
steps to determine likely sequencing issues such as adapter contamination. In the first place,
raw fastq files were assessed for quality by using the FastQC tool and all the information were
then collected by the MultiQC software. Despite the majority of raw fastq files showing good
quality, some files showed a quality score < 30 in their first base-pair positions — that is, an
error rate of base calling of at least 1 in 1000. Moreover, some overrepresented sequences —
i.e., contaminants accounting for more than 0.1% of the total transcript length — were also
filtered out. Therefore, raw sequencing reads were processed with the Trimmomatic tool in
order to increase quality of all samples while avoiding issues in further steps of the pipeline
(Figure 4.1C). The QC was performed again on trimmed samples which showed a significant
reduction in percentage of overrepresented sequences — i.e., <0.01% — and an increased
average phred quality score at the beginning of the sequencing reads (Figure 4.1D). Following
this preliminary step, the Kallisto tool was used to pseudoalign trimmed reads to the mouse
transcriptome (GRCm38) where the percentage of pseudoalignment ranged between 84.0%

and 90.2% (Figure 4.2).
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Figure 4.2 | Percentage of trimmed sequencing reads pseudoaligning against the
mouse transcriptome. Pair-ended trimmed fastq files were pseudoaligned against the mouse
transcriptome using the Kallisto tool. In each sample — on the Y-axis — the horizontal stacked
bar chart shows, in black, the percentage of reads — on the X-axis — that successfully
pseudomapped the reference transcriptome; in grey is the proportion of reads that were not
pseudoaligned.

In conclusion, results showed that raw fastq files generated by the lllumina platform were
generally good quality — excluding problems potentially occurred in the initial steps of the
pipeline. Subsequently, reads were trimmed to enrich for high quality sequences and remove
source of contamination. These steps ensured high reliability in the pseudoalignment step

performed with the Kallisto tool.

4.4 PCA plots show a time-dependent effect of LAP incubation on

DC gene expression

Gene counts, generated after the pseudomapping step with the Kallisto tool (Bray et al., 2016),
were used as input files for DEA. In brief, statistical analysis was performed in R with the

DESeq2 package (Love et al., 2014) to determine the number of differentially expressed genes
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and magnitude of their change. As mentioned previously, a PCA plot is a diagnostic plot used
to determine within-group correlation of samples and their degree of similarity when compared
to other groups. These plots are also useful to identify potential problems requiring further

investigation — e.g., poor sample correlation, prior to the analysis.

Results showed that the transcriptional effects elicited by LAP on CD11c+ MHCII+ murine
splenocytes were secondary to the incubation time the cells were exposed to. Regardless of
their treatment, 75% of experimental variation on the PC 1 was explained by segregation of
two maijor clusters — which referred to their experimental incubation time and not to an effect
on the transcriptome elicited by LAP (Figure 4.3A, N=5-6). Given that the overarching scope
of the project was to identify LAP-dependent transcriptional differences, it was necessary to
see whether PCA could also provide insights on gene changes when comparing LAP- versus
BSA-treated samples — at the same time point. Therefore, PCA was repeated by selecting,
from the whole experiment, groups of samples incubated at two and six hours (Figure 4.3B,
D). In both the PCA plots, samples are not correlating according to their specific treatments.
Importantly, segregation appeared to be batch dependent. Specifically, samples treated with
LAP or BSA on the same day were more phenotypically similar than other group replicates —

gathered on different days.

In an attempt to address this, the Limma’s removeBatchEffect (Ritchie et al., 2015) was used
to see if control of batch-related noise would have ameliorated the within-group clustering.
Results showed that minor differences were obtained by comparing samples treated for two
hours with LAP both prior to and after batch effect correction, suggesting that few changes
were induced by LAP at this time point (Figure 4.3C). On the other hand, a more defined group
clustering, albeit not completely discrete, was achieved for batch-effect corrected samples
treated at six hours compared to the untreated group (Figure 4.3E). These results indicated
that transcriptional effects in CD11c+ MHCII+ murine splenocytes elicited by a six hour-long
treatment with LAP could be determined when samples were corrected for batches.
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Figure 4.3 | PCA plots show minor transcriptional effects induced by LAP. PCA plots
show how samples correlate within each group. A) General PCA plot of DC treated with BSA
or LAP at two or six hours indicate the presence of two distinct clusters mainly separating on
the PC 1. Plots in B) and C) show segregation of DC at two hours post-incubation with LAP or
BSA — before and after batch effect correction, respectively. D) and E) are PCA plots of DC
sequenced after a six hour-long incubation with LAP or BSA — controlled or not for batch effect,
respectively. Pink and green dots are DC treated for 2 hours with BSA or LAP, respectively;
samples treated with BSA or LAP for 6 hours are represented as red and blue dots,
respectively. From B) to E), numbers in the PCA plots indicate day of experiment. Each
biological replicate is the pool of five different mice, in which splenic CD11c+ MHCII+ cells
were equally distributed in each of the four different treatment groups. N=5-6.
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In the light of these observations, treatment at two hours was considered a time frame not
long enough to detect any transcriptional difference of biological interest. Therefore, analysis
of CD11c+ MHCII+ murine splenocytes treated at two hours with LAP were excluded from
further downstream analysis. On the other hand, samples incubated at six hours were used

for further investigation — as will be discussed in the following paragraphs.

4.5 RNA-seq reveals genes differentially expressed following six

hour-long incubation with LAP in splenic DC

After batch correction, samples treated at six hours with LAP or BSA were re-analysed with
the DESeq2 package to identify significantly altered genes. In the first place, we found high
fluctuations for genes with low counts. Indeed, if genes with very low counts have high fold
changes this may be due to expression changes that are not biologically important but rather
due to a technical noise. Therefore, we considered genes with a base mean — that is, the
average normalised gene counts with an arbitrary cut-off greater than 200 — which were less
prone to technical fluctuations, according to our analysis (Figure 4.4A). Therefore, the list of
differentially expressed genes was imported into the IPA tool, a pathway analysis software,
and enriched pathways examined. These analyses indicated that a number of differentially
expressed genes were involved in the TGF-B signalling pathway, actin cytoskeleton, and y-
linolenate biosynthesis (Figure 4.4B). Moreover, hints provided by the pathway analysis tool
were used to focus on genes potentially linked to the pathways of interest. Apart from genes
enriched in the IPA tool —i.e., Fads 1 and 2 involved in y-linolenate biosynthesis (Sergeant et
al., 2016) and TGF-p related genes — we found that Vasp, involved in cytoskeleton regulation
(Krause et al., 2003) and involved in trafficking of TGF-f receptor (Yakymovych et al., 2018),
was -downregulated upon a six-hour-long LAP incubation. Also, the contact between the
GTPase Rab11, involved in recycling molecules on the cell surface, and the type Il TGF-$
receptor is mediated by VASP (Yakymovych et al., 2018). Importantly, we found that
Rab11fip4 — described as a molecule interacting with Rab11 (Wallace et al., 2002) — was also
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suppressed upon LAP incubation. Furthermore, Rasgrp3 is an exchange factor described to

modulate the activation of small GTPases (Rebhun et al, 2000) was found to be

downregulated — suggesting modulation of its activity following LAP incubation. Therefore,

normalised counts of selected genes from the DESeq2 tool were exported (Figure 4.4C, ***,

p <0.001; ****, p < 0.0001).
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Figure 4.4 | Transcriptome profiling of DC incubated with LAP or BSA for six hours
shows enrichment of TGF-f signalling-related proteins, and regulation of genes
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involved in actin-cytoskeleton rearrangement and fatty acids metabolism. A) MA plots
showing dispersion of genes regulated when CD11c+ MHCII+ murine splenocytes were
treated with LAP for six hours. Specifically, the average gene counts — on the X-axis — are
plotted against the log2 fold change — on the Y-axis. MA plots are from the same experiment
but reported at two different Y-axis intervals. Blue vertical bar is the cut off applied for filtering
average normalised gene counts with high dispersion values — that is, greater than 200. Red
dots are genes significantly changed. B) Supervised analysis of significantly enriched
pathways generated with the IPA tool and represented as a bar chart. On the X-axis is the
negative logarithm of the p value calculated with the IPA tool where a positive correlation
exists between the height of bars and their statistical significance. C) Normalised counts
generated with the DESeq2 package of candidate genes found significantly changed in an
experiment where LAP-treated CD11c+ MHCII+ splenocytes are compared to the control
group. Error bars are mean with standard deviation. Asterisks represent a p value computed
with the DESeq2 package where the expression values differ significantly (***, p < 0.001; ****,
p < 0.0001) using the Wald test. (N=6).

In conclusion, despite some technical background noise, efforts were made to account for this
by setting a stringent threshold cut off to focus our attention on gene changes that may
potentially be important for biological validation. Consequently, pathway enrichment analysis
of top significant genes differentially expressed identified potential pathways that appeared
affected upon LAP treatment. The potential functional importance of this will be discussed

below.

4.6 Incubation with LAP downregulates CXCR4 in DC and reduces

migrating behaviour in CD11c+ murine splenocytes

In this dataset, the gene encoding the chemokine receptor CXCR4 was significantly
downregulated upon incubation with LAP for six hours (Figure 4.5A, left panel, N=6; ****,
p < 0.0001). Briefly, CXCR4 is the most widely expressed chemokine receptor, regulating
important biological processes such as cell migration (Bianchi & Mezzapelle, 2020).
Therefore, RT-qPCR was performed to validate these results. In brief, RNA was extracted
from FACS-sorted CD11c+ MHCII+ murine splenocytes and incubated with BSA or LAP
(5ug/mL), at 37°C. After RNA reverse transcription to cDNA, RT-gPCR was performed and
CXCR4 expression values normalised to the level of HPRT1. Results confirmed that, upon
LAP engagement, CD11c+ MHCII+ splenocytes downregulate CXCR4 gene expression

(Figure 4.5A, right panel, N=4; *, p < 0.05).
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The chemokine receptor CXCR4 was described to play a key role in orchestrating DC
migration to peripheral tissues (Ricart et al., 2011). Therefore, to determine whether a LAP-
dependent gene repression of CXCR4 in CD11c+ MHCII+ murine splenocytes impacted their
migrating behaviour, we established a transwell migration experiment. In short, CD11c+
enriched splenocytes were incubated with BSA or LAP (5ug/mL) in presence of LPS
(0.5ug/mL) for four hours at 37°C (Figure 4.5B, upper panel). Then, cells were loaded onto
the upper layer of a transwell and exposed to the presence of a chemoattractant, CXCL12, for
2 hours in the lower chamber of the plate (Figure 4.5B, lower panel). At the end of the
experiment, the whole number of cells were acquired by flow cytometery, in both upper and
lower wells. Results show that LAP-treated CD11c+ splenocytes migrated less compared to
the BSA-treated group, when cells were exposed to CXCL12 — a CXCR4-specific

chemoattractant (Figure 4.5C; N=3; *, p < 0.05).
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expression levels. Results — expressed in arbitrary units (AU) on the Y-axes — were calculated
with the ‘delta-delta Ct’ method. A) Between-group comparisons of CXCR4 normalised counts
generated with the DESeq2 package (left panel) and RT-qPCR expression values (right panel)
after incubation with LAP, in murine splenic CD11c+ MHCII+ cells. B) (Upper panel) schematic
representation of the workflow used to perform the migration assay: cells were co-incubated
with LPS (0.5ug/mL) and BSA or LAP (5ug/mL) for four hours at 37°C; then, transmigration
experiment was performed for 2 hours. (Lower panel) schematic representation of the
transmigration experiment: cells loaded onto the upper chamber of a transwell apparatus were
exposed (right well) or not (left well) to the presence of chemoattractants, in the lower
chamber. C) Percentage of migration of CD11c+ cells exposed to CXCL12 (200ng/mL) versus
a control. The first two bars are experimental conditions and last two are negative controls —
in which cells were exposed to CXCL12 or not, respectively. On the X-axis is the treatment
group. The ‘+’ or ‘-’ symbols indicates the presence or absence of a certain reagent used,
respectively. Y-axes report the percentage of migration measured as cell in the lower chamber
divided by the total amount of cell and multiplied by 100. Asterisks represent differences that
are statistically different (*, p < 0.05; ****, p < 0.0001). For RT-gPCR and migration experiment
a paired T-test was used. The Wald test with the Benjamini-Hochberg multiple testing
correction was used to test for differences between normalised counts. (N=3-6).

Overall, incubation with LAP suppressed CXCR4 transcription and reduced a CXCRA4-

dependent migration in CD11c+ splenocytes.

4.7 Incubation of splenic DC with LAP downregulates expression

of the TGF-B signalling protein Smad3

Smad3 is a key transcriptional regulator involved in the TGF-f signalling pathway (Datto et al.,
1999). Of note, results from RNA-seq experiment showed that CD11c+ MHCII+ splenocytes

significantly increased Smad3 expression upon LAP incubation (Figure 4.6A).

To test the hypothesis that upregulation of Smad3 was a direct effect of integrin avp8 upon
ligand binding, the level of Smad3 expression was measured on DC isolated from spleen of
conditional KO mice lacking avp8 expression on CD11c+ cells. Results showed no difference
in Smad3 expression when LAP-treated 38 KO mice were compared to their littermate control
(Figure 4.6B). In addition, to determine whether Smad3 transcript expression was dependent
on TGF-B, we investigated its regulation in splenic DC — isolated from a wildtype background

— and incubated with BSA, LAP, the TGF-B blocking antibody (i.e., 1D11), free active TGF-p,
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and in presence of LAP and TGF-B. Results confirm Smad3 upregulation upon LAP treatment
(N=3-6; *, p < 0.05). Also,when DC were incubated with 1D11, TGF-B, and LAP+TGF-§,

effects on Smad3 expression was not significantly different from the control group (Figure

4.6C).
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Figure 4.6 | Smad3 expression levels are regulated by LAP. A) Smad3 normalised values
from bioinformatic experiment — in which murine CD11c+ MHCII+ splenocytes were incubated
with LAP or BSA for 6 hours. B) Smad3 expression values where murine CD11c+ MHCII+
splenocytes, from wildtype mice versus mice lacking the expression of avp8 on CD11c+ cells
—i.e., CD11c+ cre + itgb8 fl/fl, were incubated with LAP. C) RT-qPCR results of Smad3 in an
experiment where CD11c+ MHCII+ splenocytes were incubated with BSA or LAP (5ug/mL),
TGF-p blocking antibody (clone 1D11, 40ug/mL), active TGF-$ (10ng/mL), and LAP (5ug/mL)
+ TGF-B (10ng/mL). In RT-qPCR experiments, Smad3 expression values were normalised to
the level of HPRT1 and expressed as arbitrary units (AU) following the application of the
2CtAtreated/pCrauntreated method. A response that differs significantly is marked with an asterisk
(*, p<0.05; ***, p <0.001). Statistical significance between normalised counts was calculated
using the Wald test and paired T-test in RT-qPCR experiments (N=3-6).
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In conclusion, results indicate that, in this experiment, Smad3 expression is enhanced by LAP
treatment in DC. Our preliminary results could anticipate that this might occur in an integrin
avB8-dependent manner, as lack of B8 expression resulted in no increase in Smad3
expression following LAP treatment versus wildtype DC. Due to the small sample size and the
small increase measured in the RNA-seq experiment, we could not conclude that LAP

engagement with integrin avB8 may regulate the TGF signalling pathway.

4.8 Incubation of splenic DC with LAP downregulates genes involved

in actin cytoskeleton rearrangement

The IPA tool indicated that proteins involved in actin cytoskeleton signalling were altered by
LAP treatment and that genes involved in small GTPases regulation were significantly
repressed (Figure 4.4B and C). Yet, amongst tested genes —including Rab11fip4 and Rasgrp3
(data not shown) — only a LAP-dependent downregulation of Rho-GDI2 gene was confirmed
via RT-gPCR (Figure 4.7A; N=4-6; *, p < 0.05; ***, p < 0.001). Markedly, studies have shown
a key role elicited by the Rho small GTPases in reorganising the actin cytoskeleton, with GDI
molecules regulating their biological activity (Rivero et al., 2002). Importantly, we confirmed
downregulation of Skil and Cxcl16, upon LAP incubation, seen in the RNA-seq experiment
(Figure 4.7B; N=3-6; *, p < 0.05; ***, p < 0.001, ****, p < 0.0001). Of note, previous studies
showed correlation of these two gene products in actin cytoskeleton rearrangements, too
(Caligaris et al., 2015; Singh et al., 2016). Therefore, given that the actin cytoskeleton
signalling pathway was significantly enriched in the pathway analysis tool used (Figure 4.4B),
with other genes found to be differentially regulated and linked to this biological pathway
(Figure 4.7C; N=6; ***, p < 0.001; ****, p < 0.0001), we sought to determine whether avf38

integrin activation was involved in regulating actin cytoskeleton remodelling.
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Figure 4.7 | Functional validation of target genes differentially expressed with RNA-seq
experiment confirms no phenotypical differences upon LAP incubation. A) and B)
Correlation between normalised counts — computed in the DESeq2 package — and RT-qPCR
expression values of target genes. C) Normalised counts of target genes involved in
cytoskeleton rearrangement. D) Schematic graphics representing protocol used for studying
actin cytoskeleton changes. In brief, highly pure population of CD11c+ MHCII+ murine
splenocytes were incubated with LAP or BSA for six hours and stained with phalloidin, prior to
the microscopy analysis. E) Microscopy analysis where area (micrometre, um?) and perimeter
(micron, um) are compared between groups analysed. Bar is the mean. F) Representative
figures showing phalloidin staining of CD11c+ MHCII+ splenocytes upon incubation with BSA
or LAP. A response that significantly marks a difference between conditions is denoted with
an asterisk (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). Statistical analysis for
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normalised counts was assessed with the Wald test and paired T-test in RT-qPCR
experiments. Microscopy analysis was tested using the Mann-Whitney non-parametric test.
Bars are the mean with standard deviation. (N=3-6).

With the final aim to see if measurable structural differences could be induced in DC upon
avB8 engagement with its ligand, a microscopy experiment was performed (Figure 4.7D).
Briefly, FACS-sorted CD11c+ MHCII+ murine splenocytes were incubated with BSA or LAP
(5ug/mL) and stained with phalloidin — highly specific for actin filaments, after being seeded
on slides coated with poly-L-Lysin and fibronectin. Following microscopy analysis, cell area
and perimeter was measured and compared between LAP- and BSA-treated groups. Results
showed no difference in cell area and perimeter, suggesting no correlation between
transcriptional changes and actin cytoskeleton rearrangements, as also suggested by

qualitative analysis of phalloidin staining (Figure 4.7E, F).

These results exclude any structural rearrangement induced upon a six-hour-long treatment
with LAP, in CD11c+ MHCII+ splenic murine DC. Nevertheless, the contribution of target
genes in other alternative cell functions cannot be ruled out — given their multiple effector roles

elicited downstream.

4.9 Discussion

4.9.1 Minor time-dependent transcriptional changes induced by LAP, in primary splenic

murine DC

In this chapter, we revealed that LAP induced minor transcriptional changes compared to the
control group. In order to achieve this goal, we firstly tried to determine in which time frame an
incubation with 5ug/mL LAP could determine an overt transcriptional response in splenic DC.
Therefore, CD11c+ MHCII+ splenic cells were exposed to LAP or BSA at two different time-
points — that is, two and six hours — to pinpoint changes occurring at an earlier and later stage

of the transcriptional process. For the RNA to be successfully sequenced and given the
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experimental setting where each biological replicate had to be split in four treatment groups,
enough amount of starting nucleic acid was required. Therefore, CD11c+ MHCII+ splenocytes
were isolated form five murine spleens and pooled together to be equally divided in each
experimental group to ensure good RNA yield. Thus, for technical reasons it was not feasible
to start and complete the whole experiment in one day. Instead, six biological replicates were
split into six separate batches. Inevitably, this introduced a batch effect that needed to be

corrected during DEA.

Importantly, we did not find evidence to support that ligand engagement with integrin av38
caused biologically distinct phenotypes. It is worth mentioning that, as evidenced by PCA plots
in figure 4.3A, the major variable determining separation of samples is the lapse of time at
which each sample was exposed to — regardless of this being LAP or BSA. Indeed, samples
were mainly separating along the first PC, clustering in a two and a six-hour group — rather
than creating four distinct clusters as per treatment groups. Pairwise combinations of all
principal components never clustered into four distinct groups (data not shown), suggesting
that effects of the variable of interest is not contained in any of these PCs. This reflects minor

effects that LAP elicited in our experiment.

As aresult, poor correlation was confirmed for samples measured within each time point. First,
samples treated at two hours showed no direct response to LAP treatment — despite a batch
effect correction tool being used. These results suggest that transcriptional changes triggered
at two hours by LAP were not enough to induce a distinct phenotype from the control group,
in splenic DC. On the other hand, samples treated at six hours showed a more evident batch
effect-related issue. Indeed, accounting for batch effect, at this time point, a better clustering
could be achieved, as shown in Figure 4.3D and E. A sample segregation achieved suggested
that LAP incubation evoked a more prominent response compared to the one measured at
two hours. Despite a filtering step was performed using the DESeq2 package, genes with low

counts were inflated by high fold changes values, as shown in figure 4.4A. This issue may
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lead to false observations if not controlled for adequately. Specifically, low statistical power
associated with low counts relates high fold changes to poor confidence values. On the other
hand, genes with higher counts were less affected by counts oscillation and thus considered
more consistent. Therefore, only the latter were included in our experiments. Yet, amongst
these genes differentially regulated, none of these were found above the commonly accepted
cut off threshold of 1.5 as log2 fold change. These results suggest that — despite PCA plot
indicates that a marginal clustering was achieved for a six-hour treatment with LAP — only a
small number of genes showed differential expression indicative of an important functional

effect and therefore taken forward for validation.

4.9.2 Transcriptional changes elicited by LAP induce few biological differences

A list of genes differentially expressed, filtered for low average gene counts, were used for
downstream bioinformatic analysis. Pathways significantly enriched with IPA were mainly
related to fatty acid metabolism, actin cytoskeleton signalling and the TGF-§ signalling
pathway. Of note, expression values of high counts-genes changed by a multiplicative factor
less than 3 when LAP treatment is compared to the control group (i.e., a log2 fold change less
than 1.5). Therefore, correlation with such changes rarely reached significance in an RT-gPCR
setting as the number of biological replicates, needed for rejecting the null hypothesis when

fold changes are relatively small, should be consistently high.

4.9.2.1 LAP reduces migration of splenic DC but does not induce cytoskeleton

rearrangement

In our experimental setting, we measured that CXCR4 was significantly downregulated
upon LAP treatment. Results support the hypothesis that treatment of CD11c+
splenocytes with LAP inhibited their migratory behaviour. Whether a causal link exists
between LAP treatment and the outcome measured has yet to be determined. Indeed,

in preliminary studies we found that, despite migration towards FCS — containing a
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complex mix of chemoattractants — was significantly reduced in a FACS-sorted
population of LAP-treated DC, we did not measure a consistent difference between
groups when these cells were exposed to CXCL12 (data not shown). Therefore,
whether these observations are biologically relevant require further investigation.
Reduction in migrating behaviour upon LAP stimulation might indicate CD11c+ cells
are maintained for prolonged time where the latent TGF-B is encountered, to better

respond to TGF-p.

Importantly, reduction in cell migration is related with differences in cytoskeleton
rearrangements that was supported by the finding that several genes associated with
cytoskeletal rearrangement were differentially regulated in our RNA-seq experiment.
Thus, we tested if differences in cell area or perimeter were induced upon incubation
with LAP in murine splenic DC. Our results confirm that incubation for six hours with
LAP does not induce changes in area and perimeter of these cells. One could
hypothesise that, despite LAP regulating expression of genes involved in cytoskeleton
rearrangements, such as small GTPases, other signalling cascades — not indicated in

our pathway analysis — could possibly be involved.

4.9.3 Regulation of TGF-f signalling-related genes after incubation with LAP

We functionally tested several genes found to be differentially regulated in our RNA-seq
experiment that were described to have a role in regulating TGF-f signalling pathway — that,
is PMEPA1, TGF-B-induced, TGF-1, and SKI (data not shown). However, we found
nonsignificant differences in LAP- versus BSA-treated groups for these genes, in RT-qPCR

validation experiments.

Bioinformatic analysis indicated that the TGF-B signalling related gene SMAD3 was
significantly upregulated, a result that was validated in vitro in one experiment. Yet, preliminary

data do not indicate that such regulation is integrin-specific rather than TGF-pB-dependent.
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Furthermore, LAP incubation did not significantly changed expression of SMAD3 in splenic
DC isolated from wildtype versus conditional KO mice. Therefore, more work is needed to
determine whether SMAD3, or other TGF-B-related genes, is responsive to LAP incubation in
a TGF-p independent fashion. One way to better characterise an effect elicited by LAP on DC
would be to either select cells with a higher documented 38 expression (Paidassi et al., 2011)
and/or increase LAP concentration. An appealing working hypothesis is that encountering of
the latent form of TGF-B may prepare DC for the arrival of the active cytokine via integrin av38-
mediated activation by upregulating genes involved in the TGF-$ signalling pathway. Indeed,
if LAP, through the avp8, may propagate signalling pathways regulating expression of TGF-
B-related genes needs further transcriptional studies on several DC — isolated from peripheral
tissues where 38 expression is significantly higher than those isolated from spleen (Paidassi

et al., 2011).

Also, a better understanding on potential signalling mediators involved in regulating integrin
avp8 signalling could be addressed by coupling transcriptome analysis with Western blot
studies. In this way, a finer association between transcription and translational processes
could be determined — through the use of antibodies specific for targets of interest,
transcription of which was preliminary found to be up- or down-regulated. Importantly, one
could hypothesise that an overt signalling pathway evoked downstream of avp38 can be studied
in other DC — where the expression of avp8 is higher. If these results are confirmed, these
may support the hypothesis that some TGF-B-related intracellular pathways are triggered

upon LAP engagement with avp8, preparing the cell for responding to TGF-p.

4.9.4 Limitations of our current approaches

As mentioned already, 8 expression is expressed at minimal level in splenic DC (Paidassi et
al., 2011). Therefore, to determine a direct effect on DC behaviour upon LAP incubation —

different cell subsets could be used in future experiments. Indeed, results from RNA-seq
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experiment showed that only a few genes changed between LAP-treated versus untreated
group of splenic DC at two and six hours. Moreover, such gene alterations — apart from a big
experimental noise that we attempted to control — were small, indicating a mild effect elicited
by LAP in this experimental setting. Therefore, trying to validate in vitro such small gene
expression changes by RT-gPCR is technically difficult for low number of replicates. Indeed,
most of the candidate genes chosen from the RNA-seq experiment did not show significant
LAP-dependent regulation on gene expression. Also, some of the candidate genes showing
statistically significant differences in one experiment — e.g., CXCR4, SKIL (data not shown) —
were not consistently changed in other experimental settings. These limitations reinforce the
idea that other cell candidates must be used for further experimental analysis to study effects

elicited upon LAP incubation.

It is worth mentioning that ligand concentration could also be increased in future prospective
experiments. We used a concentration that previous work in the lab identified as optimal —i.e.,
of 5ug/mL — with higher amounts being cytotoxic on primary cultures of DC (Eleanor
Sherwood, unpublished data). Nevertheless, LAP was also used at higher concentrations —
10, 30, or 50ug/mL — in in vitro stimulation experiments where its biological effect was dose-
dependent, in T cell cultures (Nakamura et al., 2004). Unfortunately, we could not rely on
internal controls as readout of appropriate cell stimulation, being avp8-related gene

expression changes in DC — to date — unknown.

In addition, another viable approach is to expand the time range at which LAP incubation is
performed. In our experiments, we incubated primary DC at two and six hours with LAP versus
a control with the hope to detect substantial transcriptional regulation downstream from avf38.
Ideally, one potential strategy could result in shorter and longer incubation times. As an
exploratory analysis, one could reduce the number of biological replicates while increasing the

time points of cells incubated with LAP versus their cognate controls. Anyways, even reducing
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number of replicates needed for an RNA-seq experiment, current sequencing cost represent

a bottleneck to this study.

Therefore, future efforts could be made to repeat bulk RNA-seq experiments by sorting cells
with consistently higher expression of B8, increasing LAP concentration, and covering a
broader time range. Another constraint of transcriptome analysis is the lack of correlation that
sometimes occur when studying transcripts that are not converted into protein products.
Therefore, a better understanding of potential signalling pathways propagated downstream of
avB8 in primary cultures of DC can integrate bulk RNA-seq analysis with proteomic
approaches, such as mass spectrometry. This approach could then be used to study other
cell types expressing high levels of avp8 and what could be the biological impact of its

activation.

4.10 Conclusion

In this chapter, we demonstrated that LAP induced a few transcriptional differences after an
incubation of 6 hours, with no biologically important changes at the 2-hour time-point. In vitro
validation of target pathways revealed minor effect on the phenotypes. Indeed, computational
analysis confirmed that, in our experiment, LAP did not elicit an orchestrated regulation of a
wide proportion of gene patterns for experimental validation. We then decided to study the

role played by avp8 in other cell contexts, as described in the Chapter 5.
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Chapter 5

Determining transcriptional profile of Tem expressing the integrin
avp8
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5.1 Introduction

In chapter 3 and 4, we sought to determine signalling pathways downstream of the integrin
avp8 in DCs through the use of RNA-seq analysis. Results showed that integrin avp8 ligand
LAP triggers minor transcriptional differences and biological effects. Specifically, the transcrip-
tional profile of wildtype DC versus integrin 8 KO DC incubated with LAP showed that the
maijor transcriptional differences seen were due to 8 expression (Chapter 3). Moreover, when
DC were incubated with LAP for two or six hours, as indicated by the PCA plots, bigger differ-
ences were seen in transcriptional profiles due to the time in culture rather than the time of

exposure to the ligand (Chapter 4).

Next, to address the overarching goal of our project to understand how integrin avp8 expres-
sion on immune cells regulates immunity, we decided to study the effects of avp38 on a different
cell population our lab found to be able to activate latent TGF-$, given to the high expression
of the receptor. Specifically, we found that a population of avp8+ Tem could reverse an exac-

erbated secondary T cell response mounted against respiratory viruses, in mice.

5.2 Expression of avBf8 on Tem marks a transcriptionally distinct

subset from the avp8-negative counterparts

Previous work in the lab suggested that the latent form of TGF-f can be activated by a popu-
lation of CD4+ Tem, due to their high expression of the integrin avp8. Also, following a sec-
ondary memory recall response, our lab measured an expansion of influenza specific CD8+ T
cells in mice lacking the expression of avp38 on CD4+ cells. This anti-viral immune response
was not seen in mice lacking 8 under transcriptional control of the Foxp3 promoter. For this
reason, we sought to determine if the phenotype seen in the Tem avp8+ shared transcriptional
similarities with Treg and whether the transcriptional profile of avp8+ and avp8- Tem was

distinct. Therefore, spleens were isolated from Itgb8 reporter mice — expressing a fluorescent
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dtTomato reporter molecule under transcriptional regulation of the Itgb8 promoter region
(Nakawesi et al., 2021) — and splenocytes sorted as TCRp+ CD4+ Foxp3- CD44+ CD62L-
CXCR5- and further divided into B8+ or 8- populations (Figure 5.1A, B, credit: Craig
McEntee). Fastq sequenced files that were assessed for quality and trimmed afterwards (Fig-
ure 5.1C). Quality control indicates that the trimming step was needed to remove adapter
contamination and overrepresented sequence from samples. All sequenced reads had a
phred score always greater than 30, indicating high sample quality in all base pair positions.
Also, following the pseudoalignment step with the Kallisto package (Bray et al., 2016), diag-
nostic plots were generated with the DESeq2 tool (Love et al., 2014). PCA plots indicated that
Tem avp8+ and avfp8- segregated into distinct clusters and that differences between these
clusters represented the major difference between cells (PC 1 value of 55%) (Figure 5.1D,

N=6).
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Figure 5.1 | B8 positive Tem are transcriptionally distinct from 8 negative counterparts.
A) Representative figure of the adopted experimental setting. In brief, 38 positive or negative
Tem were isolated from murine spleen of Foxp3-GFP x ltgb8-tdTomato mice. RNA was ex-
tracted and sequenced in two separate batches. B) Representative FACS plot of the gating
strategy used, in which the Tem population was gated as single, CD4+, TCR-beta+, CD44Hi,
CD62L-, CXCR5-. Gating on Foxp3-, cells were sorted based on their differential expression
of 8. C) Quality check of trimmed fastq files from the full experiment. On the X-axis, is the
base pair position. On the Y-axis, is the phred quality score assigned to each sample. D) A
plot comparing sample segregation of 38 positive Tem (in blue) versus 8 negative counter-
parts (in light blue). On the X axis, is the PC 1 which accounts for the largest experimental
variability. On the Y-axis is the PC 2 — accounting for the second major source of variance. E)
Volcano plot representing differentially expressed genes when the Tem 8 positive group is
compared to the Tem B8 negative one. On the X-axis is the log2 fold change. On the Y-axis
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is the negative base 10 logarithm of the P-value. Vertical and horizontal lines marks chosen
threshold cut off. Genes differentially expressed are coloured in red. (N=6).

Moreover, a Volcano plot summarising information from the DEA shows that the vast majority
of genes was upregulated when Tem avp8+ were compared to Tem avp8- group (Figure
5.1E). Specifically, 51 genes were downregulated and 213 were upregulated — using threshold
cut-off values of log2 fold change = 1.5 and padj < 0.05. These data suggest that integrin a.v38
expression expressed on Tem is associated with a transcriptionally distinct pattern versus

cells that do not express integrin av38.

Next, functional annotation of the gene significantly altered was performed using the DAVID
tool and the KEGG pathway analysis performed. Of note, the “Cytokine-cytokine receptor”
module was the most significantly enriched pathway in the analysis (Figure 5.2). Amongst
several modules identified with this approach (data not shown), transcription of genes — the
product of which has been described to elicit a regulatory or co-stimulatory function — was
enhanced in the avp8+ Tem. Specifically, in our analysis we found that CD30 and its cognate
ligand, CD30L, were differentially upregulated in avp8+ Tem versus the avp8- counterpart.
CD30 is a member of the Tumour necrosis factor receptor family and, together with its cognate
ligand, is expressed on activated T cells. CD30 signalling pathway modulates T-cell survival
and reduce their cytolytic activity (A. C. Zhou et al., 2017). Noteworthy, we determined that
0OX40 was significantly upregulated in avp8+ Tem compared to avp8- cells. Of note, previous
work indicated that OX40 and CD30 have common signalling cascades, where OX40-depend-
ent signalling cascade in OX40-deficient mice was compensated by CD30-dependent path-
ways (Gaspal et al., 2005). IL-10, a key anti-inflammatory molecule, was significantly upregu-
lated when Tem expressed the integrin avB8. In fact, these results are in line with experimental
findings that were previously generated in the lab where avB8+ Tem showed an immune sup-
pressive phenotype compared to the av8- counterparts, in vivo (Craig McEntee, unpublished

data).
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Figure 5.2 | Functional annotation of genes with the DAVID tool of the differentially ex-
pressed genes when Tem avp8+ are compared to avf8- ones. List of differentially ex-
pressed genes was analysed using the DAVID tool and KEGG pathway interrogated. The
figure shows selected genes from the top enriched KEGG pathway term named “Cytokine-
cytokine Receptor Interaction” enriched with a P-value corrected with the Benjamini-Hochberg
method of 1.4E-2. Green boxes contain gene product names, described to activate (black
arrow) a designated molecule. A red star indicates the gene was found differentially expressed
in Tem avp8+ versus avp8-. Red arrows were added afterwards and refers to an upregulation
measured in the abovementioned comparison.

Therefore, given bioinformatics results and experimental validation data suggesting that
avp8+ Tem display a suppressive phenotype, we next questioned whether the transcriptional
profile of these cells was similar to another crucial immunosuppressive cell type, the

Foxp3+Treg.

5.3 Comparative analysis of two separate experiments indicate that

avp8+ Tem are transcriptionally distinct from Treg

A first attempt to determine whether a subset of Treg — isolated from mLNs and marked posi-

tive or negative for the avp8 expression — was transcriptionally similar to avp8+ Tem, was
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made by examining a previously generated dataset in a lab at the Cancer Research Centre of
Lyon. In brief, Treg were sorted from murine mLNs of Itgb8 reporter mice and single end se-
quenced afterwards (Figure 5.3A, N=3). A quality check of sequenced reads was performed
and identified no significant issues in trimmed reads analysed with the FastQC tool, collated
with the MultiQC software (Figure 5.3B). Nevertheless, a PCA plot did not detect two distinct
groups, with each group instead having one outlier present (Figure 5.3C). A volcano plot
showed that the largest number of genes differentially expressed in a significant way — i.e.,

Log2 fold change = 1.5 and padj < 0.05 — were upregulated (Figure 5.3D).
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Figure 5.3 | Expression of 8 Treg correlates with a distinct transcriptional profile com-
pared to $8 negative Treg. A) Schematic figure of the experiments. In brief, Treg were iso-
lated from mLNs, in Foxp3-GFP x Itgb8-tdTomato. Then, extracted RNA was single-ended
sequenced. B) Quality control of trimmed reads used for the downstream analysis. C) PCA
plot of B8 positive and negative Treg. Blue dots are 38 negative Treg; pink dots are 8 positive
Treg. PC 1 and 2 — explaining the major source of experimental variability — are on the X- and
Y- axis, respectively. D) Volcano plot showing genes that changed significantly, in red, when
B8 positive Treg are compared to B8 negative Treg. Log2 fold change values are shown on
the X-axis and the P-values — transformed as the negative base 10 logarithm — are shown on
the Y-axis. Vertical and horizontal lines are used to draw cut off. (N=3).
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A list of genes differentially expressed from our analysis of Tem avp8+ versus Tem avf8-
subsets was then intersected to the list generated when comparing Treg avp8+ versus Treg
avf8- counterparts, to see if a common gene signature between the two experiments could
be drawn-out. A log2 fold change higher or equal to 1.5 and P-value adjusted with the Benja-
mini Hochberg correction method less or equal to 0.05 was chosen for both the experiments
as a significance cut off. The two-way Venn Diagrams indicated a gene overlap of around 22%
in the Tem group versus the Treg one (Figure 5.4A). Furthermore, it is worth mentioning that
all the shared genes showed a similar trend of regulation — i.e., upregulation or downregula-
tion. This indicated that, for genes significantly altered in this experimental setting, the integrin
avp8 is correlated with a similar expression pattern in both the cell subsets — as also indicated
for the candidate genes selected (Figure 5.4B; N=3-6; ****, p adjust < 0.0001). Specifically,
the Itgb8 gene, encoding the B8 subunit, was upregulated in avp8+ Treg and Tem compared
to their avp8- counterparts. These results indicate a correlation between 8 expression and
its gene regulation in both cell subsets. Importantly, we found that expression of avp8 in Treg
and Tem was linked with upregulation of genes involved in anti-inflammatory pathways or with
an immune suppressive function. Also, Lag3 expression — described as an important immune
suppressor (C.-T. Huang et al., 2004) — was upregulated in both avp8+ Tem and Treg com-
pared to avp8- ones. Importantly, Tigit was another key molecule significantly upregulated in
avp8+ Treg and Tem relative to the avp8- counterparts. This molecule has been shown to
regulate T cell immunity through inhibition of T cell proliferation and regulation of cytokine

production (Joller et al., 2014).
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Figure 5.4 | B8+ Tem show a gene overlap of 22% when compared to 8+ Treg. A) DEA
was performed with the DESeq2 package and genes were deemed as significant based on a
log2 fold change cut off greater or equal to 1.5 and P value adjusted with the Benjamini
Hochberg method less or equal to 0.05. Venn Diagrams show intersections of common up-
regulated (upper panel) and downregulated (lower panel) genes significantly changed when
Tem B8+ were compared to Tem B8- (pink circle) and Treg 8+ were compared to Treg 8-
(light blue circle). B) Normalised counts generated in both the experiments for candidate genes
selected. Asterisks refer to a difference that changed significantly (****, p adjust < 0.0001) in
the DESeq2 package, where Wald test was performed to calculate p values adjusted with the
Benjamini-Hochberg correction. (N=3-6).

To gain a better insight into cell populations analysed and to avoid false observations due to
likely batch effects, we decided it was a better option to repeat the RNA-seq analysis by in-

cluding the four groups of interest in the same experimental design.

5.4 A new RNA-seq experiment indicates that avp8+ Tem mark a new,

transcriptionally distinct, cell subset

To have a clear indication of whether expression of av38 on Tem could entail a distinct phe-
notype, we decided to perform transcriptional profiling on Tem and Treg subsets isolated from
the same location, from the same mouse. Therefore, primary Treg and Tem — each marked
positive or negative for 38 and Foxp3 expression — were isolated from spleen of Itgb8 reporter
mouse (Figure 5.5A), and sorted as single, live, TCRp+, CD4+, CD8-, CD44Hi, CD62L-,

CXCR5- (Figure 5.5B).

A quality check of trimmed fastq files increased overall sample quality, as shown by the phred
score measured for each read in the experiment (Figure 5.5C). Moreover, overrepresented
sequences — consisting of sequencing contaminants — made up less than 1% of trimmed sam-
ples compared to a higher contamination seen in the untrimmed samples (data not shown).
Upon the pseudomapping step, a PCA plot was generated using the DESeq2 package (Figure
5.5D; N=3). Data indicated that all samples segregated from each other on the two major PCs,

forming four clear clusters. This confirmed that expression of avp8 by Tem marks a transcrip-

tionally distinct subset compared to avp8- counterparts and Treg. To address the overarching
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goal of our project and thus directly compare population of Tem and Treg, expressing the
integrin or not, DEA was performed for relevant comparisons, and genes dispersion repre-

sented in Volcano plots (Figure 5.5E).
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Figure 5.5 | RNA-seq experiment on a newly generated dataset indicates that expres-
sion of B8 on Tem or Treg triggers phenotypically distinct changes and that 8 positive
Tem share key genes with B8 positive Treg. A) Schematic representation of the adopted
experimental design. Briefly, Tem or Treg were extracted from Foxp3-GFP x ltgb8-tdTomato
and RNA, extracted in one single batch, was paired-end sequenced. B) Representative FACS
plot of isolated populations (credit: Dr Craig McEntee). C) Quality control of trimmed se-
quenced reads. Green areas indicate a phred quality score, on the Y-axis, greater than 30 —
suggesting a correct base calling > 99.9%. On the X-axis is the base pair position of processed
reads. D) PCA plot representing clustering of the four groups analysed. Pink and red dots are
Tem and Treg B8 positive, respectively; blue and light blue dots are Tem and Treg 38 negative,
respectively. PC 1 and 2 reflects the biggest variability in this experiment and are reported on
the X- and Y-axis — respectively. E) Volcano plots representing pairwise comparisons of inter-
est. Fold change values are represented on the X-axis and negative log transformed P values
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are reported on the Y-axis. Red dots are genes differentially expressed. F) Sample to sample
distance of log transformed counts processed with the regularised logarithmic transformation.
Darker colour indicates a higher degree of similarity between samples analysed. (N=3).

As expected from PCA results and confirmed in the Volcano plots, the highest number of
differentially expressed genes were seen when comparing Tem 8+ versus Treg 8- (Figure
5.5E) and Treg B8+ versus Tem (8- (data not shown), indicating that differences were the
highest for these pairwise comparisons. These observations were also confirmed when meas-
uring Euclidean distances measured on the log-transformed values to determine sample-to-
sample correlation (Figure 5.5F). Of note, the sample-to-sample heatmap reported in figure
5.5F suggested that groups expressing the integrin av8 were more transcriptionally related
compared to samples who were marked negative for the latter receptor. Together, these re-

sults suggest that presence or absence of the integrin avp8 is required to segregate the four

conditions analysed, each into a separate cluster.

5.5 Comparative analysis of Treg and Tem identifies regulatory

genes enriched in 8+ subsets

In the light of these results, we then sought to address transcriptional differences between 8+
and 8- Treg. To achieve this goal, we first merged datasets from the Treg experiment gener-
ated at the Cancer Research Centre in Lyon (Figure 5.3) with 8+ and 8- Treg generated in
our lab (Figure 5.5). In this way, we increased the power of our analysis while indirectly deter-
mining whether populations of Treg extracted from different sites — i.e., spleen and mLNs —
were transcriptionally homogeneous. Indeed, batch-effect controlled PCA plot showed that

Treg mainly separated based on the expression of the integrin avp8 (Figure 5.6A, N=6).
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Figure 5.6 | Computational analysis performed on Treg, marked positive or negative for
B8 expression, identifies potential pathways of interest. A) PCA plot of B8+ versus 8-
Treg. On the X-axis is the experimental variance explained by the PC 1. On the Y-axis, is
variance explained by PC 2. Circular and triangular shapes are Treg isolated from spleen and
mLNs, respectively. B) MA plot, depicting gene distribution when 8+ Treg were compared to
8- counterparts. On the X-axis, is the mean of normalised counts; on the Y-axis is the log2
fold change generated with the DESeq2 package. Dots in red are genes differentially ex-
pressed. C) Normalised counts of selected genes, found to be differentially expressed with
the DESeq2 package when the B8+ population of Treg was compared to 8- one. Asterisks
mark a difference that reach significance with the Wald Test measured in DESeq2. (N=6; ****,
p adjust < 0.0001).

Furthermore, the MA plot indicated a tendency towards the upregulation for the medium ex-
pressed genes in the dataset when comparing Treg 8+ versus Treg 8- (Figure 5.6B). One
of the most differentially expressed molecules in Treg 8+ compared to Treg 8- is the Itgb8

gene (Figure 5.6C). This suggests that, similarly to the Tem group (Figure 5.4B), transcription
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of the latter gene is restricted to the p8+ subsets. Consequently, we also confirmed that regu-
latory targets genes, also seen in figure 5.4B, were also upregulated in the 8+ Treg compared

to their 8- counterparts.

Next, to test transcriptional differences between avp8+ Tem and avf8- counterparts, we firstly
measured concordance of differentially expressed genes between the two datasets generated
in our lab (Figure 5.1 and 5.6). Differentially expressed genes, shared between the two sub-
sets, showed a high degree of fold change correlation, especially for the upregulated ones
(Figure 5.7A). Importantly, PCA plot of batch-controlled samples confirmed that Tem sepa-
rated by their different expression of avp8 on the PC 1 — explaining the 59% experimental

variation (Figure 5.7B, N=9).

Also, genes differentially expressed when comparing Tem 38+ versus Tem 8- were used to
construct a matrix of regularised log transformed normalised counts represented as a heatmap
(Figure 5.7C). Column dendrograms, confirmed results shown in figure 5.7B and defined two
distinct groups identified by the presence or absence of the integrin avp8. Also, a heatmap

showed three major clusters of gene expression.
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Figure 5.7 | Comparison between two separate experiments of Tem identifies core
genes involved in important regulatory immunological activity. A) Log2 fold change cor-
relation of common genes differentially expressed (log2 fold change cut off 21.5 and adjusted
P value <0.05) in two separate experiments where the 8+ subpopulation of Tem is compared
to the B8- counterpart. B) PCA plot of collated datasets, representing batch-corrected samples
of B8 positive and negative Tem. C) Supervised hierarchical clustering of top 500 variable
mean-centred, log-transformed normalised counts. Euclidean distance is calculated on nor-
malised counts to draw column and row dendrograms. Red tiles are upregulated genes. D)
Volcano plots representing genes differentially expressed in the merged dataset where tran-
scriptional profile of batch effect corrected 8 positive and negative Tem is compared. On the
X-axis, is the log2 fold change of the expression values. On the Y-axis, is the negative base
10 logarithm of the P value. Vertical and horizontal lines are used to visualise P value and
log2 fold change threshold cut offs. E) Candidate genes of interest, found to be differentially
regulated in B8+ Tem when compared to the 8- subpopulation. Results are represented as a
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heatmap of regularised log transformed counts, on which Euclidean distance is calculated and
used to draw column dendrograms (N=9).

The pattern of expression is in line with the Volcano plot, where the vast majority of genes
changes measured in Tem 8+ were upregulated (Figure 5.7D). Also, we generated a
heatmap of the top 5 differentially expressed genes in the above mentioned pairwise compar-
ison and, in line with results showed in figure 5.4, we found that some of the greatest variations
at the transcriptional level in this comparison involved genes encoding products involved in a
regulatory function (Figure 5.7E). Success of this approach is that we integrated samples from
different experimental batches to increase power of analysis while controlling for experimental
variation, as indicated by segregation of samples in the PCA plot. Importantly, these results
confirm previous observations according to which expression of av38 marks transcriptionally
distinct cell subsets, with an enrichment for expression of genes associated with an immune-
suppressive function. Also, to gain better insight into biological processes that were signifi-

cantly altered in 38+ Tem, we decided to perform further analytical techniques.

5.6 Pathway, Network and GO analysis of genes differentially ex-

pressed in avp8+ Tem identify important gene interactions

To attempt to identify potential biological processes that are associated to the expression of
avp8 in CD4+ Tem, we sought to determine which networks and pathways were significantly
enriched in this cell type. In brief, the overall scope of network and pathway analysis tool is to
shrink data derived from hundreds of differentially expressed genes (Creixell et al., 2015). In
this way, sets of significantly altered pathways can be studied in a more interpretable way
(Creixell et al., 2015). To address which pathways, biological processes, and networks were
significantly represented in 8+ Tem when compared to 8- ones, the outputs generated from
the statistical analysis using the DESeq2 package were investigated further with the DAVID
tool. This functional annotation tool returned a list of GO terms that were further analysed

using the REVIGO tool.
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In brief, the REViGO tool aims to identify and remove redundant GO terms — i.e., annotations
describing molecular function, cellular component, and biological processes of a given gene
— based on the semantic similarity measure. Genes annotated with the same GO term will
have similar function and semantic similarity. Structured as a graph, each GO term is conven-
tionally, and logically related, to a parent and child term —i.e., reflecting a broader and a more
specific annotation, specifically. Also, GO terms specify a domain of vocabulary terms that are
computationally accessible. On the other hand, redundancy occurs when GO enrichment anal-
ysis is performed on differentially expressed genes, as many GO terms are related by inher-
itance. Therefore, a long list of redundant GO terms could be resolved by finding one GO term

that best describe each gene cluster (Lord et al., 2003; Supek et al., 2011).

From the functional annotation analysis performed with the DAVID tool, using the list of genes
differentially expressed when 8+ Tem are compared to 8- Tem as input, two types of cate-
gories of GO classes were chosen — referring to biological processes occurring at the molec-
ular level (molecular function) and to their cellular role elicited in the cell (biological process).

GO terms were processed with the REViGO tool and outputs analysed (Figure 5.8).

The most representative molecular function-related GO terms, which successfully passed the
redundancy reduction step, indicated that gene products were involved mainly in protein bind-
ing (GO:000515), ion binding (GO:0043167), and signalling receptor activity (GO:0038023).
Classes involved in cytokine activity (GO:0005125) and interleukin-17 receptor activity
(G0O:0030368) were also enriched (Figure 5.8, upper panel). On the other hand, the number
of GO terms involved in biological processes, parsed by the REViIGO tool, were higher. Ge-
neric GO terms involved in the inflammatory response (GO:0006954) and immune responses
(GO:0006955) were found to be enriched in the REVIGO tool, together with a more specific —
yet less frequent — positive regulation of interleukin-10 production (GO:0032733). The latter

class is in line with the positive regulation of MAPK cascade (GO:0043410) and upregulation
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of 1I-21 seen in DEA — as shown in figure 5.7E, might support the hypothesis of a shared

regulation (Spolski & Leonard, 2014).
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Figure 5.8 | Functional annotation analysis with the DAVID tool, after applying the REV-
iGO tool, in $8+ Tem compared to 8- counterparts. List of genes differentially expressed
generated with the DESeq2 package were used as input for the DAVID tool, retuning list of
enriched GO terms. After the analysis, list of entries from ‘Molecular Function’ (upper panel)
and ‘Biological Process’ (lower panel) classes were chosen as inputs for the REViGO tool. In
a bidirectional graph, the plots represent major clusters of the most representative GO terms,
in which distances between each term is designated by the semantic similarity, on the X- and
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Y-axes. Colour is the p-value generated from the statistical analysis performed with the DAVID
tool. The size of the bubbles represent how generic is the GO term; the larger is the bubble
the more general is the term.

Also, we wanted to test whether functional interaction of gene products found to be differen-
tially expressed in 8+ Tem versus 8- Tem could be anticipated by analysing networks with
an R implementation of the GiGA tool. Briefly, the GiGA network analysis tool, applying the
iterative Group analysis method (Breitling et al., 2004), identified 29 subnetworks (data not
shown). As expected, one of the most relevant networks annotated was enriched for the ltgh8
gene — found to be the most significantly changed gene when 8+ Tem were compared to 8-
Tem (Figure 5.9A). Of note, the latter subnetwork contained genes significantly overexpressed
in Tem 38+ versus Tem B8- belonging to the collagen family of genes. Of note, Adamts3 and
Itga genes — identified already when using the DAVID and the REViGO approaches (data not
shown) — were also identified by the GiGA algorithm when comparing Tem B8+ versus Tem
B8-. Adamts3 was significantly enriched, given its role in collagen processing (Fernandes et
al., 2001). Also, the Itga1 gene — encoding the a1 integrin subunit — has been described to
heterodimerise with the 1 subunit to bind collagen, as a cell-surface receptor (Nunes et al.,
2018). In Tem, these findings might anticipate potential protein-protein interactions between

integrin avp8 and molecules involved in collagen-related processes.

Likewise, we identified two other networks to be regulated in Tem B8+ versus Tem (8-, by
grouping functional roles of Tigit, Lag3 and Pdcd1 — all upregulated in Tem B8+ (Figure 5.9B,
upper panel) and IL17-related genes — in which expression of the gene encoding the cytokine

was upregulated as opposed to their cognate receptors (Figure 5.9B, lower panel).

We also determined possible upstream regulators by using the IPA tool, given the list of genes
generated with the DESeq2 package comparing 8+ versus 8- Tem. In brief, IPA, based on
the list of differentially expressed genes, identifies clusters of genes which are potentially reg-
ulated by a common upstream regulator. It is worth mentioning that the upstream regulator is
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not necessarily part of the list used as an input. Nevertheless, we found that — amongst differ-

ent candidates found — the Pdcd1 and IL10 genes, transcription of which was positively up-

regulated in the B8+ Tem group, were enriched in this analysis (Figure 5.9C).
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Figure 5.9 | GiGA analysis and upstream analysis with the IPA tool identifies potential
gene interactions that are enriched when 8+ Tem are compared to 8- ones. A and B)
Three representative subnetworks identified with the GiGA tool method where gene clusters
are identified based on the mouse gene length, STRING interactome, and the input list gen-

erated with the DESeq2 package. Red edges are upregulated genes. Reciprocal interaction
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is designated with a double-interaction node. C) Upstream analysis performed with the IPA
tool. In the centre of the selected graphs are the upstream regulators. The colour of a predicted
upregulation is darker for the PDCD1 gene (left panel) than IL-10 (right panel). Green denotes
a gene found to be downregulated in the DESeq2 analysis. Square-shaped components are
cytokines. Diamond-shaped genes are enzymes. Oval-shaped molecules are transmembrane
receptors. Down- and up-pointing triangles are kinases and phosphatases, respectively. Dot-
ted lines refer to an indirect interaction between the upstream regulator and a specific mole-
cule. In IPA, a predicted relationship is coloured in orange or blue if the interaction leads to an
activation or inhibition, respectively. Yellow connections refer to a discrepancy between the
expected and measured state of the downstream molecule. If the effect cannot be predicted,
based on the knowledge base IPA dataset, the connection is coloured in grey.

Interestingly, IPA results (Figure 5.9C) showed that selected upstream regulators — signifi-
cantly enriched in the pathway analysis while being differentially regulated in B8+ versus 8-
Tem, too — indirectly interacted with their downstream molecules identified. Therefore, IPA
analysis suggested that other unidentified molecules could potentially be involved in these

interactions.

In conclusion, this analysis generated pathways of interest that can be further interrogated
experimentally. We found that genes involved in driving important regulatory functions in Tem
B8+ were altered when compared to 8- counterparts, by using different pathways and net-
work analysis tools. The importance of these observations confirmed that the avp8+ Tem
group is a transcriptionally distinct subpopulation identified and enriched for specific regulatory

pathways. These results complement experimental validation carried out in our lab.

5.7 Discussion

5.7.1 The expression of avp8 marks a transcriptionally distinct population of Tem

Our lab showed that the expression of avB8 plays a key immune-regulatory role in DC, Treg,
and monocytes — in human and mouse (Fenton et al., 2017; Kelly et al., 2017; Travis et al.,
2007; Worthington et al., 2015). Preliminary findings in our lab indicated that a subset of CD4+
Tem expressed avp8 and activated the latent TGF-. Biological importance of this was found
in vivo where mice lacking the expression of avp8 on CD4+ Tem, upon a secondary influenza

infection, showed a vigorous CD8 response leading to a greater viral clearance. In such a
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mouse model, transfer of the avp8+ CD4+ Tem population completely rescued the phenotype
indicating that these cells have the potential to restrain anti-viral immunity. To better under-
stand the effect elicited by the integrin avf8 in this cell population, transcriptome profiling was
performed, in our lab. Bioinformatics analysis showed that expression of avp8 is correlated
with a different transcriptional profile to when a Tem population does not express the avf8.
RNA-seq indicated that 8+ versus 8- Tem were transcriptionally dissimilar, suggesting that
expression of avp8 was crucial to segregate samples analysed in two distinct subsets. This
confirms that expression of avf38 is not ubiquitous but rather compartmentalised to a specific

subset of cells that confer uniquely distinct properties, as seen in vivo.

5.7.2 avp8+ Tem are transcriptionally distinct from Treg

In our lab, in vivo studies indicated that expression of avp8 on Tem marked an immune sup-
pressive phenotype. As previously mentioned, our results showed that 38+ Tem were able to
restrain the anti-viral response upon secondary influenza infection (unpublished data, Credit:
Craig McEntee). Importantly, this process occurred independently of Treg as we did not see
the same phenotype in Foxp3-cre mice. These observations led to the hypothesis that p8+
Tem could play a role via activation of TGF-f, and therefore sharing similarities with Treg as
showed by results published in our lab. Therefore, a first attempt to compare transcriptional
profile was done through an intersection of our dataset with one generated elsewhere. Indeed,
standardising different datasets with the same established pipeline — e.g., using the same
adapter trimming and same reference transcriptome version during the pseudoalignment — we
determined genes in common across the two lists. This suggested that, despite phenotypically
distinct groups of cells, expression of av8 correlated with a transcriptional pattern that was
retained in Tem and Treg. The caveat of this observation was that samples were from different
experiments and sequenced in two different ways (single-end versus paired-end) — which was

not ideal for robust observations.
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Therefore, we tried to use several bioinformatics tools and apply algorithms to identify which
genes were uniquely expressed in each experimental group, in this experimental setting (data
not shown). Given that the amount of technical bias could not be ruled out when samples from
different groups are analysed in different batches, we decided was a better option to analyse

samples from the same experiment thus generating a new RNA-seq library.

This strategy allowed us to directly measure cell clustering using the same library preparation.
Noteworthy, preparation of another sequencing library, revealed that despite p8+ Treg and
B8+ Tem shared regulation of a number of gene transcripts such as IL10, Tigit, and Lag3,
these cells were markedly distinct. This led to the assumption that these cells might not share
a common origin but rather that avp8 induce expression of the same transcripts in these dif-
ferent T cell subsets. Indeed, transcriptome profiling performed on the top variable genes in
these experiments and PCA confirmed that the Tem group, expressing av38, marks a com-
pletely distinct phenotype from av8- Tem. This indicated that expression of av8 commits

cells to a pathway of differentiation that is potentially exclusive for the cell subsets analysed.

Thus, avp8 marks a transcriptionally different Tem subtype from 8- counterparts and Treg
but do share some similarity to 38+ Treg, with some shared expression of genes that have a
crucial regulatory role in modulating immune responses. It is worth noting that, apart from the
immune suppressive phenotype induced by the enhanced expression of the anti-inflammatory
cytokine IL10 and functional experiments carried out by colleagues in the lab, there is an evi-
dent T cell activation signature in the avpf8+ Tem subset as indicated by the expression of co-
inhibitory receptors (Joller & Kuchroo, 2017) and tumor necrosis factor superfamily members

(Jones et al., 1999).

5.7.3 avp8+ Tem have an enhanced expression of important genes involved in suppres-

sor activity
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We applied several bioinformatic analysis methods to determine which genes were differen-

tially expressed when 8+ Tem were compared to 8- counterparts.

Standardisation of the two different datasets — i.e., using the same adapter trimming strategy,
pseudoalignment to the same reference transcriptome, and batch effect correction ap-
proaches — allowed to increase the power of our experiment by merging data and perform
statistically robust DEA. Supporting experimental results, thank to different pathway and net-
work analysis tools used, we identified that segregation of the 8+ Tem as a novel subset was

linked to regulatory pathways that need to be tested functionally.

Cross-comparing different computational approaches in our experiment, we were able to iden-
tify in the B8+ Tem population that several genes — regulated in the same direction within the
Treg dataset when the 8+ group was compared to the 8- one — were involved in eliciting a
suppressive function. Specifically, our analysis identified Lag3, Tigit and PD1 as significantly

upregulated and functionally enriched.

Importantly, IL-21 was another gene significantly upregulated in Tem B8+ compared to (38-
Tem, the expression of which was enhanced in Treg 8+ compared to the 8- counterparts.
Also, GO enrichment analysis and the REVIGO tool identified a positive regulation of the
MAPK cascade, with cognate molecules significantly enriched. This, together with the in-
creased expression of IL-10, could potentially indicate that in 8+ Tem, an intracellular path-
way may link the upregulation of IL-21 with the increased expression of IL-10, as indicated by
previous works (Spolski & Leonard, 2014). Indeed, as described by Spolski and colleagues,
IL-21 elicited an immune-suppressive role by increasing the expression of IL-10, in TCR-stim-
ulated naive and activated murine T cells (Spolski et al., 2009). Importance of these findings
may help clarifying preliminary observations in our lab, correlating the ability of B8+ Tem in
modulating an anti-viral immune response. Further work is needed to validate functional im-

portance of this.
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Therefore, the novelty of these findings could potentially pave to way to new validation exper-
iments that could be carried out in the light of our results. For example, a Western blot analysis
could be performed to study which MAPK signalling molecules are regulating such processes
— studying the phosphorylation pattern of the latter ones. Furthermore, a cytokine assay for
IL-21 and IL-10 could be carried out in 8+ Tem to verify if changes can be measured at
protein level, too. Also, it would be interesting to investigate avp8-associated gene modules

in different cell subsets, as the one studied in our project.

5.8 Conclusion

In this chapter, applying different computational methods, we provided evidence that the ex-
pression of avp8 on Tem is linked to a unique distinctive phenotype when compared to their
B8- counterparts and Treg — regardless of their expression of the integrin avp8. Nevertheless,
we found that genes linked to a regulatory phenotype were expressed in a similar way in both

8+ Treg and 8+ Tem.

These results indicate and corroborate previous experimental findings in our lab according to

which the B8+ Tem subset is a markedly distinct subset of cell showing a regulatory function.
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Chapter 6

General Discussion
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The last 20 years has witnessed an increased understanding of how integrin avp8 regulates
biological processes. Studies have clarified the role played by integrin avB8 in orchestrating
vascular morphogenesis, with loss of 38 correlated to brain angiogenesis alterations in mice
(Jiangwen Zhu et al., 2002). The B8 cytoplasmic domain is involved in the regulation of the
Rho small GTPases in glioblastoma cells (Reyes et al., 2013). Likewise, developmental
defects of the central nervous system associated with the av8 mutant mice are linked with
abnormal activation in Rho GTPase (Shin et al., 2015). As reviewed by McCarty, whether an
signalling pathway is propagated upon latent TGF-B binding is an appealing, but yet
undescribed, research question (McCarty, 2020). Moreover, studies have confirmed the
crucial role of avp8 in regulating immune homeostasis in mice and humans. Nonetheless, as
previously mentioned, B8 is structurally and functionally different from other integrin molecules
(McCarty, 2020). Therefore, its biological activity, following ligand engagement, was not
described in immune cells, such as DC — on which 8 is highly expressed. Thus, in this thesis,
we hypothesised that, through the use of high-throughput sequencing methods, we could
describe a previously undefined role of prospective pathways regulated by avp8 following

engagement with the latent TGF-p.

Previous study in our lab defined an existing correlation between loss of av8 and the reduced
ability of DC and Treg in regulating TGF- activation — resulting in an increased inflammation
in different settings (Fenton et al., 2017; Travis et al., 2007; Worthington et al., 2015). The
importance of these findings led to the hypothesis that, in parallel with TGF@ activation, the
integrin avB8 may propagate cellular signaling cascades inside the DC. Before our studies,
whether the integrin avp8 could elicit an intracellular signalling, upon ligand engagement, in
immune cells was not determined. Yet, in other cell systems, the avp8 signalling pathway has

been shown proposed to propagate important signals.
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Recent work by Pollen et al, indicated that, in human, avB8 expression is activated in radial
glia, indicating regulation of neural stem cell development in organising and structuring the
human brain. Indeed, the gene encoding B8 subunit is highly transcribed in human brain
organoids compared with organoids of non-human primates (Pollen et al., 2019). In 2015, Lee
et al., identified that the tyrosine phosphatase PTP-PEST — described to elicit an important
role in cell motility (Espejo et al., 2010) — interacts with the cytoplasmic tail of the B8 subunit
promoting the dephosphorylation of a dissociation inhibitor that modulates the activation state
of small GTPases downstream (Lee et al., 2015). Moreover, as described by Chen and
colleagues, avf8 is important in promoting the glioblastoma cell invasion. Indeed, signalling
via PTP-PEST and the valosin-containing protein, an ATP-dependent enzyme, has been
linked to a much quicker turnover of focal adhesions at the protruding edge of the cell (Z. Chen
et al, 2018). In the light of these and other findings, we sought to determine biological
pathways that were significantly altered upon avp8 engagement in DC. One way to address
the biological question is the transcriptome profiling methodology. We demonstrated here that
that LAP, at 5 ug/mL, induced only minor changes to murine DC. Importantly, abovementioned
signalling pathways were not found in our experimental setting — possibly indicating that

different signalling functions of avB8 exist in different cell types.

Our lab and others identified increased integrin av38 expression on DC upon external stimuli
in the intestinal environment (Boucard-Jourdin et al., 2016; Fenton et al., 2017; Paidassi et
al., 2011). Specifically, as indicated by Paidassi et al., integrin expression is the highest in
CD103+ DC. Therefore, the first attempt to address the overarching scope of this thesis, as
described in Chapter 3, was studying a previously generated database in our lab containing
CD103+ DC obtained from the gut-draining LNs, incubated with LAP or not, in cells expressing
the B8 subunit or not (credit: Eleanor Sherwood). Given the high sample variability, possibly
due to technical artefacts, we decided to generate a new dataset, as discussed in Chapter 4.
This time, primary DC were incubated with LAP at two time points — with the hope to determine

early or late gene expression changes within this timeframe. RNA-seq findings indicated that
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a time-dependent segregation, regardless of any major effects induced by LAP were induced.
Results identified in Chapter 3 and 4, that, in these conditions, the integrin avp8 do not
propagate a biologically important signalling downstream when driving the activation of TGF-

B, in primary DC.

To date, avp8 has been mainly identified for its crucial role in regulating TGF-f activation as
discussed in different contexts, such as cancer, fibrosis, and immune homeostasis. For
example, in glioblastoma — a brain tumour (Lathia et al., 2015) — the integrin avp8, regulating
the activation of TGF-$, induces vascular growth of tumour cells. Specifically, 8 expression
was directly correlated with the invasiveness phenotype of glioblastoma cells (Reyes et al.,
2013; Tchaicha et al., 2011). This and other studies confirmed that the upregulation of avp8
correlated to an enhanced TGF-B signalling associated with a higher degree of severity
(McCarty, 2020). Markedly, Dodagatta-Marri and colleagues found that avp8, expressed on
CD25+ CD4+ tumour cells, is correlated with tumour progression. In this context, inhibition of
anti-tumour immunity was due to the av8-mediated TGF-f activation (Dodagatta-Marri et al.,
2021). Expression of avp8 has also been associated with fibrosis. For example, in the lung,
several pathways such as the transcription factor SP3 and AP1, have been described to
stimulate expression of I1tgb8 encoding the B8 subunit (Markovics et al., 2010, 2011). Also, the
integrin-mediated TGF-p activation, if upregulated, was associated with chronic obstructive
pulmonary disease (Araya et al., 2007). These findings indicated the pivotal importance
elicited by the integrin avB8 in modulating, in different contexts, the activation of TGF-p.
Moreover, our lab identified that maintenance of the immune homeostasis, in mice and
humans, is also regulated by the integrin avp8 — through its role in promoting the activation of
TGF-B (Fenton et al., 2017; Kelly et al., 2018; Travis et al., 2007; Worthington et al., 2015).
Therefore, we wondered whether a subset of memory T cells — known to express high levels

of integrin avp8 — might retain anti-inflammatory properties.
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In this thesis, as shown in Chapter 5, we sought to determine whether the expression of 38
on Tem marked a uniquely distinct phenotype. Interestingly, our lab identified an expansion of
influenza-specific CD8+ T cells, upon a secondary memory recall response, in mice with
functional loss of avp8 on CD4+ T cells. These results indicated that targeting the integrin
avp8, suppressing its role in promoting TGF-f activation, can enhance immune system in
counteracting viral infections (Craig McEntee, unpublished data). Interestingly, our results are
in line with recent work from Dodagatta-Marri and colleagues indicating that suppression of
avp8 is linked to an enhanced expression of a pattern of genes enriched in anti-tumour activity.
Importantly, results in our lab indicated that this expansion was not dependent on Treg as
mice lacking B8 expression on these cells showed no phenotype (Craig McEntee, unpublished
data). Markedly, we saw that a subpopulation of CD4+ Tem can activate TGF-p and this was
dependent by high expression of avp8 and that B8 expression was on a subset of the CD4+
Tem population (Craig McEntee, unpublished data). Moreover, our bioinformatic analysis
identified a transcriptionally distinct population marked by the expression of 8 on CD4+ Tem,
associated with immune-suppressive genes differentially regulated. Indeed, transcriptome
analysis was consistent with the ability of B8+ CD4+ Tem, but not the B8- counterpart, to
suppress influenza-specific expansion of CD8+ T cells seen in mice lacking avp8+ on CD4+
T cells (Craig McEntee, unpublished data). Importance of these findings indicated a previously
undetermined pathway that could be targeted therapeutically to strategically enhance immune

responses against respiratory viruses.

Also, an elegant study conducted by Kitamura and colleagues indicated that conditional
deletion of integrin avp8 prevented adenovirus-dependent airway inflammation. Specifically,
integrin inhibition correlated with a markedly reduced recruitment of DC to the lung due to a
TGF-B dependent expression of CCL2 and CCL20 (Kitamura et al., 2011). This highlights the

role of avP8 as a candidate target in the treatment of allergic asthma. All these works indicate
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that the integrin avp8 has emerged as a more refined alternative to TGF-f blockade for the

treatment of several ailments.

Although integrin avp8 has become a therapeutic target for the treatment of several ailments,
such ambitious goals require further work. Indeed, refinement of leading-edge omics
technologies, together with their cost reduction, will make it possible to characterise and
analyse ECM protein ligands and avp8-related intracellular molecular partners. For example,
harnessing RNA-seq techniques looking at the single cell level would allow the identification
of avp8-dependent phenotypes seeded in different tissues and likely discover the impact of
the tissue microenvironment in regulating such subtypes. Another important milestone in
defining the role of avp8 in several biological settings would be determining which av8-
dependent signalling molecules are shared with other signalling pathways. Determination of
cross-signalling interactions would certainly lead the way to new translational studies — in
which altering such pathways could result in a clinical amelioration of avp8- or TGF-p-related

diseases.

In this thesis, we attempted to address important immunological question relying on RNA-seq.
Contrary to a mere static analysis performed by whole-genome sequencing techniques,
transcriptome profiling has the great advantage of determining dynamic changes in the gene
expression pattern (Whitley et al., 2016). Microarray analysis would have been a viable
alternative as a preliminary approach to address pathways regulated and regulated by the
integrin avB8. Microarrays have been extensively used, especially in the past, to determine
gene expression using DNA probes. Nevertheless, RNA-seq techniques are preferred over
microarray analysis for different reasons. One major difference between RNA-seq and
microarray analysis is that the former is genome- or transcriptome-wide, whereas microarrays
have to be targeted against a subset of transcripts. On the other hand, microarrays are a much
more affordable option compared to cost required to run an RNA-seq experiment — which is

nowadays still prohibited for some labs.
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Importantly, we could not anticipate which transcriptional differences may arise after treating
DC with LAP or which transcripts were significantly altered in Tem versus Treg. Therefore, we
decided it was better to perform bulk RNA-seq as a viable option to address these questions.
Indeed, sequencing of bulk cell population has been extensively used in different biological
contexts, such as the immune system (See et al., 2018). As reviewed by See and colleagues,
the major caveat of this approach is that bulk RNA-seq does not take into account existing
variability in gene expression changes at the single-cell level. Therefore, relevant biological
information could be averaged by such cell variability if analysis is performed with bulk RNA-

seq (See et al., 2018).

Indeed, previous studies have identified that avp8 expression is preferentially found on DC
from mucosal sites (Paidassi et al., 2011) and specifically on CD103+ CD11b- DC (Boucard-
Jourdin et al., 2016). Then, one could explore which subsets of DC have the highest response
upon ligand engagement with LAP. Therefore, to best study cells expressing high level of
integrin — after avp8 ligand engagement — one could rely on more advanced sequencing
approaches looking at the transcriptional profile at the single-cell level (See et al., 2018). In
this way, one could study the effect of LAP on a single cell lineage — i.e., cDC1, described to
increase B8 expression levels upon TGF-B stimulation, RA, and TLR stimulation (Boucard-
Jourdin et al., 2016). As discussed in this thesis and reviewed by Perkel in 2017, one of the
major problems in sequencing and in single-cell RNA-sequencing (scRNA-seq) is the batch
effect — in which identical cells might appear different simply because these are generated on
different days. Another drawback of scRNA-seq techniques is the lack of a unified pipeline,
which is commonly accepted by the scientific community to address big questions in science
(Perkel, 2017). Moreover, the cost required to proceed with scRNA-seq are, to date, very

expensive, making this approach still underutilised in many research environments.

Furthermore, chromatin accessibility assays are being increasingly used in biomedical

research. One example of these approaches is the assay for transposase-accessible
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chromatin with sequencing (ATAC-seq) (Buenrostro et al., 2015). The ATAC-seq sequences
accessible regions of open chromatin across the whole genome (Buenrostro et al., 2015). In
this way, ATAC-seq could determine which parts of chromatin impact gene expression
changes (Buenrostro et al., 2015). Therefore, to gain better insight into gene regulatory
networks enriched significantly upon LAP-avp8 interaction in DC, gene expression changes
determined by scRNA-seq may also be coupled to chromatin accessibility assays, such as the
ATAC-seq. In this way, integrating these two approaches, would not only be possible to
determine, in the appropriate cell responders, downstream signalling pathways propagated
downstream of the integrin avf8, but also unveil crucial regulatory elements acting on a certain
gene (Perkel, 2021). These combined approaches would also be useful to determine
molecular information underpinning phenotypic differences seen in 8+ Tem versus (8-

counterparts and Treg.

Another important limitation of transcriptome analysis is that transcript levels correlate with
proteins encoded in a variable way (de Sousa Abreu et al., 2009; Maier et al., 2009). To study
the biological flow of cell information, from DNA to proteins, RNA-seq may be coupled to
translatome analysis — i.e., the analysis of the RNA fractions recruited to ribosomes and
subjected to protein synthesis — and proteomics. Profiling the transcriptome and translatome
would be crucial to understand how gene expression is regulated in selected cells (Smircich
et al., 2015). Therefore, analysing the fraction of RNA recruited to ribosomes may help
elucidating key biological processes in a given experimental setting such as the intracellular
pathways associated that are transcribed and translated upon ligand engagement with the

integrin ovf38.

This thesis aimed to unravel novel mechanisms by which the integrin avp8 regulates gene
expression changes downstream and why it marks a phenotypically distinct phenotype on
Tem, by using next-generation sequencing approaches. Future efforts are needed to clarify

the functional importance of these findings and identify potential novel target molecules that
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could be altered in disease conditions, such as chronic inflammation. This with the final aim to

translate such findings into humans for future prospective therapeutic approaches.
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